DESCRI PTI ON Laser Processing Method and Laser Processing Apparatus
Technical Field The present invention relates to | aser processing 5 nethods
and ‘| aser processing apparatus used for cutting objects to be processed
such as sem conductor material substrates, piezoelectric materi al
substrates, and glass substrates. Background Art 10 One of | aser
applications is cutting. Atypical cutting process effected by |aser is as
follows . For exanple, a part to be cut in an object to be processed such
as a sem conductor wafer or glass sybstrpperdg irradiated with laser Iight
havi ng a wavel engt h absor bed by the object, so 15 that neltlng upon heati ng

proceeds due ft PARES Me RSO 9n fomihe sund face of
the object to g%éngroceségﬁ' E%e aft to 6% cut, whereby the o'ﬁgit to be
processed is feh i FQUBY &5 e i1l S nethod al so nelts surroundi ngs of the

region to becone fhe cutting part in 20 the surface of the object to be cut.

Th f th t t
warer, . ser Qondﬁcf B P A R B LB ero g e o among
those formed inthesuface, o rtgPoéeegtwdygtgta uef 6L B gt MELL.; 25 Known

as exanples o] S can preven sur ace o € object to be
processed fromy Rl Ling arg.l <R gﬁbqyt% g @géggg gbﬁcm%%%}'%}
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substrates, pilezoelectric material substrates, and glass
substrates.
Background Art
190 One of laser applications 1is cutting. A typical
cuttingprocesseffectedbylaserisasfollows: Forexample,
a part to be cut in an object to be processed such as a
semiconductor wafer or glass substrate is irradiated with
laser light having & wavelength absorbed by the object, so
15 that melting upon heating proceeds due to the laser light
absorption from the surface tc rear face of the object to
be processed at the part to be cut, whereby the object to
be processed is cut. However, this method also melts
surroundings of the region to become the cutting part in
20 the surface of the object to be cut. Therefocre, in the case
where the cbject to be processed is a2 semiconductor wafer,
semiconductor devices located near the above-menticned
region among those formed in the surface of the semiconductor
wafer might melt.

25 Known as examples of methods which c¢an prevent the

surface cf the cbject to be processed from melting are



Appl i cation Laid-Open No. 2000-15467. In the cutting nethods of these
publications, the part to be cut in the 5 object to be processed is heated
with laser light, and then the object is cooled, so as to generate a
thermal shock in the part to be cut in the object, whereby the object is
cut. Disclosure of the Invention Wen the thermal shock generated in the
object to be 10 processed is large in the cutting nmethods of the
above-nenti oned publications, unnecessary fractures such as those deviating
fromlines to_be cut or those extending to a part not jrradiated with |aser
may occur. ThéPEFETE2Seth&dd tdmdt Mag Ndtsh SdS Lamrst 1&cHitdGe e5ee ERSFBR
cutting. is Wien_the aobject to be processed is_a_sem conductor wafer a

gl ass subst r aPEPEeCREd ORi LA18-PPE0I Hocr 98Y AT 2 47 39F AP delARdE e S P34 g ass
substrate formed with an el ectrode pattern in articular, sem conductor

chi ps, |iqui dPEPYIECAIT I8s ph Bl - %R c b, 0‘?0@5@@%&%&3 patt ebP@ ¥y *BE9danaged
due to the 20 unnecessary fractures. Al so, average i nput ener%y_i s so high
in these cutt 8§ REEheds thrse PRELLRSHRIN Sdafiige Pefsarted® €4t R the

sem conductor chip and the like is large. It is _an object of the present

i nvent Pon to FPEFCHet OB & OsresEsssi Agh prt Pdds! tdhd 2Bsset 1 phbeedy hfen
apparatus which 25 generate no unnecessary fractures in_the surface of an
object to betPfoEB3EEA ARV FDt SRIAS tReI8UPFaES. 2 X ReyMFhsNosdedn
processing nmethod in accordance with an aspect of the present jnvention
conprises a st8f BRITi%G 8Gi atF nig® 4R20BPe8FTt o' IRT §hvceSsealIfFt g &8ér 1i ght

with a light-conyerging point |lLocated therewithin, so as to form
Disclosure of the Invention

When the thermal shock generated in the object to be
10 processed is large in the «cutting methods of the
above-mentioned publications, unnecessary fractures such
as these deviating from lines to be cut or those extending
to a part not irradiated with laser may occur. Therefore,
these cutting methods cannot achieve precision cutting.
15 When the object to be processed is a sémiconductor wafer,
aglass substrate formedwithaliquidcrystaldisplaydevice,
or a glass substrate formed with a&n electrode pattern in
particular, semiconcductor chips, liguid crystal display
devices, or electrode patterns may be damaged due to the
20 unnecessary fractures. Also, average input energyissohigh
in these cutting methods that the thermal damage imparted

to the semiconductor chip and the like is large.
It is an object of the present invention to provide
laserprocessingmethods andlaser processingapparatuswhich
25 generate nounnecessary fractures in the surface of anobject

to be processed and do not melt the surface.



5 a nodified region caused by nul tiphoton absorption within the object
along a cutting line along which the object should be cut. If there is a
certain start region in the part to be cut in the object to be processed,
the object to be processed can be broken by a relatively small force so as
to-be cut. 10 In the laser processing nethod in accordance with this aspect
of the present invention, the object to be processed is broken along the

| ine al ong which the object is intended to be cut using the nodified region

as the starting pointy wmEiehwsdrhprobiest nganetitcduln abiesgaanthevobject to
be processed 15 can be cut with a relatively small force, whereby the object

can be cut W §hodtpgenelat idige Uppesessalyvenachbyr esmgevisaki ng sfemihe |ine
al ong which the object is intended to be cut in the surface of the object.

The laser pr Ogﬁﬁéﬁﬂgtﬂﬁ?Mdmmcp@d@@@owietsaetﬂh\i@tha(asaaipeﬁt;h@fwiﬂe
present invent ion locally generates multiphoton absorption wthin the

obj ect to be @rqu%‘&S&ﬁbnﬁélejﬁqr%ybE@hm Nz Beddicfrietd tHE8, 080 Jhewefofe, | aser

light is hardly absorbed by the surface of the object to be processed,

whereby the surd@ceiod tdei objetisen Iy Aol tAghbs ocHeEBsckPeidh within
| i ght-converging point refers to the position where the laser light is

converged. Thentidhe dlt08UoMbiLBut hen@hjieet al6nd whitended dig ke sybuI@Y be a
| ine actually drawn on the surface or inside of the object to be cut or a

virtual |ine-pdhest suljfeetheate (3) s expted Nedkidrt he digredei ngeabsothebds in
(2) to (6) which will be explained |later. 5 The | aser processing nethod in
accordance w bdcan asprelobihe {5 eserbcenent, it conpet sedapsbeps oba
irradiating an
can be broken by a relatively small force so as to be cut.
i0 In the laser processingmethod in accordance with this aspect
of the present invention, theobject tobe processed is broken
along the line along which the object is intended to be cut
using the modified region as the starting point, whereby
the obiject can be cut. Hencé, the object to be processed
15 can be cut with a relatively small force, whereby the cbiect
canbecutwithout generatingunnecessary fracturesdeviating
from the line along which the chject is intended to be cut
in the surféace of the object.
The laser processing method in accordance with this
20 aspectofthepresehtinventionlocallygeneratesmultiphoton
abscrptionwithin theoblject tobe processed, thereby forming
amodifiedregion. Therefore,laserlightishardlyabsorbed
by the surface of the object to be processed, whereby the
surface of the obiect will not melt. Here, +the

25 light-convergingpoint referstothepositionwhere the laser

light 1is converged. The line along which the object is



object to be processed with laser light wth a |ight -converging point
| ocated therewithin under a condition wth a peak power density of at
Il x 108 (WCM2) and 10 a pulse width of | ps or less at the |ight

- convergi ng point,

absorption wthin the object along a line along which the object is
intended to be cut in the object. The | aser processing nethod in accordance

with this

15 aspect of the present

processed with laser light with a |ight-converging point |ocated
t herewi t hi n uadércralacbhdias ent Wianhba péakepoitere 1 ldedss vy oof tlag spEdscel - 108
(WCM2) and a pulse width of | PS or less at the |ight-converging Eoint.

Therefore, a 20 phericirerdntkRoRkI&STopO &l CHanByed causiedd byl YAflt i

| east

so as to forma nodified regi on caused by mnul ti photon

invention irradi ates an object to be

k6t on

absorption occurs within the object to be processed. This optical danage

i nduces t her meuldiesttopti oh wirtrHiai et 1obf betfotander proseskedds timer éby

formng a crack region within the object to be processed. The crack region

is an exanpl etef (5 g cabovid-lndost iesnpdck imsdl fliadr.egi on, whereby the | aser

processing rnethod in accordance with this aspect of the 4 present

i nvention

enabl e§ | aser proced¥engssnthoetes yenengtnag imed acaordantreeszanysbeaét ur es
deviating fromthe |ine along which the object is intended to be cut
surface of thé&hgbjpaetsenan layamslieonofcarvg igisisedt stteérbe s iprecésséadi Ant hi s
| aser processing nethod is a menber including glass. Here, the peak power
density refer&bf@ctthe t%| et ri BIPFEFEEAnt efigint y WFsgul skidaser vEFBht 2at t he

10

15

20

25

light-convergingpoint locatedtherewithinunder acendition
with a peak pﬁwer density of at least 1 x 10%® (W/cm®) and
a pulse width of 1 us or less at the light-ccnverging point,
so as to form a modified region caused by multiphoton
absorption within the object along a line alcng which the
object 1is intended to be cut in the object.

The laser processing method in accordance with this
aspect of the present invention irradiates an object to be
processed with laser light with a light-converging point
located therewithin under a condition with a peak power
density of at least 1 x 10° (W/cm?) and a pulse width of 1
BS or less at the light-converging point. Therefore, a
phenomenon known as optical damage caused by multiphoton
abscrption occurs within the object to be prccessed. This
cptical damage induces thermal distortion within the object
to be processed, thereby forming a crack region within the
object to be processed. The crack regicn is an example of
the above-mentioned modified region, whereby the laser

processing methed in accordance with this aspect of the

in the



| i ght-converging point. The | aser processing nethod in accordance with an
aspect 10 the present invention conprises a step of irradiating an object
to be processed with |aser light with a |ight-converging point |ocated
therewithin under a condition wth a peak power density of at least 1 x 108
(WcnR) and a pulse width of 1 ps or less at the |ight-converging point, 15
so as to forma nodified region including a nolten processed region within
the object along a |line along which the object is intended to be cut in the
object. The | aser processing nethod in accordance with this aspect of the
present inventpomsémtradiavestannobpeebles bdas2G provessedng t wviltEseart | i ght
with a light-converging point |ocated therewithin under a condition with a
peak power demshé¢yaoinameleast uhneddES (W cnRitands alqpul=serw dtbmahel ps
or less at the light-converging point. Therefore, the inside of the object
to be processetlins 4bsad | whhelat etk byb 26ctul § | pihvodrodedbsorpd it iFhitdieheat i ng
forms a nolten processed region within the object to be processed. The 5
nmol t en processedrfege o0fi $han cdxarpl.e din tdearghloy es frenhéoned e crodicf ibed
regi on, whereby the | aser processing nethod in accordance with this aspect
of the Ppresentpicwent¢ednienaliies léaser ppreeessingg mttHwalt i genemadnibrg el t
or unnecessary 5 fractures deviating fromthe |ine along which the object
i s intended toibelwding glike .suiéaece wWie bhekqhjwent deAnieyxamiears ob thire
object to be processed in this | aser processing nethod is a nenber
i ncludi ng a semesonduct ddefst eintadndhey | aserpyprocedsksng neidtod an abdeor dance
W th an aspect

light-converging point.

The laserprocessingmethodinaccordancewithanaspect
10 the present invention comprises a step of irradiating an
cbject tc be processed with laser light with a
light-convergingpoint locatedtherewithinunder acondition
with a peak power density of at least 1 x 10% (W/cm®) and
a pulse width of 1 ps or less at the light-converging point,
15 so as to form a modified region including 2 molten processed
region within the object along a line along which the object

is intended to be cut in the obiject.
The laser processing method in accordance with this
aspect of the present invention irradiates an cbject to be
2Q processed with laser light with a light-converging point
located therewithin under a conditieon with a peak power
density of at least 1 x 10% (W/cm? and a pulse width of 1
us or less at the light-converging point. Therefore, the
inside of the object to be processed is locally heated by

25 multiphecton abksorption. This heating forms a molten

processed region within the object to be processed. The



10 of the present invention conprises a step of irradiating an object to be
processed with laser light with a 1ight-converging point |ocated
therewithin under a condition wth a peak power density of at least 1 x 108
(WcnR) and a pulse width of 1 ns or less at the |ight-converging point, ?
5 so as to forma nodified region including a refractive index change
region which is a region with a changed refractive index within the object
along a line along which the object is intended to be cut in the object.
The | aser processing nethod in accordance with this 20 aspect of the
present i nventMoht ¢r Padicases cancobprdts 2 chemppeotesbed v terneserongght
with a light-converging point |located therewithin under a condition with a
peak power densiifief aegieast whexebp8 thAWlesey adcsssulnge Metdiad ofn 1 ns
or less at the light-converging point. When multiphoton 25 absorption is
gener at ed wi t hkocoheanbdd edtt ht oh be aprecéssedhewitdsentvényeshorn quilsie sy dt h
as in this aspect of the present 6 invention, the energy caused by

mul ti phot on abs®s@ri pnotgsshoy wiahstior gederatonghaedal energecssamat a
permanent structural change such as ionic val ence change, crystallization,
or pol & izatiofrartentatdendsinadiced Sathian alobjleioth Miverdhect
refractive index change region 1is formed. This refractive i ndex change
region i s an exadpltendefl tchee alygvin rbatiwwried enpilthead Jegfi -on AniraTEbyE t he

| aser processing nethod in accordance with this aspect of the present

i nventi on enab?®$ heasielepr 6odes rgonisskeutn 101 gdmarsat Pngcrebtnematinatessary
fractures deviating fromthe is

is a member including a semiconductor material.
The laserprocessingmethodinaccordancewithanaspect
10 of the present invention comprises a step of irradiating
an object to be processed with laser light with a
light-convergingpoint located therewithinunder acondition

with a peak power density of at least 1 x 10°® (W/cm?) and

a pulse width of 1 ns or less at the light-converging point,

et
1A

50 as to form a modified regicn including a refractive index

change regicn which is a region with a changed refractive

index within the object alcong a line along which the object
is intended to be cut in the object.

The laser processing method in accordance with this

20 aspect of the present invention irradiates an object to be

processed with laser light with a light-converging point

located therewithin under a condition with a peak power

density of at least 1 x 10° (W/cm?) and & pulse width of 1

ns or less at the light-converging point. When multiphoton

25 absorption is generated within the cbject to be processed

with a very short pulse width as inthis aspect of the present



| i ne al ong which the object is intended to be cut in the surface of the

obj ect. An exanple of the object to be processed in this |aser processing
nmet hod is a nmenber including glass. Mddes enployable in the foregoing | aser
processing nethods in accordance with the present invention are as

follows: Laser light emtted froma laser |ight source can include pul se

| aser light. The pulse laser light can concentrate the energy of | aser
spatially and tenporally, 20 whereby even a single |aser light source allows
the electric field intensity (peak power density) at the |ight-converging
poi nt of |asednVviegitiavo HK&gee86ERYacAREAP RdentHatPimila pdpt i@Bsafpti on
can occur. Irradiating the object to be processed with a 25

| i ght - conver gined paiems fogomced Ntertd\Gintiln co@F doncorpadst a pasmanpBie | aser
light emtted fromone |laser |light source 7 is converged and then the object
is irradiatedswirtictiing cohwegged sluader $#§ ghtiovwiitth avd lghte coatengeéng poi nt
| ocated therewithin, for exanple. This converges |laser light, thereby

al | owi ng t he elrectteild ifjadlign, nt@hspeianizibber trghntstaent he induced

| i ght-converging point to have such a magnitude that nultiphoton absorption
can océur. |rwadihdti hhetde abj evterellyea graduasddd anii nfiea chargitt T€oh08r gi ng
point | ocated therewithin can enconpass a case where the object to be
processed is ipreimedd wWnids 19f racheve ilveekaderndd gholpedrsearenedef rom a
plurality of |aser light sources fromdirections different fromeach ot her
with a |ight-eéntéegehgvpoinantiegatedot her edi 199 yon Sivivareby the laser

processing method in accordance with this aspect of the
present invention enables laser processing without

10 generating melt or unnecessary fractures deviating from the
line along which the object is intended to be cut in the
surface of the object. An example of the object to be
processed in this laser processing method is a membex
including glass.

15 Modes employable in the foregoing laser processing
methods in accordance with the present invention are as
follows: Laser light emitted from a laser light source can
include pulse 1laser light. The pulse laser light can
concentrate the energy of laser spatially and temporally,

20 whereby even a single laser light source allows the electric
field intensity (peak power density) at the light-converging
pcint of laser light tohave such amagnitude that multiphoton
absorption can ocCcur.

Irradiating the object to be processed with a

25 light-converging point located therewithin can encompass

a case where laser light emitted from one laser light source



a plurality of laser light sources are used, this allows the electric field
intensity of laser light at the 15 |ight-convergi ng point to have such a
magni tude that nultiphoton absorption can occur. Hence, even continuous
wave | aser |ight having an instantaneous power |ower than that of pulse

| aser light can forma nodified region. The respective |laser |ight beans
emtted froma plurality of 20 |aser |ight sources may enter the object to
be processed fromthe surface thereof. A plurality cf laser |ight sources
may include a . laser |light source for emtting l.aser light entering the

obj ect to be proce¥st E?%ﬁVF%éﬁgﬂ}ﬁﬁfé &eofr s and aF§§%WlF%gﬁﬂU§ource
for emtting |aser Iiggﬁ en[erjq%¥25 ghe Qbject to be,grocesse fronhthe
rear face ther&ofeIREDLARPEFi1320F " aSe? IEPGRT CEBURL S NRelP T e Lad8 taYl i ght
source 8 section in which |aser Ii%hﬁ sources are arran e? in a ,aéray
along a |ine MGG AER t heODbPEETPLE i ntfédded 2 BeITUt 2255hi s188h ' form a
plurality of light-convergin oints along, the |line al ong which_the object

i s intended t6h@éa&uiaéf0 tH tgﬁhﬁﬁ??ﬁﬁ}cgﬁﬁédbéTﬁﬁnébF%Cgbl?%%%&6@%Fhe
procesging speed, The nodified region is forned by noving the cbjgct to be
processed rel &5 vttt Ihe FPYRTL TURY &Yy - Bdifie R Aaddre 91 gHte IF684t ed

Wi thin the object. Here, the above-nentioned 10 rel ative novenent forns

t henodi fi ed r 8GR R GB P Fb&Fdessed al ong a |ine al ong which

the object is intended to_he cut. on the surface of the object. The nethod
may fu{ther conprisgréagﬁﬁfﬁﬁé S%Bﬁ ofPIGt tithy Phe 85?%%?£?% BE gt ofessed

along the lin%i@ﬁyy%agyé¥%ing peint located therewithin can encompass
a case where the object to be processed is irradiated with

10 respective laser light beams emitted from a plurality of
laser light sources fromdirectionsdifferent fromeachother

with a light~-converging point located therewithin. Since

a plurality of laser light sources are used, this allows

the electric field intensity of laser light at the

15 light~converging point to have such a magnitude that
multiphoton abscrption can occur. Hence, even continuous

wave laser light having an instantaneous power lower than

that of pulse laser light can form a mocdified region. The
respective laser light beams emitted from a plurality of

20 laser light sources may enter the object to be processed
fromthe surface therecf. Apluralitycf laser 1ight sources

may include a laser light source for emitting laser light
entering the object tobe processed fromthe surface thereof,

and a laser light source for emitting laser light entering

25 the object to be processed from the rear face thereof. A

plurality of laser 1light scurces may include a light socurce



is the object is intended to be cut. Wien the object to be processed cannot
be cut in the nodified region formng step, the cutting step cuts the
object. The cutting step breaks the object to be processed using the
nodified region as a starting point, thus being able to cut the object with
a 20 relatively small force. This can cut the object to be processed

W t hout generating unnecessary fractures deviating fromthe |line along
which the object is intended to be cut in the surface of the object.
Exanpl es of the object to be processed are nmenbers 25 including glass,

pi ezoel ect ri cSARLEONal ) WAAE hseadebRdEtto? U haE 2RILEl 2 ¥ ApbY PR A NekarpiréYof the
object to be processed is a nmenber transparent to |aser light emtted. This
| aser proces3ipgonet hodei sl anhgoappl itdeblebiestahsobpeerded e beprodessed
having a surface formed with an el ectronic device or electrode pattern. The
el ectroni c de¥hée renefern @ 1% reddityondut it devnéer 3angdixpirdy déence such
as liquid crystal, a piezoelectric device, or the like. The |aser
processi ng methed lingcedragnedvichh the appest isf irfensiedsént DEngeist Pén
conprises a step of irradiating a sem conductor material with |aser |ight
with a510 |i ghheceaver giing. psims bedatedbiketowilipine vigndée Rre6RESENSGN with
a peak power density of at least 1 x 108 (WcnR) and a pulse wdth of 1 has
or |ess at thépreieght--converging point, so as to forma nodified region

w thin the sem conductor material along a |ine along which the object is
intended 15 to be ciiteimrdhelsdmiaimdudtofORRERMAMOVERE A8 &Y JirTcéssi ng

met hod in accordance wth an aspect of the present invention
be processed relative to the light-converging point ¢f laser

light located within the object. Here, the above-mentioned
10 relativemovement forms themodified regionwithinthe object
tobeprocessedalongalinealongwhichtheobject is intended

tc be cut on the surface of the object.
The method may further comprise a cutting step of
cutting the cbject to be processed along the line along which
15 the object is intended teo be cut. When the c¢bject to be
processed cannot be cut in themodified region forming step,
the cutting step cuts the cbject. The cutting step breaks
the object to be processed using the modified region as a
starting point, thus being able to cut the object with a
20 relatively small force. This can cut the object to be
processed without generating unnecessary fractures
deviating from the line along which the object is intended

To be cut in the surface of the object.
Examples of the object to be processed are members
25 including glass, piezoelectric material, and semiconductor

material. Another example of the object to be precessed is



conprises a step of irradiating a piezoelectric material wth |aser |ight
with a light-converging point |ocated therewithin under a condition with a
peak power density of 20 at least 1 x 108 (WcnR) and a pulse width of 1 ps
or less at the light-converging point, so as to forma nodified region

Wi thin the piezoelectric material along a line along which the object is

intended to be cut in the piezoelectric nmaterial. These nethods enabl e

| aser cutting without generating nelt 25 or unnecessary fractures devi ating
fromthe Iine along which the object js intended to be cut in t surface
of the object AT bl PrYCTRIEY o?oti]%s@é 1RGSRt Bkt hatT}?JnSt €1 aser

processi ng net hods in accordance wth the f ng aspects . of the present
i nvention. |n RIRFFIIEIC grededi by AefRodPP 15%9@%590@%%%‘? tE‘i’éi’soepect of
the present invention, the object to be processed may_have a surface forned
with a plural iREPTHSES éﬁ.vtlnge%t%ﬁfsace Whir e dav i § iy /e %6%%?@%5 Foiie of

|l aser light is located in the inside of the object to be processed facing a
gap formed betwedh ddf Ateritache Tl t BisctgI6HE T ch @9 ical 144P 10 6 i rcui t
sections. This can reliably cut the object to be processed at the pasition
of the 5gap for%ﬁé@%@@%%ﬁf&é%ﬁt a ‘%Jr?f&hgi’lt'd%ét:ff%h The LRHSEC TS ng
met hod in accordance with an aspect of the present invention can converge

| aser |ight at® é?llea?ﬁef]ee‘:tl@‘%ﬁ ity PPIUFal it of circuit sections are not
irradiated with the Iaser ht. This can prevent the |aser b g}ht fraom
entering the circuit hsee]c‘??%?l raﬁﬁsﬁFBE@&thtoﬁe”b?‘?%?ﬁ aNGRULFHAY AP TIst the

laser |ight. of the present invention comprises a step of irradiating
a semiconductor materiasl with laser light with a

10 light-convergingpoint located therewithinunder a condition
with a peak power density of at least 1 x 10% (W/cm?) and

a pulse width of 1 pys or less at the light-converging point,

so as to form a modified region within the semiconductor
material along a line along which the object is intended

15 tobecutinthe semiconductormaterial. Thelaserprocessing
method in accordance with an aspect of the present invention
comprises a step of irradiating a piezoelectric material

with laser light with a light-converging pecint located
therewithin under a condition with a peak power density of

20 at least 1 x 10® (W/cm?) and a pulse width of 1 ps or less
at the light-converging point, scas to formamodified region

within the piezoelectric material along a line along which
theobjectis intendedtobecut inthepiezoelectricmaterial.

These methods enable laser cutting without generating melt

25 orunnecessaryfracturesdeviatingfrmﬂthelinealongwhiéh

the object is intended to be cut in the surface of the object

10



The | aser processing nethod in accordance with an aspect 20 the present

i nvention conprises a step of irradiating a sem conductor material with

| aser light with a |ight-converging point |ocated within the sem conduct or
material, so as to forma nolten processed region only within the

sem conductor material along a line along which the object 25 is intended to
be cut in the sem conductor material. The |aser processing nethod in
accordance with this aspect of il the present invention enables |aser
processing without generating unnecessary fractures in the surface of the
object to be processedcansgem fhouthaebinmagrtheosurd adesduien tichd hissexanme
reasons as nentioned above. The nolten processed region 5 may be caused by
mul ti phot on absevptieingmeatthers teasonstddid)e FThehltasefopeoceagiagparetshod in
accordance wth an aspect of the present invention conprises a step of
irradiating anc6bieetptosbet ptocessednwi th | aser [ight such that a

| i ght-converging point of laser light elliptically 10 polarized with an
ellipticity of otheridhar lakserl peatedsimgtigthddenobreeirdbachewptiocessed
while the major axis of an ellipse indicative of the elliptical

pol ari zati on oésphet dmsee pighénextrands ialmngha di Necrakenge whiehe ddwel obj ect

is intended to be cut, so as to forma nodified region caused 15 by
nmul ti phot on abseyptivern abhofw-4 hberhede iahengl whi th ¢ bé ciekjuactsdc-iantsended to
be cut within the object to be processed. The |aser processing nethod in
accordance w twht hé sa aspgict - ofntdeg pngsenint nvEntd o flrgist ail sroididdaed regi on
by irradiating the object to be processed with |aser light such 20 that
t hemaj or axis Df ameeldsipde dhdiltatovpeof theéeldigptecadd facing a gap
formed between adjacent circuit sections in the plurality
10 of circuit sections. This can reliabkly cut the object to
beprocessedat thepositionof the gap formedbetweenadlacent
circuit sections.
The laserprocessingmethodinaccordancewithanaspect
cf the present inventicn can converge laser light at an angle
15 by which a plurality of circuit sections are not irradiated
with the laser light. This can prevent the laser light from
entering the circuit sections and protect the circuit
sections against the laser light.
Thélaserprocessingmethodinaccordancewithanaspect
290 the present invention comprises a step of irradiating a
semiconductor material with laser light with a
light-converging point located within the semiconductor
material, soas to formamolten processed region only within
thesemicondﬁctormaterialalongalinealongwhichtheobject

25 is intended to be cut in the semiconductor material. The

laser processing method in accordance with this aspect of



pol ari zation of |aser light extends along the Iine along which the object
is intended to be cut in the object to be processed. The inventor has found
that, when elliptically polarized laser light is used, the form ng of a
nodi fied 25 region is accelerated in the major axis direction of an ellipse
indicative of the elliptical polarization (i.e., the 12 direction in which
the deviation in polarization is strong) . Therefore, when a nodified
region is formed by irradiating the object to be processed with |aser |ight
such that the major axis direction of the ellipse indicative of %he 5

el liptical pol®dt§ zBFFBﬁ“Extlé‘Hﬁé)téIOGngﬂFH%lEfsi ne? 2 bngrARFERI T h¥ L P@Et is
intended to be cut in the object to be processed the nodified e%

ext endi ng aIo@?@?ﬁ?qPﬁéu%m%ﬁ@SQﬁFEﬁrQFﬁ€Qﬂﬂ%ﬂfhﬁéuﬁﬁﬁ§ﬁd§atP%O%é EGt can
be fornmed efficiently. Therefore, the |laser processing nethod in accordance
with 10 this dp&s Pépcﬁﬁéeﬁr%%@n"fl‘i]h@/‘é?\t”ieolﬁ%tlhﬁp%\”féa‘t:ﬁedueprtd’cé%l ng
speed of the object to be processed. Al so, the |aser processing nethod in
accordance\Mt%?m?H%aﬁ@%ééﬁﬁﬁqﬁkﬁﬁQQﬁp?%%trghﬁﬁ?*ﬁﬁ%ﬁHPF?éaegéﬁﬁéﬁ”from
being forned except in the direction extending along the 15 |ine al ong which
the obj%ect is M &fdEdus6dpBY ULt RS RAKPRTLIRE L POSY KItd &0 TEGEPRe obj ect
to be processed preC|ser along the line along which the object is intended
to be cut. Here, thelll] Ebﬁci{%ﬁeFeﬁ%ﬁ’%@%%%Fﬂﬁt{lﬁg PRI T2 Y1 nor
axi s/ half the | ength of jor axis of the ellipse- 20 As the ellipticity of

| aser |ight i$snafPert gﬁetpﬁrﬂﬁﬁf%ﬂtrﬁﬂﬁ?qQ%PWeﬁﬁTﬁF%%e%c%eﬁéﬁg in the

di recti on ext nd| | on e.line along which ect is i tend d to be
cut e éﬁaéﬁng gn gbject to ke grocesse w1t aser llgﬂ% %

that a light-converging point of laser light elliptically

10 polarized with an ellipticity of other than 1 is located
within the object to e processed while the major axis of

an ellipse indicative cf the elliptical polarization of the

laser light extends along a line aleong which the cbject is
intended to be cut, so as to form a modified region caused

15 by multiphoton abscrption along the line along which the
object isintended tcbecut within the object tobe processed.

The laser processing method in accordance with this

aspect of the present invention forms a meodified region by
irradiating the object to be processed with laser light such

20 that themajor axisof anellipse indicative of theelliptical
polarization of laser light extends along the line along

which the object is intended to be cut in the object to be
processed. The inventor has found that, when elliptically
polarized laser light is used, the forming of a modified

25 regionisacceleratedinthemajoraxisdirectionofanellipse

indicative of the elliptical polarization (i.e., the

12



but suppressed in the other directions. The ellipticity can be determ ned
in view of the thickness, material, and the 25 |li ke of the object to be
processed. Linear polarizationis elliptical polarization with an
ellipticity of zero. 13 The laser processing nethod in accordance with an
aspect of the present invention conprises a step of irradiating an object
to be processed wth laser light such that a |I|ight-converging point of
|l aser. light elliptically polarized 5 with an ellipticity of other than | is
| ocated within the object to be processed while the major axis of an
el li pse indi datieve ighn 1hehaldh phe calvipdliam zapicdrréfzathen aset rbhght
extends along a line along which the object is intended to be cut under a
condi ti on w t Fharpdak epowbendansidyf iofd ategi@®nl easfoidmed 109 1¢VWEGMRLINnand. a
pul se width of I lis or less at the |ight-converging point, so as to forma
nodi fi ed regi ahe chdkuadi ng Becpackesegdoniah as ¢he dghte salabnghwatti thet he
object is intended to be cut within the object to be processed. The |aser
processi ng netrhddri nexaccoddanceiwnnt loft hilse edlappectirafiddte yar esenthe
invention irradi ates the object to be processed with laser |ight such that
t he maj2or axi slafipttihelepbilpseézindooattvendd atllveekhipl italalpolawhzabi on of
| aser |ight extends along the line along which the object 1is intended to be
cut in the objtketoltpedeipriovesskd tblesc20 imakiengbi ecpassbbleortestedm t he
nodified region efficiently and cut the object precisely along the |line
al ong whi ch t hée mobjidckd seigntendedend img edtongs the flheel adengpmbéessi ng
method i n accordance with the above-nentioned aspect of the present

the cbiject is intended to be cut can be formed efficiently.

Therefore, the laser processing method in accordance with
10 this aspect of the present invention can improve the
processing speed of the object to be processed.

Also, the laser processing method in accordance with
the present invention restrains the modified region from
being formed except in the direction extending along the

15 line along which the object is intended to be cut, thus making
it possible to cut the ocbject to be processed precisely along
the line along which the object is intended to be cut.

Here, the ellipticity refers to half the length of the
minor axis/half the length of major axis of the ellipse.

20 As the ellipticity of laser light i1s smaller, the forming
cf modified region is accelerated in the direction extending
along the line along which the cbhject is intended to be cut
but suppressed in the other directions. Theellipticity can
be determined in view of the thickness, material, and the

25 like of the object to be processed. Linear polarization is

elliptical polarization with an ellipticity of zero.

13



invention. 25 The | aser processing nethod in accordance with an aspect of
the present invention conprises a step of irradiating 14 an object to be
processed with laser light such that a | i ght -converging point of |aser
light elliptically polarized wth an ellipticity of other than 1 is |ocated
within the object to be processed while the major axis of an ellipse 5

i ndicative of the elliptical polarization of the |aser |ight extends al ong
the line along which the object is intended to be cut under a condition
with a peak power density of at least | x 10B (WCM2) and a pul se wi dth of
| ps or less at th&helfrexpnvergbhgopeithod ispaasctdzfior wathedidimd b egi on
10 including a nolten processed region along the line along which the

obj ect is intefddda ereserut Witdn i drhes iy Bctes ta Peemprotessed]iaftiend aser
processing nethod in accordance with this aspect of the present invention
i rradi ates thembjlepdct otoi beberprecessedMilt hldaser Ligght ssabh thadt a he
maj or axis of the ellipse indicative of the elliptical polarization of

| aser |ight extigyds calrory dihey b het alforegpashi thht led lajtect L liypdletmised to be
cut in the object to be processed, thus making it possible to formthe .
nmodi fi & regi on téf kincieédtipy i24 tand fcot hehetobpett i precizsety val ongn tthee | i ne
al ong which the object is intended to be cut as in the | aser processing
met hod i n accdrjdarice onvbehptrbe ealsedewhenti bhedmaspeceéxbf therpreskeinise
invention. The | aser processing nethod in accordance with an aspect 25 of
the present i nvenitdagn veooprirseslaiptepaofpdramidiatiomyof the laser light

extends along a line along which the object is intended to

be cut under a condition with a peak power density of at

10 least 1 x 10%® (W/cm?) and a pulse width of 1 ps or less at
the light-converging point, so as to form a modified region
including a crack region along the line along which the object

is intended to be cut within the object to be processed.

The laser processing method in accordance with this

15 aspect of the present invention irradiates the object to
e processed with laser light such that the major axis of

the ellipse indicative of the elliptical peclarization of

laser light extends along the line along which the object

is intended to be cut in the oblect to be prccessed, thus

20 making it pcssible to form the modified region efficiently
and cut the object precisely along the line along which the

cbject is intended tec be cut as in the laser processing method

cordance with the abcve-mentioned aspect of the present

0

ina
invention.
25 The laserprocessingmethodinaccordancewithanaspect

of the present invention comprises a step of irradiating

14



an object to be processed wth laser Iight such that a is |Iight-converging
point of laser light elliptically polarized wth an ellipticity of other
than 1 is located within the object to be processed while the najor axis of
an ellipse indicative of the elliptical polarization of the |laser-light 5
extends along a line along which the object is intended to be cut under a
condition with a peak power density of at least 1 X 108 (W/ CM2) and a
pul se width of I ns or less at the light -converging point, so as to forma
nodified region including a refractive index change region which is a
region 10 w tlera chaagedtrefreaqinoce dgwexwinlt hias¢hel ohhecsuahongaa 4 i ne

al ong which the object is intended to be cut in the object. The | aser
processi ng netlhioght fcaccorgangpownt vt T s=r Aspecelof ptheapd ggeritadimeent i on
irradiates the object to 15 be processed with laser |ight such that the

maj or axi s of witeh el igisle guidiicat iofe cahetrthehehl 1 pt $ ciadcpoddnid izat i ron hef

| aser |ight extends along the line along which the object 1is intended to be

cut in the objeciedo he Hy eresseted g 1 emakengaibr posss b 4rp Slarimpstehe
nodified region efficiently 20 and cut the object precisely along the |ine

al ong whi ch t hendiobjtertte oS iid endedrteabeCldr Bt v be dJrasesspracessi nq
nmethod i n accordance with the above-nentioned aspect of the present
i nvention. Mdes e ayadle die thee asehgprhiesstng ¢eidogsid nnt2dnded
accordance with the foregoing aspects of the present invention are as
follows: 16 to be cut under a condition with a peak power density of
at least 1 x 10° (W/cm?) and a pulse width of 1 us or less
at the light~-convergingpoint, soas toformamodified region
10 including a molten processed region along the line along
which the object is intended to be cut within the object
tc be processed.
The laser processing method in accordance with this
aspect of the present invention irradiates the object to
15 be processed with laser light such that the major axis of
the ellipse indicative of the elliptical polarization of
laser light extends along the line along which the object
is intended tc be cut in the object to be processed, thus
making it possible tc form the modified regicn efficiently
20 and cut the cobject precisely along the line along which the
object is intended to be cut as in the laser processing methed
in accordance with the above-mentioned aspect of the present
invention.
The laserprocessingmethodinaccordancewithanaspect

25 of the present invention comprises & step of irradiating

an object to be processed with laser light such that a

15



Laser light having elliptical polarization with an ellipticity of zero can
be used. Linearly polarized light 1is obtained when the ellipticity is zero.
Linearly polarized |ight can maxim ze the size of the nodified region
extending along the Iine along which the object is intended to be cut and
m nimze the sizes in the other directions. The ellipticity of elliptically
pol arized |ight can be adjusted - by the angle of direction of a quarter-wave
pl ate- When a quarter-wave plate is used, the ellipticity can be adjusted
10 by changing the angle of direction alone After the step of formng the
modi fi ed regi onightheornobjeengroibe gfrbresseédyhtyglBerkiradilated amited aser
light while the polarization of laser light is rotated by about 90" by a
hal f -wave pl atveltiAl&o,eldfiteri ey stfeptoferf abanng is Ydwe twdivitdd ir é§eon, the
object to be processed nay be irradiated with |aser Iight while the object
to be processerdrjdst rioy diedincesseut W90'l calibat mé fier t 4tk neS srdiedlddtisen of
the object to be processed. These can form another nodified region

extendi ng i n alrdirertioncdl ongeflhepsdrbacec bir 14w 200 objtéct 18 vebd jghtcessed
and intersecting the fornmer nodified region. Therefore, for exanple,
respecti ve nodixtiedds redgirans éxthendl ogg adlongh Itheesbt ecbel gutntiandeéd &rd
Y-axis directions can be forned efficiently. The | aser processing nethod in
accordance wi t4e amutaspeder 25cofditecpresenta ippeenthicore caowirsises «f step of
irradiating an object to be processed with |aser light such that a 17 1

i ght - conver gi nge g nt >of1 4 aﬁr/cmf)grﬂndslal ipptliscabbigtpobari zesd owmiltdrsanlt
ellipticity of other than | is |ocated wthin the

the light-converging point, so as to form a modified region
including a refractive index change region which is a region
10 with a changed refractive index within the object along a
line alcong which the cbject is intended to be cut in the
object.
The laser processing method in accordance with this
aspect of the present invention irradiates the object to
15 be processed with laser light such that the major axis of
the ellipse indicative of the elliptical polarization of
laser light extends along the line along which the object
is intended to be cut in the cbject to be processed, thus
making it possible to form the modified region efficiently
20 and cut the cbject precisely along the line along which the
object is intended to be cut as in the laser processing method
in accordance with the above-mentioned aspect of the present
invention.
Modes emplcyable in the laser processing methods in

25 acccrdance with the foregoing aspects of the present

invention are as follows:
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object to be processed while the major axis of an ellipse indicative of the
elliptical polarization of the laser Iight 5 extends along a |Iine al ong
which the object is intended to be cut, so as to cut the object to be
processed along the 1line along which the object is intended to be cut. The
| aser processing nmethod in accordance with this aspect of the present
invention irradiates the object to 10 be processed with laser |ight such
that the major axis of the ellipse indicative of the elliptical polarization
of laser light extends along the |ine along which the object is intended
to be cut in the objlegen @ ilgdipherésgedllTmanetdr polarhaasbpacwitd ba
processed can be cut along the line along is which the object is intended to
be cut. The | asleripviotidgsiofgzenetdwd Henvaedor daroe2 wi t pallsirsi zesheéduhdf t he
present invention can cut the object to be processed by meking the object
absorb | aser id ghtasoedgheo thel ¢l et objtect s upor . hebinegrl Absoarithe | aser
processing nmethod in accordance with this aspect 20 of the present invention
may gener at e rldtitphetamabsiorpt hersidwy of rivfeddinatii Agethee abjreek teodbeg
processed with laser light., thereby formng a nodified region within the
obj ect 5 and dtertchéheb] exe anhirie whsichgt bheolhmpditf iledineghdadase destakti ng
point. 25 The | aser processing apparatus in accordance with an aspect of
the present i mvehtmbnivonpritses aitasern| ight sobece digdariammtti digepul se
| aser light having a pulse wdth of 1 ps or less; ellipticity adjusting
means for makiedg itte qilysef dldsigrt ildaghty eei et eded rildrahttheahaserdiivghtdsour ce
attain elliptical polarization with an ellipticity of other than

by the angle of direction ¢f a quarter-wave plate. When a

guarter-wave plate is used, the ellipticity can be adjusted
10 by changing the angle of direction alone.

After the step of forming the modified region, the
object tc be processed may be irradiated with laser light
whille the polarization of laser light is rotated by about
90° by a half-wave plate. BAlso, after the step of forming

15 the modified region, the object to be processed may be
irradiated with laser light while the object to be processed
is rotated by about 90° about the thickness direction of
the object tc be processed. These can formanother medified
region extending in a directicon along the surface of the

20 okbject to be processed and intersecting the former modified
region. Therefore, for example, respective modified
regions extending along lines to be cut in X- and Y-axis
directions can be formed efficiently.

The laserprocessingmethodinaccordancewithanaspect

25 of the present invention comprisés a step of irradiating

an object to be processed with laser light such that a

17



5 1; major axis adjusting nmeans for making a major axis of an ellipse

i ndicative of .the elliptical polarization of the pulse |laser |ight adjusted
by the ellipticity adjusting neans extend along a |ine along which the
object is intended to be cut in an object to be processed; |ight-converging
means 10 for converging the pulse laser |light adjusted by th.e mgjor axis
adj usting neans such that the pulse laser light attains a peak power
density of at least 1 x 108 (WCM) at a |ight-converging point; means for

| ocating the Iight-converging point of the pulse |aser light converged is
by the Iight -lcionviergpmiee poing podnhiod Ydre b get el dibeicployessadizand
nmovi ng nmeans for relatively noving the |ight-converging point of pulse

| aser |ight alwing tdre liligt iagiang odhicthethehabj bcts i sodatteahdad i Béecut .
The | aser processing apparatus in accordance with this 20 aspect of the
present inventdmgreendld és paserscett iwhglai theutajgenexiat iofy areletl l1apse
unnecessary fractures deviating fromthe |I|ine along which the object is

i ntended to bemutcamitdhef S tatepofcehedbirect ttionbef frhecessed 1Ifightt he
sane reason as that in the | aser processing nethods in accordance with 25
t he abdve- nents>oredtiasjenigs aot ithea porsevitidbntvbat pbnechl 59,intidndad adi at es
the object to be processed with laser |ight 19 such that the major axis of
the ellipse indh catti,vecohst he cekl tpei chafepbl @ ilatp mcafsdasdrond ghe
extends along the 1line along which the object is intended to be Cut in the
obj ect to be pricoesslethg tWiusshakianghteqosisi Bing grglefdormm titve Qitodi f i ed
region efficiently and cut the object precisely along the Iine along which
the object is intendée tleske pgrcessing method in accordance with this

aspect of the present invention irradiates the object to
10 be processed with laser light such that the major axis of
the ellipse indicative of the elliptical pclarization of
laser light extends along the line along which the cbject
is intendedtobecut inthecbject tobeprocessed. Therefore,
the object to be processed can be cut aleong the line aleng
15 which the cbhject is intended tobe cut. The laser processing
method inaccordancewiththisaspect of the present inventicon
can cut the object to be processed by making the object absorb
laser light so as to melt the cbkbject upon heating. Aalse,
the laser processing method in accordance with this aspeét
20 of the present inventionmay generatemultiphoton absorption
by irradiating the object to be processed with laser light,
thereby forming a modified region within the object, and
cut the cbject while using the modified region as a starting
point.
25 The laser processing apparatus in accordance with an

aspect of thepresent inventioncomprises a laser light scurce

18



with the | aser processing nethods in accordance with the above-nentioned
aspects of the present invention. Mddes enployable in the | aser processing
apparatus in 10 accordance with the present invention are as follows: It
may conprise 90" rotation adjusting neans adapted to rotate the

pol ari zation of the pulse laser light adjusted by the ellipticity adjusting
nmeans by about 90'. Also, it nay conprise rotating neans for rotating a
table for nounting is the object to be processed by about 90" about a

t hi ckness direction of the object. These can make the major axis of the

el i pse indi cdtdweensit tting @lvlign iledepdliatizdtavomdofa pulse Wigker afi ght
extend al ong another line along which the object is intended to be cut

whi ch ext ends Hmoa Mgwceildar20catlyond) wssing acensf Lehaadjrecthepudse
processed while extending in a direction intersecting along the fornmer |ine
al ong which tlsseasbj bothi senhtéaded roo beracutasdhet &bt e solgc eexedrhslien
respective nodified regions extending along lines to be cut in X- and

Y- axi s direct iednsi e die plodemed agfifdrc vl yn 251 Theitaser o provessitign
apparatus in accordance with an aspect of the present invention conprises a
| aser 15 ght sdur e 20 faori sermdituiatg nuuirsarisaserr Inagtitnchavimig car pudise ofi dt h of
1 ps or less and |inear polarization; |inear polarization adjusting neans
for maki ng therdelédprenindiddnber ofpohard Zaitnoincaf prherpagikse onagérthd ght
emtted fromthe laser 5 light source align with a Iine along which the
object is intendedlezecheight 441w tre by ddte ¢ ol et procesdadstihpgiaans
-convergi ng neans for converging the pulse |aser |ight adjusted by the

| i near pol ari Zattiend adjonst endgingaasosdcyhich the cbject is intended to

be cut in an object to be processed; light-converging means

10 for converging the pulse laser light adiusted by the major
axis adjusting means such that the pulse laser light attains

a peak power density of at least 1 x 10° (W/cm®) at a
light-converging point; means for locating the
light-converging point of the pulse laser light converged

15 by the light-converging point within the object to be
processed; and moving means for relatively moving the
light-converging point of pulse laser light along the line

! along which the object is intended to ke cut.

The laser processing apparatus in accordance with this

20 aspect of the present inventionenables laser cutting without
generating melt or unnecessary fractures deviating from the

line alcng which the okject is intended to be cut in the

surface of the object to be processed for the same reason

as that in the laser processing methods in accordance with

25 the above-menticned aspects of the present invention. Also,

it irradiates the object to be processed with laser light
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that the pulse laser light attains a peak power density of 10 at least 1 X
108 (WcM 2 ) at a light -converging point; nmeans for locating the Iight
-converging point of the pulse laser |ight converged by the

| i ght-converging point within the object tobe processed; and novi ng nmeans
for relatively noving the light-converging point of pulse |aser |ight along
the 15 line along which the object is intended to be cut. The |aser
processi ng apparatus in accordance with this aspect of the present

i nvention enables |aser cutting without generating nelt or unnecessary
fractures deviatdmgtifatomidena jomealsong whiechlfiihesebjedicasivatehddd: to be
cut in the 20 surface of the object to be processed for the sane reason as
that in the | aseriptbcessiolanethodsniof ateos dahceh ¢ htetdie abowve-trent i oned
aspects of the present invention. Also, as with the |aser processing

met hods i n accofangskong tihidle tlabovie:seentionedtaspedt so dfe tduec prregdret

i nvention, the | aser 25 processing apparatus in accordance with this aspect
of the presenibiewentd br pakessbtdpogsaidbiraktiogf ormpddei mbdithbi Bdrid khreegi on
efficiently and cut the object precisely along the 1line along which the

obj ect 3s intemntedf {ed beegiibn ¢BJidhent agesnprocesshagolappar aitscigely
accordance wth an aspect of the present invention conprises a |laser 5

| i ght source farcregtta Agnpuk$enbasterch itglt chjeicngia jpuleseiad dbhbefcul ps or
| ess; power adjusting neans for adjusting the magnitude of power of the

pul se | aser |iwghth eni¢tbadsér oprothesimgencthght Sourceondzoreivig cctan i nput
of the magnitude of power of pulse laser light; |ight-converging neans for
10 conver gi ng abweveptheet lased dighttadplistied byeshet | imeartion.

Modes employable in the laser processing apparatus in
10 accordance with the present invention are as follows:

It may comprise 90° rotation adjusting means adapted
te rotate the polarization of the pulse laser 1ight adjusted
by the ellipticity adjusting means by about 9C°. Also, it
may comprise rotatingmeans for rctating a table for mounting

15 the object to be processed by about 90° about & thickness
direction of the cbject. These can make the major axis of
the ellipse indicative of the elliptical pelarization of
pulse laser light extend along another line along which the
object is intended to be cut which extends in a direction

20 along a surface of the object to be processed while extending
inadirection intersecting along the former line along which
the object is intended to be cut. Therefore, for example,
respective modified regions extending along lines to be cut
in X- and Y-axis directions c¢an be formed efficiently.

25 The laser processing apparatus in accordance with an

aspectof thepresent inventicncomprisesa laser light scurce

20



pol ari zati on adjusting neans such that the pulse laser light attains a peak
power density of at least | x 108 (WCM) at a light-converging point;
means for locating the 2 ight -converging point of the pulse |aser |ight
converged is by the |light-converging nmeans within an object to be

processed; and noving neans for relatively noving the |ight-converging
point of pulse laser light along a line along which the object is intended
to be cut in the object to be processed; wherein one nodified spot is
formed within 20 the object to be processed by irradiating the object to be
processed w t Hognenpultsergpfpypldesel d sserlidlghthashiie d gedtsiengidtheof 1

| i ght-converging point wwthin the object; the |laser processing apparatus
further conpripsi iy chesel ahdohistari pglarians ilvavi Ndnetar edlblréreitnoa
correl ati on between the 25 nmagni tude of power of pul se |aser adjusted by the
power adj ust iang urseans; andastize Sioze obkandi f thd spotectsiae s edtinrgr2?2
means for choosing, according to an inputted nagnitude of power of pulse

| aser |ight, @cdiazea maftitdreciodid ped sepbéséorinetht abittheés fmegntiieidesel: power
fromthe correlation storing neans; and size display neans for displaying

t he si ze of midightedour cgpatl ichosentbya thienesiZe sehadidmg hreang.ecthé s

i nventor has found that the nodified spot can be controlled so as to becone
smal | er and | angendslten tiche bpowent ofinpubkse blasect! ight Hes madedsewer and

hi gher, respectively- The nodified spot is a nodified part fornmed by one
pul se 10 of pullisgtl-azervdrghtg meheseasr avrassenbloytioé prddief 1 2ge sdowdt f or s
a nodified region. Control of the nodified spot size affects cutting of .the
obj ect to be pdocessedbyNared W indser polarization adjusting means such

that the pulse laser light attains a peak power density of
10 at least 1 x 10% (W/cm®) at a light-converging point; means

for locating the light-converging point of the pulse laser

light converged by the light-converging point within the

object tobeprocessed; andmovingmeans forrelativelymoving

the light-converging point of pulse laser light along the
15 line along which the object is intended to be cut.

The laser processing apparatus in accordance with this
aspect of the present invention enables laser cuttingwithout
generating melt or unnecessary fractures deviating fromthe
line along which the object i1s intended to be cut in the

20 surface of the object to be processsad for the same reason
as that in the laser processing methods in accerdance with
the above-mentioned aspects of the present invention. Also,
as with the laser prccessing methods in accordance with the
above-mentioned aspects of the present invention, the laser

25 processing apparatus in accordance with this aspect of the

present invention makes 1t possible to form the modified
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accuracy in cutting the object to be processed along the |[|ine along which
the object is intended to be cut and the 15 flatness of the cross section
deteriorate when the nodified spot is too |arge. Wien the nodified spot is
too small for the object to be processed having a |l arge thickness, on the
ot her hand, the object is hard to cut. The | aser processing apparatus in
accordance with this aspect of the present 20 invention can control the size
of nodified spot by adjusting the magnitude of power of pulse |aser |ight.
Therefore, it can cut the object to be processed precisely along the |ine
al ong whi ch t hegdlreetf fiisiiemttdrydeddt oubet bait ob Bk qarecdlstediynalan§l @te cr oss
section. 25 The | aser processing apparatus in accordance with this aspect
of the presentlingyenitdngn walisd adrepralsies tcara elnatinardstor brRgcneans havi ng
stored therein a correlation between the magnitude of power of pulse |aser
adj usted by the powd?} adlust iingereanscasdihheappaesohsnbdi &écedrspote
According to an inputted nagnitude of power of pulse laser light, the 5

si ze of nodifiwadhspot abpenedcdt thai sramgnt t rdesrdfi poweimpird secheskmsdr om t he
correlation storing neans, and thus chosen size of nodified spot is

di spl aped. Théariefhar eputthe Sbvzesmiftt ivogifuled spetrf diged ratvitheanmghs4 ude of
power of pulse laser |light fed into the |aser processing apparatus can be
seen 10 befomedtaser priocessilegs;Thewkased: psoles siarn afpar atjigsting
accordance with an aspect of the present invention conprises a |aser |ight
source for enhethnagnpubse daseweli ghtthlkayihge d apedrseighdtemiaftett fpgmor

| ess; a light-converging |lens for converging the pul se 15 | aser |ight
emitted from tthe laser lliighht ssoureecsuckiitigato an input of the magnitude

of power of pulse laser light; light-converging means for
10 converging the pulse laser light adjusted by the linear
polarization adjusting means such that the pulse laser light
attains a peak power density of at least 1 x 10® (W/cmzl) at
a light-converging point; means for locating the
light-converging point of the pulse laser light converged
15 by the light-converging means within an c¢hject to be
processed; and moving means for relatively moving the
light-converging peint of pulse laser light along a line
along which the object is intended to be cut in the object
to be processed; wherein cne modified spot is formed within
20 the object to be processed by irradiating the object to be
processed with one pulse of pulse laser light while locating
the light-converging point within the object; the laser
processing apparatus further comprising correlaticn storing
means having stored therein a correlation between the
25 magnitude of power of pulse laser adjusted by the power

zdjustingmeans and the size of modified spot; size selecting
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the pulse laser light attains a peak power density of at least 1 x 108
(WcnR2) at a light-converging point; nunmerical aperture adjusting neans for
adjusting the size of nunerical aperture of an optical systemincluding the
|'i ght-converging 20 | ens according to an inputted size of nunerical
aperture; means for locating the |ight-converging point of the pulse |[aser
| i ght converged by the light-converging lens within an object to be
processed; and noving neans for relatively noving the |ight-converging
poi nt of pulse laser light along 25 a line along which the object is
intended to be cut in the object to be processed; wherein one nodified spot
is formed 24 weehisnfthecbbpetty, tacher progasset byputradi aggngtthe obj ect

to be processed with one pul se of pulse laser light while |locating the

| i ght - conver gbngepahpuhsthiasdhéiobfect sithef tlasprdpf oed sgialgf appst at us
further conprising correlation 5 storing neans having stored therein a
correl ati on betwders ma fiei siaeodfpawaref r cak hapentrwle tadnustoed faym4 dres power
adjusting neans and the size of nodified spot.- size selecting neans for
choosi ng, accendi sfz¢odasplaputdedt fagndt edézpinpovwer siafe pllsedlfssd |ight,
a size of the nodified spot formed 10 at this size of nunerical aperture
fromthe correpati ohosstiobiynghpeansg ardesiciegdimephay neans for di spl aying
the size of nodified spot chosen by the size selecting neans. The inventor
has found that the Tbdiineshspothaaddmmd coatr ohé edbdiof iasd spdiecenecsmal | er
and | arger when the 15 nunerical aperture of the optical systemincluding

t he |ight-convengirndglednse s tadequeaterland smilbeper wlespedk vevgr Thus,
the | aser processing apparatus in

of pulse laser light is made lower and higher, respectively.
The modified spot is a modified part formed by one pulse

10 of pulse laser light, whereas an assembly of modified spots
forms a modified region. Control of the modified spot size
affects cutting of the object tc be processed. Namely, the
accuracy in cutting the object to be processed along the
line along which the object is intended to be cut and the

15 flatness of the cross section deteriorate when the modified
spot is too large. When the modified spot is too small for
the object to be processed having a large thickness, on the
other hand, the object is hard to cut. The laser processing
apparatus in accordance with this aspect of the present

20 invention can control the size of modified spot by adjusting
the magnitude of power of pulse laser light. Therefore, it
can cut the object to be processed precisely along the line
along which the object is intended to be cut, and can obtain
a flat cross secticn.

25 The laser processing apparatus inaccordance with this

aspect of the present invention also comprises correlation



accordance with this aspect of the present invention can control the size
of nodified spot by adjusting the size of 20 nunerical aperture of the
optical systemincluding the 1light-converging |ens. The | aser processing
apparatus in accordance with this aspect of the present invention al so
conprises correlation storing means having stored therein a correlation
between 25 the size of nunerical aperture and the size of nodified spot.
According to an inputted size of nunerical aperture, the 25 size of nodified
spot fornmed at this magnitude of power is chosen fromthe correlation
storing neans,sanditdhusatosenvirg] zeoakdnodefetd spotris) di sph dyedieen
Therefore, the size of nodified spot forned at the size of nunerical
aperture fed bSchatmadriie ddaser poweessi pgl apphr s s dCjars trel dgenhdbgforesr | aser
processing. The | aser processing apparatus in accordance with an aspect of

the present |invéhisomgaomunsend thaselzki ghtmsourced $pot emAddanglipuy se
| aser |ight having a pulse width of I 20 ps or less; and | ens sel ecting

means incl udi ngo anplibpattey magnlt g dopweegiag didnsed aker Togver gihkg t he
pul se laser light emitted fromthe laser ligh t source such that the pul se
| aser 13 ght atimdas ampeak ipewepodefstiyd oft ahilseastnk txdelfi fN&MVE)S at a
| i ght-converging point, the lens selecting 15 neans bei ng adapted to sel ect
anong a pluralditysat fdarghhecoaves e njoh ensed,namelawsal Bhy of v pthcsan
systens including the |ight-converging | enses having respective nunerical
apertures differanboff nodifaeld Didveris deapsafad. |Toatdgrd hehki ghte of
-converging point of the pulse |aser |ight
modified spot formed at the magnitude of power of pulse laser
iight fed into the laser processing apparatus can be sean
10 before laser processing.
The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesalaser 1light source
for emitting pulse laser light having a pulse widith of 1
s or less; a light-converging lens for converging the pulse
15 laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of at
least 1 x 10% (W/cm®) at a light-converging point; numerical
aperture adjusting means for adjusting the size of numericsal
aperture of anoptical systemincluding the light-converging
20 lens according to an inputted size of numerical aperture;
means for locating the light-converging point of the pulse
laser light ccnverged by the light-converging lens within
an object to be processed; and moving means for relatively
moving the light-converging point of pulse lasexr light along

25 a line along which the object is intended to be cut in the

object to be processed; wherein one modified spot is formed
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20 converged by a light-converging | ens chosen by the lens selecting neans
within an object to be processed; and noving neans for relatively noving
the light-converging point of pulse |laser light along a |ine along which
the object is intended to be cut in the object to be processed; wherein 25
one nodified spot is formed within the object to be processed by
irradiating the object to be processed with one pulse 26 cf pul se | aser
light while locating the light-ccnverging point within the object; the

| aser processing apparatus further conprising correlation storing neans
havi ng st or ed "WitHereitheackde ¢l td b@npb@t:e\ééﬁdgmégr@ﬂlﬁm@gi et capectures 5
of a plurality of optical systens including the Iight-conveyqing | enses and
the size of nodi fdeeprspessesi véthsehbecrihgeneansuise bhovsi ightacdér@ing to
a size of nunerical aperture of an optical systemincluding a chosen

| i ght - conver gilmgrdteitgy thesi zghofcohecmodnfieel spotl thametel@ et hitdesi ze of
nunerical aperture fromthe correlation storing neans; and size display
means for di spla@dmegreesssingecppampdivisi édrspet ehusens byg tdvwer rsilad i98l ect i ng
means. The | aser processing apparatus in accordance with the present

i nventidon can sdoming mekessinzeiof mbdirkEdethspoin a 1B A st tde Isitae oof
nodi fi ed spot fornmed at the size of nunerical aperture of the optical system
i ncl udi ng t he tdtfosene oifinginerdorpler BE Hgurens joan el selenrbeforad lussemg
processing. The |laser processing apparatus in accordance with an aspect of
the present i meaaits enccohpr sés aflmseéi fLpghsrabureize Xeort o mMEaigF pul se

| aser light having a pulse wwdth of 1 ,.is or |ess; power adjusting nmeans
for adj usting ftHe Ghe@fiitgdeaccording to an inputted magnitude of power

of pulse laser light, a size of the modified spot formed
10 at this size of numerical aperture from the correlation
storing means; and size display means for displaying the
size of modified spot chosen by the size selecting means.

The inventor has found that the modified spot can be
contrelled so as to become smaller and larger when the

15 numericzl aperture of the optical system including the
light-converging lens 1s made greater and smaller,
respectively. Thus, the laser processing apparatus in
accordance with this aspect of the present invention can
control the size of modified spot by adjusting the size of

20 numerical aperture of the optical system including the
light-converging lens.

The laser processing apparatus in accordance with this
aspect of the present invention also comprises correlation
storing means having stored therein a correlation between

25 the size of numerical aperture and the size of modified spot.

According to an inputted size of numerical aperture, the
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of power of pulse laser light emtted fromthe |aser |ight source according
to an inputted magnitude of power of pulse laser light; al i ght
-converging lens f or converging the pulse 25 -laser light emtted fromthe
| aser |ight source 'such that the pulse laser light attains a peak power
density of at 27 least 1 x 108 (WC M) at a |light-converging point;

nunmeri cal aperture adjusting neans for adjusting the size cf nunerical
aperture of an optical systemincluding the light-converging |ens according
to an inputted size of nunmerical aperture; 5 neans for |ocating the

| i ght - conver g¥ h#€ pof MO 195e SPAIts£C0TMESe? t 1§ iyht MEEM\idriged ObyPPHRr 25

| i ght-converging lens within an gbject to be processed; and noving neans
for relativel §PCHBYi Pt 1419 FERESEBRYENGE HEE POT At aits p@nsktNEgeF95%ht al ong
a line along which the object is intended to be cut in the 10 object_to be
processed; whefef rP%ﬁ@dr%ﬁJdiefji gacs ot disrfarped WehehCThe WIS EEESLY be
processed by irradiating the object to be processed with one pulse of pulse
| aser |ight wh?deliedcamehdvHed p§htbeorvas ghgupeitdcas eREATERR TS ect ;
the |aser processing apparatus further conprising correlation as storing
nmeans havi ng Ste? &t heFer PP T id1mePBAT Bebiee bg s2¢n S fowe hatfn t ude of
power of pulse laser -light adjusted by the power adjusting neans and the
size of nunerfFEafcapef®ure adjusted by the nunerical aperture adjusting
means and the size of nodified spot; size selecting neans for choosing, 20
according to an i npt% e SRgRIFLGEE SP Ipdie? L dEUHUI s e Qo862 nqs Yht Y an

i nputted size of nug&rical aperture, size of the nodified spot fornmed at

a
thus inputt ed® TRENT Chde SANTES T 2 &NV CRA OB AR IS 5 LRESAS FG #0'$ptRyi ng

the size of for emitting pulse laser light having & pulse width of 1
10 ps or less; and lens selecting means including a plurality
of light-converging lenses for converging the pulse laser
lightemittedfromthelaserlightsourcesuchthatthepulse

laser light attains a peak power density of at least 1 x

108 (W/ecm?) at a light-converging point, the lens selecting

15 means being adapted to select among a plurality of
light-converging lenses, a plurality of optical systems
including the light-converging lenses having respective
numerical apertures different from each other; means for
locating the light-converging point of the pulse laser light

290 converged by a light-converging lens chosen by the lens
selecting means within an object to be processed; and moving

means for relatively moving the light-converging point of

pulse laser light aleng a line along which the cbject is
intended to ke cut in the object to be processed; wherein

25 cne mocdified spot is formed within the object to be processed

by i1irradiating the object to be processed with one pulse
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nodi fied spot chosen by the size selecting neans. 25 The | aser processing
apparatus in accordance with this aspect of the present invention can
conbi ne power adjustment 28 with nunerical aperture adjustnent, thus being
able to increase the nunber of kinds of controll able dinmensions of

nodi fied spots. Also, for the sane reason as that of the |aser processing
apparatus in accordance with the present 5 invention, the size of nodified
spot can be seen before |laser processing. The | aser processing apparatus in
accordance with an aspect of the present invention conprises a |aser |ight
source for enift tgulgepulaserl asemntl iwghil ehavicag iagpuhee 1whdth cohvergfnps or

| ess; power adjusting neans for adjusting the magnitude of power of pul se

| aser |ight emidited Jiromn hend agetedt ghthesdasee pecoedenggt @paarapput t ed
magni tude of power of pulse laser light.- lens selecting neans including a

plurality of fhirgMerCOBMBE Ok D8gl@Nses) d10¥ofenvergignget he Hulisey baseedl i ght
is emtted fromthe laser light source such that the pulse laser |I|ight

attains a peakhpowahn deqsityl Ofied Heeasder! s} 2e208f WWhER)calabparkukreght
-converging point, the |l ens selecting neans being adapted to select anong a

plural 6ty of bkifghts copvergingy |emsespahuraljdoed ophtTabisyst ers
i ncluding the 20 |ight-converging | enses having respective nuneri cal

apertures difhegent-done@rgach othees dreangeforzd ogahbngri B spot; size
| i ght-converging point of the pulse |aser |ight converged by a

| i ght - conver giskg decgns gahasent by chbe slierns sel@acting: seaize M hbhinaranaobj ect
to be processed; and noving neans for 25 relatively noving the

| i ght - conver gbpgritairkt @ff pulrse d@shral system including a chosen
light-ceonverging lens, a size of the modified spct formed
10 at this size of numerical aperture from the correlation
storing means; and size display means for displaying the
size of modified spot chosen by the éize selecting means.
The laser processing apparatus in accordance with the
present invention can control the size of modified spot.
15 Also, thesizecofmodified spot formedat thesize of numerical
aperture of the optical system including the chesen
light-éonverging lens can be seen before laser processing.
The laser processing apparatus in accordance with an
aspect ofthepresent inventionceomprisesalaser light source
Z0 for emitting pulse laser light having a pulse width of 1
psorless;poweradjustingneansforadjustingthen@gnitude
of power of pulse laser light emitted from the laser light
source according to an inputted magnitude of power of pulse
laser light; alight-converging lens for converging the pulse

25 laser light emitted from the laser light source such that

the pulse laser light attains a peak power density of at
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l'ight along a |ine along which the object is intended to 29 be cut in the
obj ect to be processed; wherein one nodified spot is formed within the
object to be processed by irradiating the object to be processed with one
pul se of pulse laser 1light while locating the |ight-converging point within
the 5 object; the |laser processing apparatus further conprising correlation
storing neans having stored therein a correlation between a set of the
magni t ude of power of pulse laser light adjusted by the power adjusting
means and sizes of nunerical apertures of a plurality of optical systens
including the 10 1 ight -converging lenses and the size of nodified spot;
size selectingeazhis*fldl ¢hoosiingt adcardi-wgnivergnnignpuitied numegnicedde of
power of pulse laser light and an inputted size of nunerical aperture, a
size of the noabdiedrspdyuboimgdieats fleusad nmitiredt magnizeudé raang rsiczé; and
size display neans 15 for displaying the size of nodified spot chosen by the
size sel ecti mperans: cEam ¢helsahe ysgasomalsud hrag tbé ltihd t-aserveproogssi ng
apparatus in accordance with the above-nenti oned aspect of the present

i nvention, theldasercprutessitng aappapatusdi 5126 afcomdancs Wapertthirs ;aspect
of the present invention can increase the nunber of kinds of controllable
di rensions of mawws fficed 1spet $ nandhe ani gee- ddrer esi zien b oindi 61 eths potlsebef or e
| aser processing. The | aser processing apparatus explained in the 25

f or egoi ng may lcongpr i sl mage vieregear brg threahsghorcprenayimy 1ears iwinge nof
nodi fied spot having the size selected by the 30

an object to be processed; and moving means for relatively
moving the light-converging point of pulse laser light along
a2 line along which the object is intended to be cut in the

10 object to ke processed; wherein one modified spot is formed
within the object to be processed by irradiating the chject
to be processed with one pulse of pulse laser light while
locating the light-converging point within the chject; the
laser processing apparatus further comprising correlation

13 storing means having stored therein a correlation between
a set of the magnitude of;power‘oflgulsé laser light adjusted
by thepower adjustingmeansandthe size of numerical aperture
adjusted by the numerical aperture adjusting means and the
size of modified spot; size selecting means for choosing,

20 according to an inputted magnitude ¢of power of pulse laser
light and an inputted size of numerical aperture, a size
of the modified spot formed at thus inputted magnitude and
size; and size display means for displaying the size of
modified spot chosen by the size selecting means.

25 The laser processing apparatus in accordance with this

aspect of the present invention can combine power adjustment
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si ze sel ecting neans, and inmage display nmeans for displaying the inmage
prepared by the imge preparing neans. This allows the fornmed nodified spot
to be grasped visually before |aser processing 5 The | aser processing
apparatus in accordance with an aspect of thepresent invention conprises a
| aser light source for emtting pulse laser light having a pulse wdth of 1
ps or less; power adjusting neans for adjusting the nagnitude of power of
pul se laser light emtted fromthe laser light 10 source; |ight-converging
means for converging the pulse laser light emtted fromthe |aser |ight
source such t hattH heurpatt Seal | apertbightdgutamasta pealk powerg denké tyoof at
least | x 108 (WcnR) at a light-converging point; nmeans for locating the
| i ght - conver giing:zeisd tak thebpulsk KHiaser of i ghtt wonveas gediiie nlsy onlseo f

| i ght-converging nmeans within an object to be processed; and novi ng nmeans

for relativel womvirg tshets.i ghl sepnver ging Poidtrcefs pulase thagsenfl tght al ong
a line along which the object is intended to be cut in the object to be

processed; whareier preceedihicedpppobtiis foramebmidiian w2@H hecoppestnto be
processed by irradiating the object to be processed with one pul se of pul se
| aser Isi ght whinverltaeat,i fige stihe &f ghidigorves g ngapiidatevhtdd foddezobfect ;
the | aser processing apparatus further conprising correlation storing
means havi ng strecedstiher.ein a correl ati on between the 25 nmagni tude of power
of pulse laser light adjusted by the power adjusting neans and the size of
nodi fi ed spot; powerhgel eséi ngr 3l seans afppk rehoesi ngyceota i@ ittd an
inputted size of nodified spot, a magnitude of power of pulse. |aser |ight
adapted to aspect of thepresent inventioncomprisesa laser 1ight scurce
for emitting pulse laser light having a pulse width of 1
10 us cor less; power adjusting means for adjusting the magnitude
cf power of pulse laser light emitted from the laser light
source according to an inputted magnitude of power of pulse
laser light; lens selecting means including a plurality of
light-converging lenses for converging the pulse laser light
15 emitted fromthe laser 1ight source such that the pulse laser
light attains a peak power density of at least 1 x 10% (W/cm®)
at a light-converging point, the lens selecting means being
adapted to select among a plurality of light-converging
lenses, a plurality of optical systems including the
20 light-converging lenses having respective numerical
apertures different from each other; means for locating the
light-converging point of the pulse laser light converged
by a light-converging lens chosen by the lens selecting means
within an object to be processed; and moving means for

25 relatively moving the light-converging point of pulse laser

light along a line aleng which the object 1s intended to
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formthis size fromthe correlation storing neans; the power adjusting
nmeans adj usting the magni tude of power of pulse 5 laser light emtted from
the |l aser |ight source such that the magnitude of power chosen by the power
selecting neans 1is attained. The | aser processing apparatus in accordance
with this aspect of thepresent invention conprises correlation storing 10
nmeans having stored therein the magni tude of power of pulse |aser |ight and
the size of nodified spot. According to an inputted size of the nodified
spot, the nmagnitude of power of pulse laser |ight adapted to formthis size
is chosen fromthe cortled ailh prcistiar begp reaassedheviponel n adjaistadig iEs means
adj usts the magni tude of power of pulse laser light emtted fromthe |aser
| i ght source s@ocasid 6ohRke Witt hiecarecht et madi b tces of e PDVEr relidserinay t he
power selecting neans. Therefore, a nodified spot having a desirable size
can be fornedhe2Qnhetd asenhaPracesSSsRE AR alnks pul sRCE gance Wdderan
aspect of the present invention conprises a |laser |ight source for emtting
pul se | aser |ighhthaving Bopst S€gWHHE Nightlcongeehihgsgoint vt 1€ ameer gi ng
| ens for converging the pulse laser light emitted fromthe |aser |ight
sourcessuch thatje2% ;t haepubser| psetebt ghy abpatasud Neakhpowempdansiigy of at
|l east | x 108 (WcnR) at a |ight-converging point; nunerical 32 aperture
adj usti ng neassr rfe0rz tadjnust o Mo d heask za vahgrmrd Caher @pericwire eafa tarpropt i cal
systemincluding the |light-converging |ens according to an inputted size of
nuneri cal apebkdiv@en BESdS offothé ot ing:dde £l pght r canpel genla por riti goft t he
pul se

adjusted by the power adjusting means and sizes of numerical

apertures of a plurality of cptical systems including the

10 light-converging lenses and the size of modified spot; size
selecting means for choosing, according to an inputted
magnitude of power of pulse laser light and an inputted size
of numerical aperture, a size of the modified spct formed
at thus inputted magnitude and size; and size display means

15 for displaying the size of medified spot chosen by the size
selecting means.

For the same reason as that <f the laser processing
apparatus in accordance with the above-mentioned aspect of
the present inventicn, the laser processing apparatus in

20 accordance with this aspect of the present invention can

increase the number of kinds of controllahle dimensions of

wn

modified spots and can see the size of modified spots before
laser processing.
The laser processing apparatus explained in the
25 foregoing may comprise image preparing means for preparing

an image of mcdified spot having the size selected by the
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5 laser light converged by the light-converging lens within an object to be
processed; and noving neans for relatively noving the light - converging
poi nt of pulse laser light along a |line along which the object is intended
to be cut in the object to be processed; wherein one nodified spot is
formed 10 within the object to be processed by irradiating the object to be
processed with one pul se of pulse laser |light while |locating the

| i ght-converging point within the object; the |aser processing apparatus
further conprising correlation storing means having stored therein a

correl ati on béthiferclSCEhaIdican of aRdnEra ¢ariapépy drea df 05t B $ By YERE
nunerical aperture adjusting neans and the size of nodified spot; and
nureri cal aperthf &mgerEEPRg aveans heokneheBsERGT Lasdsradisng Thds &d liompBut t ed
size of nodified spot, the size of nunerical aperture adapted to formthus
i nputted sizethehéonmsermaedl L 0 speritt Up @ndf aspe Ay iieeds Yads [8T¢ dgSele si ze
of nunerical aperture of the opt -1ca 1 system-including the 1

i ght - conver gi ®Focdegsislich that the size of nunerical aperture chosen by the
nunerical aperture selecting nmeans is attained. The | aser processing

appar atus in accor ddifce lasel pheses2bnasperirdfus He presedenFaveit o
conprises correlation storing neans having stored therein the size of

nuneri cal apefltRes 33L §h¢ HreS sSitzen vEnEbANCioBP S F66.2 Aeeor diahtsovase
inputted size of nodified spot, the size of nunerical aperture adapted to
form t hus i npdttfeditAe s midsen #59m Yheh e draelns iy Itomigg hnednd. The
nunerical aperture adjusting nmeans 5 adjusts the size of nunerical aperture
of the opticaMSsY5tERI NRIVER AGILEE INIghe 3 BDAPErH Hip § eHEtBacR IRt dEhe si ze

of
of power of pulse laser light emitted from the laser light

10 scurce; light-convergingmeans forconvergingthepulselaser
light emitted from the laser light source such that the pulse
laser light attains & peak power density of at least 1 x
10% (W/em?) at a light-converging point; means for locating
the light-converging point of thepulse laser light converged
15 by the 1light-converging means within an object to be
processed; and moving means for relatively moving the
light-converging point of pulse laser light along a line
along which the c¢bhject is intended to be cut in the cbiject
to be processed; wherein one modified spot is form:ed within
20 the object to be processed by irradisting the object to be
processed with one pulse of pulse laser light while lccating
the light-converging peint within the object; the laser
Processing apparatus further comprising correlation storing
means having stored therein a correlaticon between the
25 magnitude of power of pulse laser light adjusted by the pecwer

adjustingmeans andthe size ofmodified speot; power selecting
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nunerical aperture chosen by the nunerical aperture selecting neans is
attained. Therefore, nodified spots having a desirable size can be forned.
10 The | aser processing apparatus in accordance with an aspect of the
present invention conprises a |laserlight source for emtting pul se |aser
light having a pulse width of 1 lis or less; |lens selecting neans including
a plurality of 1 i ght- converging |enses for converging the pul se | aser
light is emtted fromthe |aser |ight source such that the pul se |aser

| ight attains a peak power density of at least 1 x 108 (WcnR) at a

| i ght - conver gini@ rpoE Bt cHA® irRN)Saseb el h§@ canspbet ag s iadapt edd:q isel ect
anong a plurality of light-converging Ilenses, a plurality of optical

systens includigyg t hem2@nkiahk- 6onyeIg R Ipenses 1ha¥irnyi §les peidpyel reneri cal
apertures different fromeach other; neans for locating the |I|ight

-conver gi ng pdiditm ehithe Aultsenl asercdrirghttcenver gethg Rgad sl | ghé peerver gi ng
| ens chosen by the lens selecting neans w thin an object to be processed;

and novi ng means; arimp retlat vghy tipy @gethgﬂhhahae-@pw@w& R RRILRE of
pul se laser light along a line along which the object is intended to 34 be

cut insthe objiecle t a ik@tPeacesseds rohet Benl 98er MDA ¢ eshusROts U ch frored
within the object to be processed by irradiating the object to be processed

with one pul serf radhs@ubaser pbi@htcdidre dyoeaki pewéhesdligitapmeang ng
point within the 5 object; the | aser processing apparatus further conprising
correl ation stigyiatd4mans having stored therein a correlation between sizes
of nunerical apertures of a plurality of |light-converging |enses and the
size of nodified spahe Bdiser processing apparatus in accordance with this
aspectof thepresent inventioncomprisescorrelationstoring
10 means having stored therein the magnitude of power of pulse
laser light and the size of modified spot. According to an
inputted size of the modified spot, the magnitude of power
of pulse laser light adapted to form this size is chosen
from the correlation stering means. The power ;djusting
15 means adiusts the magnitude of power of pulse laser light
emitted from the laser light scurce so as to make it become
the magnitude of power chosen by the power selecting means.
Therefore, a modified spot having a desirable size can be
formed.
20 The laser processing apparatus in accordance with an
aspect ocf thepresent inventioncomprisesalaser 1ight source
for emitting pulse laser light having a pulse width of 1
us or less; a light-ccnverging lens for converging the pulse
laser light emitted frem the laser light source such that

25 the pulse laser light attains z peak power density of at

least 1 x 10°% (W/em®) at a light-converging point; numerical
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nunerical aperture selecting neans for choosing, according 10 to an inputted
size of nodified spot, a size of nunerical aperture adapted to formthus
inputted size; the lens selecting nmeans selecting anong a plurality of

| i ght-converging | enses such that the size of nunerical aperture chosen by
the nunerical aperture selecting neans 15 is attained. According to an
inputted size of nodified spot, the |aser processing apparatus in
accordance with this aspect of the present invention chooses the size of
nunerical aperture adapted to formthus inputted size. The |lens 20

sel ecting neansselects aanung iagohasakifioy ofvghinganees gi g f2honensesl such
that the size of nunerical aperture chosen by the nunerical aperture

sel ecting neansgpéstats aifngfdopt Thanefwrwsm medL fid ey spet 5i grend duhee teisig abl e
spots can be fornmed. The |aser processing apparatus in accordance with an
aspect of the pegsentcdryedy i1 Lonppusesdashasess| hghé r ST Cao 35 frof;
emtting pulse laser light having a pulse width of 1 us or |ess; power

adj usti ng neanse £0¢ @l UskiaRd nichenheagnsk tdeonod r Pove o tpulfsenhé asersd i ght
emtted fromthe laser light source; a light-converging |lens for converging
the pulse 5 | apgset i Biyheddied fadmt heel asgntltghtesgungelsuchyitmain the
pul se laser light attalns a peak power density of at Ileast I x 108 ~-WCW )
at a |ight-converdiju-paionbe pUseEscall; aApehicutiegafdsti Agr nedans: fofly
adjusting the size of nunerical aperture of an optical systemincluding the
| i ght -convergim@ving the light-converging point of pulse laser light along

a line alcng which the object is intended to be cut in the
object to be processed; wherein one modified spot is formed
10 within the object to be preocessed by irradiating the cbject
to be processed with one pulse of pulse laser light while
locating the light~converging point within the object:; the
laser processing apparatus further comprising ccrrelation

storing means having stored therein a correlation between

(Y
on

the size of numerical aperture adjusted by the numerical

aperture adjusting means and the size of modified spot; and

numerical aperture selecting means for choesing, according

to an inputted size of modified spot, the size of numerical

aperture adapted to form thus inputted size; the numerical

20 aperture adjusting means adjusting the size of numerical

apertureoftheoptical systemincludingthelight-converging

lens such that the size of numerical aperture chesen by the
numerical aperture selecting means 1is attained.

The laser processing apparatus in accordance with this

25 aspectof thepresent inventioncomprisescorrelationstoring

means having stored therein the size of numerical aperture
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10 lens; neans for locating the |ight-converging point of the pulse |aser

| i ght converged by the light-converging lens wthin an object to be
processed; and noving neans for relatively noving the Iight- converging
poi nt of pulse laser 1light along a line along which the ob~ect is intended
tois be cut in the object to be processed; wherein one nodified spot is
formed within the object to be processed by irradiating the object to be
processed with one pulse of pulse laser 1light while locating the

| i ght-converging point within the object; the |aser processing apparatus
further conprissichgh2G icer ¢ élratdidn sst spong ears diang hg St dDnpdt t ddsezr a
correlation between a set of the -nmagnitude of power of pulse |aser |ight
adj usted by thef pawdrf isd] ustdtng thearss. zand ft hemsirze adf aperenirealadaapedt ur e
adj usted by the numerical aperture adjusting neans and the size of nodified
spot; and set t=elfecti nguzedanput ored25ichodsi atgy sacciorah e @cameilppubtted size
of nodified spot, a set of the magnitude of power and size of nunerical
aperture 36 adaptechd andofisn t hTResinmeiertine lpovwesradye Lasdtingingansaasd
nunerical aperture adjusting neans adjusting the magnitude of power of

pul se laser | iagghtusems theds freomftiend miser]l bbght ursonf céecangdt 1 twel Siyze eof

nuneri cal aperture of the optical 5 systemincluding the |ight-converging

| ens such t hatirtdie:dimegnitteude gbt -poneergndgsizesofununena calheapardeund chosen
by the set selecting neans are attai ned According to an inputted size of
nodi fi ed spot nuntee idasape processdagn aypdaratwse F icatepedance swiltele ttibigs
aspect 10 of the present invention chooses a conbination of the magnitude
of power and sgiesenofinuatkitakdapeltere fadapt evbdified spots having a

desirable size can be formed.
10 The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having & pulse width of 1
us or less; lens selecting means including a plurality of
light-converging lenses for converging the pulse laser light
1% emitted from the laser light source such that the pulse laser
light attains a peak power density of at least 1 x 10° (W/cm?)
at a light~converging point, the lens selecting means being
adapted to select among a plurality of light-converging
lenses, a plurality of optical systems including the
20 light-converging 1lenses having respective numerical
apertures different from each other; means for locating the
light-converging point of the pulse laser light converged
by a light-converging lens chosen by the lens selecting means
within an cobject tc be processed; and moving means for
25 relatively moving the light~-converging point of pulise laser

light along a line along which the object is intended to
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to formthus inputted size fromthe correlation storing neans. Then, it
adj usts the magni tude of power of pulse |laser |ight and the size of
nunerical aperture of the optical system~5 including the |light -converging
|l ens so as to attain the chosen nagnitude of power and size of nunerical
aperture. Therefore, nodif ied spots having a desirable size can be forned.
Al so, since the magnitude of power and the 5izeof nunerical aperture are
conbi ned together, the nunber of kinds of controllable 20 dinmensions of
nodi fi ed spots can be increased. The | aser processing apparatus in
accordance w tide arut dspeot objebe fpséseptrocrgerii;onheonpni ees rodidsed | i ght
source for emtting pulse laser light having a pulse width of I iis or
| ess; power adjpust iBdoreans: fiariradhasbiirgtithaerpgoctided 2y iofr gaowerinaf pul se
| aser light emtted fromthe |aser light source; |ens selecting neans
including a plilaldbyeet 37 e ghtocoOnves giitth l@nsesu oy cOMErg ngstehe pul se
|l aser light emtted fromthe |aser |ight source such that the pul se | aser
| ight attains & qleakhiqwel cdanshyyt9é latgHeasinke g itd8 poGdt coP)himtt ha
| i ght-converging point, the | ens selecting nmeans being 5 adapted to sel ect
anong & pl uralddyeof; lHEhtlaGenyergicrgsihgnsesa racpk ufat t Hyr efongtisdalg
systens including the |ight-converging |enses having respective nuneri cal
apertures diffeyentldviom sachioghesnsmeansdofotesahbngibbeorrelation
| i ght-converging point of the pulse |laser |ight converged 10 by a
| i ght - conver giburvens shosenclly e diens saleciing neana piutraild tgn obj ect
to be processed; and noving neans for relatively noving the
| i ght - conver gi nggipot adnwod r i ¢ & draser anbi gt sal ong fambihé€ i abosngowhiactd t he
object is intended to

numerical aperture selecting means for choosing, according

10 to an inputted size of modified spot, a size c¢f numerical
aperture adapted to form thus inputted size; the lens
selecting means selecting among a plurality of
light-converging lenses such that the size of numerical
aperture chosen by the numerical aperture selecting means

15 is attained.

According to an inputted size of modified spot, the
laser processing apparatus in accordance with this aspect
of the present invention chocoses the size of numerical
apérture adapted to form thus inputted size. The lens

20 selectingméansselectsamongapluralityoflight—converging
ienses such that the size of numerical aperture chosen by
the numerical aperture selecting means 1is attained.
Therefore, modified spots having a desirable spots can be
formed.

25 The laser processing apparatus in accordance with an

aspect of thepresent inventioncomprisesa laser light source
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be cut in the object to be processed; wherein one nodified 15 spot is farned
within the object to be processed by irradiating the object to be processed
wi th one pul se of pulse laser |light while locating the |ight-converging
point wwthin the object; the |laser processing apparatus further conprising
correlation storingneans having stored therein a correl ation 20 between a
set of the magnitude of power of pulse laser light adjusted by the power

adj usting neans and sizes of numerical apertures of a plurality of optical
systens including the |ight-converging | enses and the size of nodified
spot; and setfselecting qraanssd orasdwokigly, srcorgdiagulsanidiputaied 25
size of nodified spot, a set of the magnitude of power and size of

nuneri cal apertupe ladept pdvwe D afidgnmttimiosmé apsitficeds @Bu s Zeg themadrel tude
correlation storing nmeans; the power adjusting neans and | ens sel ecting
means adj ust i ngf tdvevemagdi pudeeol aspovkerglof guultsed dsem thghtasand tltightf r om
the laser light source and selecting anong a plurality of |ight-converging
| enses 5 so assdwratt a niidie: powereagich i zen of £ owunern oat g laperitha eoulcttosen by
the set selecting nmeans. According to an inputted size of nodified spot, the
| aser processilapappargtiuenin t@ccdrdanceéewilthetrhlsghspectrcoafsidie tpragsent

i nvention chooses a conbi nation of the 10 magni tude of power and size of
nuneri cal aperthe eewaldeptlebet ol forim & thuesi n nputpedk staves f raamsiey cof ragl at i on
storing neans. It adj usts t he magnltude of power of pulse |aser |ight
emitted fromldmst dserl(’ gtcsDurtes drighselcertve mimngpaipk urraindyi caof

| i ght-converging |l enses so as to attain the chosen 15 nagnitude of power and
si ze of nunemqpﬂrzgmgagﬁggtingmeansforadjustingthesizeofrnmwrical

aperture of anoptical system including the light-converging
10 lens; means for locating the light-converging point of the
pulse laser light converged by the light-converging lens
within an object to be processed; and moving means for
relatively moving the light-converging point of pulse laser
light slong a line along which the cbject is intended to
15 be cut in the object to be processed; wherein one modified
spotisformedwithintheobjecttobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-converging point within the
object; the laser processing apparatus further comprising
20 correlationstoringmeanshavingstoredthereinacorrelation
between a set of the magnitude of power of pulse laser light
adjustedbythe poweradjustingmeans andthesizecf numerical
aperture adjusted by the numerical aperture adjusting means
and the size of modified spot; and set selecting means for
25 choosing, according to an inputted size of modified spot,

a set of themagnitude of power and size of numerical aperture
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respectively. Therefore, nodified spots having a desirable size can be
formed. Al so, since the magnitude of power and the size of nuneri cal
aperture are conbined together, the nunber of kinds of controllable

di mensi ons of nodified spots 20 can be increased. The | aser processing
apparatus in accordance with this aspect of the present invention may
further conprise display neans for displaying the magnitude of power chosen
by the power selecting nmeans, display neans for displaying the size 25 of
nunerical aperture chosen by the nunerical aperture selecting nmeans, and

di spl ay neans ddapidéspt @ayfagrttiel 3% imegni thuelepobe poveyu stnchginzeee o amgher i cal
aperture of the set chosen by the set selecting neans. This nakes it
possi bl e to seendhéecpbwere rand enadgns€ahgapest sirsel \wisen nigheht aseyniqrdecessi ng
apparatus operates according to an inputted size 5 of nodified spot. The

| aser processidg mEppar atfuputas fesar a pihur adnityt edff ropde hie el spotlsi@tong a
line al ong which the object is intended to be cut wwthin the object to be

processed. Thessurd®difd ethspot s def imenar todi faesrneg of the opdiddled
region 10 includes at | east one of a crack region where a crack is

gener at®ed wit hiystdde objredidg® dte: priogesseshver oibhd een Procassehi egieon
which is nelted within the object to be processed, and a refractive index
change regi on mihgi et udefd Achdwer | dexs i Se changete widai nepdre: whs ediodam be
processed. is An exanple of nodes of power adjusting neans is one including
at | east one dfy athddi l4eteanth@ npedras i aad i docafndder. I n another node,
the laser light source includes
According to an inputted size of modified spot, the
laser processing apparatus in accordance with this aspect
10 of the present invention chocoses a combination of the
magnitude of power and size of numerical aperture adapted
to formthus inputtedsize fromthecorrelationstoringmeans.
Then, it adjusts the magnitude of power of pulse laser light
and the size of numerical aperture of the optical system
15 includingthe light-converginglens soastoattainthe chosen
magnitude of power andsizeof numerical aperture. Therefore,
medified spots having a desirable size can be formed. Also,
since themagnitude of power andthesizeofnumerical aperture
are combined together, the number of kinds of controllable
20 dimensions of modified spots can be increased.
The laser prbcessing apparatus in accordance with an
aspectof thepresent inventicncomprisesalaser 1ight source
for emitting pulse laser light having a pulse width of 1
us or less; power adjusting means for adjusting the magnitude

25 of power of pulse laser light emitted from the laser light

source; lens selecting means including a plurality of
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a punping | aser whereas the | aser processing apparatus conprises driving
current controlling neans for controlling 20 the driving current of the
punpi ng | aser. These can adjust the magnitude of power of pul se |aser
light. An exanple of nobdes of nunerical aperture adjusting neans includes
at least one of a beam expander and an iris diaphragm The | aser processing
met hod in accordance with an aspect 25 of the present invention conprises a
first step of irradiating an object to be processed with pul se laser |ight
while |l ocating 40 a |ight-converging point of the pulse laser light within
t he object, solaghtocéoveraingisnseedidi ednregibongddiesedl sey amgirt 1 it on
absorption within the object along a first |ine along which the object is
i ntended to beermitteéea frver Sheljzeetr; 1 ayitk aocsecensh sl épadftie padisatiagent he
object with pulse laser light while making the pul se | aser |ight attain a
power hi gher olidlowert taiars & fpstaid povbe derigisty sttept dedsitoratlh (WY b’ )
| i ght-converging point of the pulse laser light wwthin the object, so as to
forma second amdi iigdtreghonrgangqeh it by heul &iphetier mbsomptnerbanittdhi n t he
obj ect along a second |ine along which the object is intended to be cut in
the object. Tadapasertpreeesstngmoethad pladdarndantel igit - @mnaspeotg  of
the present invention conprises a f irst step of irradiating an object to
be processed wi¢hses) se | aseralight ofhi bptioeat ingstend i ghticodiver girg poi nt
of -the pulse laser light within the object, so as to forma first nodified
regi on caused lhyhmicohvphoion absospsi ohawinki n tdespeghjiont abtwomgr &l rst
| ine al ong which the object is intended to be cut in the

apertures different from each other; means for locating the

light-converging point of the pulse laser light converged
10 by a light-converging lens chosen by the lens selecting means
within an object to be processed; and moving means for
relatively moving the light-converging point of pulse laser
light along a line alcng which the object is intended to
ke cut in the object to be processed; wherein one modified
15 spot is formedwithintheobject tobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-converging point within the
object; the laser processing apparatus further comprising
correlationstoringmeanshavingstoredthereinacorrelation
20 between a set of the magnitude of power of pulse laser light
adjusted by the power adjusting means and sizes of numerical
apertures of a plurality of optical systems including the
light-converging lenses and the size of modified spot: and
set selecting means for chcosing, according to an inputted
25 size of modified spot, a set of the magnitude of power and

size of numerical aperture adapted to form thus inputted
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20 object; and a second step of irradiating the object with pul se |aser

| i ght while naking; an optical systemincluding a |l i ght'-converging |lens
for converging the pulse laser light attain a numerical aperture greater or
smal ler than that in the first step and |ocating the |ight-converging point
25 of the pulse laser light within the object, so as to form a second

nodi fi ed regi on caused by multi photon absorption 41 within the object al ong
a second line along which the object is intended to be cut in the object.
When respective directions which are easy to cut and hard to cut exist due
to the crystalsbr¢ dmpattloncotorlexanpl etor 5hg neahaserheporessidigstenlods in
accordance with these aspects of the present invention decreases the size of
nmodi fi ed spot mepnstinditlieng sededitfiingd meagisoadfos tedgi th¢ e graisyrdeo odut
direction and increases the size of nodified spot constituting another

nmodi fi ed regi arover nEdulse hesd lhahd- ¢k tird dromchiecs sethil sgbascattai n a
flat cross section in the easy-to-cut direction and enables cutting in the
hard-t o- cut diamettsiedrcas ngebinon@4d piherd aiser ofir biglsst oon eppaiag Usnise s
accordance wth an aspect of the present invention conprises a |laser 15

| i ght source for anitdiantpul sehd geeretighd haad ngf ayndsiecal diperafure ps or
| ess; frequency adjusting neans for adjusting the nagnitude of a repetition
frequency of tdieogl Sey lE@serset igghteening etedrom the | aser |ight source
according to an inputted nmagnitude of frequency; |ight-converging neans for
20 convergi ng the pWaeidser to gt iemutted fiom ¢henddiskred igvt, $o@rce
such that the pulse laser |light attains a peak power

laser processing apparatus in accordance with this aspect
of the present invention chooses a combination of the
10 magnitude of power and size of numerical aperture adapted
toformthus inputtedsize fromthecorrelationstoringmeans.
It adjusts themagnitude of power of pulse laser light emitted
froem the laser light source and selects among a plurality
of light-converging lenses 50 as to attain the chosen
15 magnitude of power and size o¢f numerical aperture,
respectively. Therefore, modified spots having a desirable
size can be formed. Also, since the magnitude of power and
the size of numerical aperture are combined together, the
number of kinds of controllable dimensions of modified spots
20 can be increased.

The laser processing apparatus in accordance with this
aspect of the present inventionmay further comprise display
means for displaying the magnitude of power chosen by the
power selecting means, display means for displaying the size

25 of numerical aperture chosen by the numerical aperture

selecting means, and display means for displaying the
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density of at least 1 x 108 (WcnR) at a light-converging point; means for
| ocating the |ight-converging point of the pulse |aser |ight converged by
the |ight-converging neans 25 within an object to be processed; and noving
means for relatively nmoving the |ight-converging point of pulse |aser 42
light along a line along which the object is intended to be cut in the
object to be processed; wherein one nodified spot is f ornmed within -the
object to be processed by irradiating the object to be processed with one
pul se of pulse laser 5 light while locating the |ight-converging point
within the object; and wherein a plurality of nodified spots are forned

al ong the |inena¥ohgithi ¢h Bee v eets] s | it SRR ¥ b RIA UGt rFltthe

obj ect to be processed by irradiating the object to be processed with a
plurality of mﬁ%éboéﬁmﬁﬂ%@eﬁﬁ§é€h@ﬂMQﬁWe%m$1eﬂhﬁ%@@gesﬂﬁé@$§ﬁﬂe
-converging point within the object and relatively noving the

| i ght - conver gig peenthal eegert mand i menat begyl whPeht¥he obesctthiss Jafshded to
be cut; the |aser processing apparatus further conprising distance ca lI
cul ati ng neans”f@fe eal vulariENg ta sdPRE BAtes Berwaed Ngole farednPYt§pEtsl z/dj acent
each other according to an inputted magnitude of f requency; and distance
di spl ay® neans dormeishlegisgPrthe di stance cal cul ated by the distance

cal cul ating nmeans. The inventor ha s found that, when the | ight- converging
poi nt of pul se | aserThd gltsera® rgceiswéd o éPREEIEUADYR ARG speedl, P12 tifey

di stance between a nudified part (ref erred to as nmodif ied ~; Pot) formed
bN7 one pul se of edkkl¢dsErols ghtonthd al MAliFisw Wpoth foteretP IRCt He next
one pul se of |aser |light can be nade reater by lowering the repetition
frequency. It Hye to be cut within the object’to be processed. These

modifiedspotsdefineamodifiedregicn. Themeodifiedregion
10 includes at least one of & crack regicon where a c;ack is
generated within the object to be processed, a molten
processed region which is melted within the cbject to be
processed, and a refractive index change region where
refractiveindex ischangedwithintheobject tobeprocessed.
15 An example of modes c¢f power adjusting means is one
including at least one of an ND filter and a polarization
filter. In another mode, the laser light scurce includes
a pumping laser whereas the laser processing apparatus
comprises driving current contrelling means for controlling
20 the driving current of the pumping laser. These can adjust
the magnitude of power cf pulse laser light. An example of
modes of numerical aperture adjustingmeans includes at least

one cof a beam expander and an iris diaphragm.
The laserprocessingmethodinaccordancewithanaspect
25 of thepresent inventioncemprisesafirst stepofirradiating

anchject tobeprocessedwithpulselaser lightwhile locating
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found that~, by contrast, the distance can be made shorter 25 by increasing
the repetition frequency of pulse laser light. :n the present
specification, this distance is expressed 43 as the distance or pitch

bet ween adj acent nodified spots. Therefore, the distance between the

adj acent nodified ,spots can be controlled by carrying out adjustnent for

i ncreasing or decreasing the repetition frequency of pulse 5 laser light.
Changi ng the di stance according to the kind, thickness, and the |ike of the
bj ect to be processed enables cutting in conformty to the object to be

processed. Formn a plurality of nodified spots along a Linge al ong. which
Do on et 1 b et S es H9o0hE LAt REn PROCObF Celt gD betpF oELLLEl 10

defines a nDdifHed re%ion. The | aser procezsin apﬁaratus i n accordance with
this aspect ofNEh@PgFESenti Avenfi SATCaPchlafEs™PHET dFSt AREEC" hEF MRS

adj acent nodified spots according to the igﬁgtted magni t udeof fr%quency,
and di spl ays tRY¥sMEaFeghated aPstaRtecn 1% T it €2 Wth arlésFeét F1 bt

nodi fied spots_forned according .to the magnitude of frequency fed into the
| aser processi hgPSappargt U1 théNgi SPAREE bét wekRNdBfabenPespbEsiBah e seen
before | aser processing. The | aser processing apparatus in accordance with
an 20 aspect BPIERE’pPBSedt SPRVBAL PERPcBAPLESeSLatiaget ki gRieShburte for
emtting pulse laser_light having a pulse width of I _lis qr less; |jght
-converg i ng nBEASEf bFSEBAVEIH H l@ﬁém%%}%%‘ﬁWhBEFSFikﬂﬁe%ﬂﬂﬁW%ﬁa?F% t he

| aser |ight source such that the}gulse | aser light attains a peak Pomer

density of at 2PEAEIANKE PEHEWChAIN P24 I g fééﬁ%értg?il%ﬁ‘%g?ﬁ?? Means

for the light-converging point of the pulse laser light within
the object, so as to form a second modified region caused
10 by multiphoton absorption within the object along a second
line along which the object 1is intended to be cut in the
object.
Thelaserprocessingmethodinaccordancewithanaspect
of thepresent inventioncomprisesafirststepofirradiating
15 ancbjecttocbeprocessedwithpulse laserlightwhile locating
a light-converging point cf the pulse laser light within
the object, sc as to form a first modified region caused
by multiphoton absorpticn within the object along a first
line along which the object is intended to ke cut in the
20 object; and a second step of irradiating the object with
pulse laser light while making an optical system including
a light-converging lens for converging the pulse laser light
attain a numerical aperture greater or smaller than that
in the first step and locating the light-converging point
25 of the pulse laser light within the object, so as to form

a second modified region caused by multiphoton absorption
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| ocating the light- converging point of the pulse |laser |ight 44 converged
by the |ight-converging nmeans within an object to be processed; noving
nmeans for relatively noving the |ight-converging point of pulse laser |ight
along a line along which the object is intended to be cut in the object 5
to be processed; and speed adjusting neans for adjusting the magnitude of
rel ati ve noving speed of the |ight-converging point of pulse |aser |ight
caused by the noving nmeans according to an inputted magnitude of speed,;
wherein one nodified spot is formed within the object to 10 be processed by
irradiating the object to be processed with one pulse of pulse laser |ight
whi | e | ocati ngWihB1n|§moldenied §PRg PORAENAI t HIh 2t REIOH} &Ct thandPWhetein a
plurality of nodified spots are formed along the |ine along which the

obj ect is intendedntenpedctic Wet RiA £Ret6Bj 8BIEFS-t 0 be processed by
irradiating the object to be processed wth a plurality of pulses of pulse
| aser |ight while | odaenneespdetivytitaiiery ngipbi area fot REtodj@ct and
relatively noving the |ight-converging point along the Iine along which
the object is haréndedut eéxBetclite toREd aBRPt Pt 66ESBLAGL20, dppgasadtBl e urt her
conprising distance cal cul ating neans for calculating a distance between
nmodi fi el spot st adjlacentpeachss vrhee thedsridi agcevdanct nptbtide stagpPeade of
speed; and distance display neans f or displaying the distance cal cul ated
by the di stancefddicplrgasend redrst 1P CEifg cppgentior shas sboedfhiad smhen t he
| i ght-converging point of pulse |aser light has a fixed relative noving
speed, 45 constituting a modified region formed in the easy-~to-cut

direction and increases the =size of modified spot

coenstituting another modified region formed in the

10 hard~to-cut direction. This can attaina flat cross section

in the easy-to-cut direction and enables cutting in the
hard-to-cut direction as well.

{4) The laser processing apparatus in accordance

with an aspect c¢f the present invention comprises a laser

15 light source for emitting pulse laser light having a pulse

widthof 1psor less; frequency adjustingmeans for adjusting

the magnitude of a repetition frequency of the pulse laser

light emitted from the laser light source according to an

inputtedmagnitude of freguency; light-converging means for

20 converging the pulse laser light emitted fromthe laser light

source such that the pulse laser light attains a peak power

density of at least 1 x 10° (W/cm®) at a light-converging

point; means for locating the light-converging peint c¢f the

pulse laser light converged by the light-converging means

25 within an object to be processed; and moving means for

relatively moving the light-converging point of pulse laser
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t he di stance between adjacent nodified spots can be nade shorter and | onger
by decreasing and increasing the relative noving speed of the |ight
-converging point of pulse laser |light, respectively. Therefore, the

di stance between 5 adjacent nodified spots can be controlled by increasing
or decreasing the relative noving speed of the |ight-converging point of
pul se laser light. As a consequence, a cutting process suitable for an
object to be processed is possible by changing the distance according to

t he ki nd, thickne and the |ike of the object t.o be processed. The
relative nnveﬁéﬁ% %Fﬁg @idﬁﬁecd Poithe GPIFGICs éslégéﬁnpﬁahto nay
be achi eved by noving, the obj ect to be processed while fixing tge | i
-convergi ng poifit C8f bﬁl%ee I‘-Jét@eercq itGhPe BYCCRBIEAG e 1y BR é[f@?

poi nt of pul se | aser ght while is fixing the object to_ be processed or by
novi ng bot h. ?E@tﬁﬁséPrﬁ?@d@§§ﬁﬁd*ﬁb%%ﬂ%Fﬁsoﬁ?Eﬁﬁﬁﬁ%ﬁﬁ%@y&FFﬁdﬂﬁlsngaspect
of the present invention calculates the distance between adjacent nodi fi ed
spots accor di nd o FNEGF¢t £&d PIREGHt Tl 166 SpSe®V 1&cd Odi SPr-afs LeRGSE
cal cul ated distance. 20 _Therefore, with respect to nodified spots forned
accordi Ag to tRENTFRGALLEdEODHt Specd S dd SRRt 6 OPREIPASEr PR bE dEiNg the
apparatus, the d|stance bet ween adj acent_ spots can be seen before | aser

processi ng. ThEMI&SE BPECESEIHG édﬁdt%f—t]tﬂst)f ﬁfd&%@eﬁﬂ:épﬁtﬁtﬁ%foﬁegspect

of the present |nvent|on conprises a | aser ght saource faor entttln pulse
| aser |ight hait Qj‘gatﬁﬁl %énwadlm%f"hicltethas%}e%s@ lFF@GG@HcEIOa}Rﬁ fi ng
means for adi utihdf B SRR Udo0'o A LERSEL U,0D, LLSAUERSY Sle LBS.RY! o

| aser |ight

to be processed with a plurality of pulses of pulse lasex

10 light while locating the light-converging point within the

objectandrelativelymovingthe light-convergingpointalong

the line along which the obiject is intended to ke cut; the

laser processing apparatus further comprising distance

calculatingmeans fcrcalculatingadistancebetweenmodified

15 spotsadjacenteachotheraccordingtx)aninputtednmgnitude

of frequency; and distance display means for displaying the
distance calculated by the distance calculating means.

The inventor has found that, when the light-converging

point of pulse laser light has a fixed relative moving speed,

20 the distance between amodified part (referred toasmodified

spot) formed by one pulse of pulse laser light and a modified

spot formed by the next one pulse of laser light can be made

greater by lowering the repetition freguency. It has been

found that, by contrast, the distance can be made shorter

25 by increasing the repetition frequency of pulse laser light.

In the present specification, this distance is expressed
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emtted fromthe laser |ight source according to an inputted magnitude of
frequency; |ight-converging neans for 5 converging the pul se | aser |ight
emtted fromthe laser light source such that the pulse laser |ight attains
a peak power density of at least 1 x 108 (WcnR) at a |ight-converging

poi nt; neans for |locating the |light-converging point of the pulse |aser

| i ght converged by the light-converging neans 10 within an object to be
processed; noving neans for relatively noving the |ight-converging point of
pul se laser light along a line along which the object is intended to be cut
in the object &6 bbeprbeessed; cnml speat: adjustidiigerwansotiof ieddppsts ng t he
magni t ude of relative noving speed of the 15 |ight-converging point of pulse
| aser |ight caused byThheefnoei ngrardanszacedradiveen dpharedimmantedodnfidd ude
of speed; wherein one nodified spot is formed within the object to be
processed by irspdiaticeg tihe objectliedbeypreceysed wiuth adnespune bdr pul se
| aser light while |ocating the 20 |ight-converging point within the object;
and wherein a phurakistiygofr nbifdsed rspats aeeef dt hed falangrtde olfi mel ¢ ong
whi ch the object is intended to be cut within the object to be processed by
irradi atbng thelebpectigbtbe Jraocessedhaenwdtihtanpburatdtging tpulktseskofidpul se
| aser light while |ocating 25 the |ight-converging point within the object
and rel atively thbovkngssheand ghe-iorverfdiingopoint tal bag ndwe dgeteemblohgs whi ch
47 the object is intended to be cut; the |aser processing apparatus further
conpri sing di stanteivglicutanfngnireans fioe obdaktulalvt pgoaedissitancEobeingen
nodi fi ed spots adjacent each other according to inputted magnitudes of
frequency and a plurality of modified spots along a line along which the

object is intended tobe cut within the object to be processed
10 defines a modified region.

The laser processing apparatus in accordance with this
aspect of the present invention calculates the distance
between adjacent modified spots according to the inputted
magnitude of frequency, anddisplaysthuscalculateddistance.

15 Therefore, with respect to modified spots formed according
to the magnitude of frequency fed into the laser processing
apparatus, the distance between adjacent spots can be seen
before laser processing.

The laser processing apparatus in acceordance with an

20 aspect of thepresentinventioncomprisesa laser light source
for emitting pulse laser light having a pulse width of 1
Ms or less; light-converging means for convergﬁng the pulse
laser light emitted from the laser light scurce such that
the pulse laser light attains & peak power density of at

25 least 1 x 10% (W/cn®) at a light~converging point; means for

locating the light-converging peint of the pulse laser light
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5 speed; and distance display neans f or displaying the distance calcul ated
by the distance cal cul ati ng neans. The | aser processing apparatus in
accordance with this aspect of the present invention adjusts both the
magni tude of a repetition frequency of pulse |aser |ight and the 10

magni tude of relative noving speed of the |light -converging point, thereby
being able to control the distance between adjacent nodified spots.
Combi ni ng these adjustnments nmakes it possible to increase the nunber of

ki nds of controllable dinmensions concerning the distance, Al so, the |aser
15 processinq apparstars iy dééordaite SRR RIS dS586t YO iRe @NpPESERT
invention allows the distance between adjacent nodified spots to be seen
before | aser prioCedsiMEPCaThed® |BReENHr BBRRS| G appar bt sl maforarenéhe
conprise size storing neans having stored therein the size of anodified 20
spot formed by 4HE S8V 190Es SHG tapfaratles, liavgde 15985 arilfg Indand "Eor
preparing an inmage of a plurality of nodified spots forned along a |ine

al ong whi ch thealcﬁﬂ%@blcgsthﬁt@lﬁﬂ%@lttw bentandegt E6r BENgUE ot Hé&sPRd estor ed
in the size storing nmeans and the distance cal cul ated by the distance 2S
cal cul atd ng nedrs;Peafd d9fEGe i 1% Dfeh $ o tdingpM@pingg forhé donage N9
prepared by the inmage preparing neans. This allows 48 a plurality of
nodi fi ed spots,thie e Magpiipfed i ofelesivBe dgrasietl vieBESAl y def oi~88 aser
processing. The | aser processing apparatus_in accordance with an_ aspect of
the present inVertilorrCoR3igidés PRidsef PHRE sdBFEel 15T o2t i Bul se

| aser |ight having a pulse width of 1 ps or |ess; frequency adjusti n% nmeans
for adjusting tHE1Ng means according to an inputted magnitude of speed;

wherein one modified spot is formed within the cobject to
10 be processed by irradiating the object to ke processed with
one pulse of pulse laser light while locating the
light-converging point within the object; and wherein a
plurality of modified spots are formed alcng the line along
which the object is intended to ke cut within the object
15 to be processed by irradiating the object to be processed
withapluralityof pulsesof pulse laser light while locating
the light-converging point within the object and relatively
movingthelight—convergingpointalqngthelinealongwhich
the object is intended to be cut; the laser processing
20 apparatus further comprising distance calculating means for
calculating & distance between modified spots adjacent each
other according to an inputted magnitude of speed; and
distancedisplaymeans fordisplayingthedistancecalculated
by the distance calculating means.
25 The inventor has found that, when the light-converging

point of pulse laser light has a fixed relative moving speed,
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magni tude of a repetition frequency of the pulse laser light emtted from
the laser light source according -to an inputted nagnitude of frequency;

| i ght -convergi ng means for 10 converging the pulse laser light emtted f rom
the laser light source such -that the pulse |aser light attains a peak
power density of at least I x 108 (WCM2) at a |light-converging point;
means for locating the |light-converging point of the pulse |aser |ight

converged by the | i ght- converging neans is within an object tc be
processed; and noving neans for relatively noving the |ight-converging
poi nt of pulse |laser light along a line along which the object is intended

: g [ (
to be cut in t%%eo%f%%%“%% %%t%?%%eggéﬂ?eﬂk Wt b TR T i RSH IS
formed within the cbj ect to be processed by irradiating 20 the object to be
processed with dher par $89topets e aReFeddhenint e doTHtg Agetird ative
| i ght-converging pcint within the _object; and wherein a plurality of
nodi fi ed spots B eiPorrRerd florid e He INtnECAVEAG IRAI BRI EReC bBjEkte ii$Si8dt ended
to be cut wthin the object to be processed by irradiating the object 25 to
be processed withRAL pl desbaGE iye lyul seSnereparse Idxer dipFghee whigteSi®scat i ng
the light-converging point within the 49 object and relatively noving the
| i ght - conver gi mC pdF bt A1HE L achePtFeCar oy AMiitdlr itise Blsj Bet7$35 1M éded to
be cut; the I|aser processing apparatus further conprising frequency
cal cul ati ng meaf3C¥ofStad E0RATT 1T 1 B AP EFRSE ant TABUkEY T HaGH%idde of
di stance between nodified spots adjacent each other, the nmagnitude of
repetition freqiehty of BhesSpulzeer| Asertti ght RITBAEYTER t Fe IHLMT i ght

source so as to attain thus inputted nagnitude. of distancg bet ween _t he
process suitable for an ob?ect to be processed is possible

by changing the distance azccording to the kind, thickness,
10 and the like of the cbject tc be processed. The relative
movement of the light-converging point of pulse laser light
may be achieved by moving the cobject to be processed while
fixing the light-converging point of pulse laser light, by
moving the light-converging point of pulse laser light while
15 fixing the object to be processed, or by moving both.
The laser processing apparatus in accordance with this
aspect of the present invention calculates the distance
between adjacent modified spots accecrding to the inputted
magnitude of speed, and displays thus calculated distance.
20 Therefore, with respect to modified spots formed according
to the magnitude of speed fed intec the laser processing
apparatus, the distance between adjacent spots can be seen
before laser processing.
The laser processing apparatus in accordance with an -
25 aspectofthepreéentinventioncomprisesalaserlightsource

for emitting pulse laser light having a pulse width of 1
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nodi fied spots adjacent each other; the frequency adjusting 10 nmeans
adj usting the magnitude of repetition frequency of the pulse |laser |ight
_emtted fromthe |aser |ight source such that the magnitude of frequency

cal cul ated by the

frequency cal cul ating neans is attained. According to an

i nputted magni tude of distance between 15 adjacent nodified spots, the

| aser processing apparatus in accordance with this aspect of the present

cal cul ates the magnitude of a repetition freg~uency of the pulse
| aser light emtted fromthe |aser |ight source such that this nagnitude of
di stance is attai ned between_the 20 adj acent .nodified Epots.,The,fregHency

i nvention

adj usti ng means PSdjust®St hef hagnttcde8f "PEpELI PEBAST

8quénty S "Bh

pul se

| aser light emtted fromthe |aser |ight_source such that _the ngﬂggtgde of

frequency cal cul™%8d P& Ré & FEFEEAEY ONcET tP &R HE InEahPYlSat 238

Ther ef or e,
adj acent
with this

gnt

a desirable 25 magnitude of distance can be attained betwee

nodi f i¥d 56t §rOB0-IThe 285 ek 1 P bSEdTich @ppEd MUs 9 A" &@@&F&&Hce

aspect of the present invention may
di spl ay means f@RHEHE i My t hErRGRFElide A 9NErE8gUBREGLIEEI ciRaPEd

further conprise fre%uency

BY the

frequency. cal cul ati ng. means. 5 \When operating the | aser processing aggaratus

accordin

to

t RISt ARG it58dk? B8 ¢ dilsthdneel Yt he R ddjacdne T s

£ ied

spots, this allows the frequency to be seen before | aser . processing. The
| aser processi NG AHGE TR addtt @34EE WRERY ant 9o 2ddFedts 8Pt e Ph'éSent

i nvention conprises a |laser light soqurce

10

15

20

25

density of at least 1 x 10% (W/cm®) at a light-converging
point; means for locating the light-converging point of the
pulse laser light converged by the light-converging means
within an object tobe processed; moving means for relatively
moving the light-converging point of pulse laser 1light along
a line along which the object is intended to be cut in the
object to be processed; and speed adjusting means for
adjusting the magnitude of relative moving speed of the
light-converging point cf pulse laser light caused by the
moving means according to an inputted magnitude of speed;
wherein one modified spot is formed within the object to
ke processed by irradiating the cbject tc be processed with
cne pulse of pulse laser light while 1locating the
light-converging point within the object; and wherein a
plurality of modified spots are formed along the line along
which the object is intended to be cut within the object
to be processed by irradiating the object to be processed
with apluralityofpulses of pulse laser light while locating
the light—converging‘point'within the object and relatively

moving the light-converging point along the line along which
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for emtting pulse laser light having a pulse wwdth of I |~s or less -

| i ght-converging neans for converging the pulse laser light emtted from
the laser light source such that the pulse laser |light attains a peak power
density of at 15 least 1 x 108 (Ilg/ CW) at a 1 i ght -converging point;
means for |ocating the |Iight-converging point of the pulse |aser |ight
converged by the |ight-converging neans within an object to be processed,;
novi ng neans for relatively noving the 1ight-converging point of pulse

| aser light along a |ine 20 along which the object is intended to be cut in
the object totlbe pboeessed; iarersjmeedtadpastiung rmesns fsmr goj arstdgigg t he
magni t ude of relative noving speed of the 1|ight-converging point caused by
t he nmovi ng neanspanhereifurthre codpf i eidng Eats tias dfeoraech I thiqmehesdigect to
be processed 25 by irradiating the object to be processed with one pul se of
pul se | aser |ighicwhtend ecalsngnthédighdr nodiéngnpdls pdyatenttdaah t he
obj ect; and wherein a plurality of nodified spots are forned along the line
al ong whi ch t hetlobf eetcosdingt endedpta tleel cutgniittiduias tdfe dyeoindyo de
processed by irradiating the object to be processed with a plurality of 5
pul ses of pul sspeé@asernbidjidt astud @ibptayimegnishor Hi ghl 2 ¢ bny ehgi digs tpol ok
within the object and relatively noving the |ight-converging point along
the line al ongcadechat¢debpbileetdi st antendetictbabenguteandhe | aser processing
apparatus further conprising speed cal cul ati ng neans for 10 cal cul ati ng,
according to an i nputhedaragmtamks gfngbagpaneeus et aeenr doud ¢ wed hspot s

adj acent each other, the nmagnitude of relative noving speed of the pul se

| aser |ight s@E#eeto of the present invention adjusts both the magnitude

cf a repetition freguency of pulse laser light and the

i0 magnitude of relative moving speed of the light-converging

point, thereby being able to control the distance between

adjacent modified spots. Combining these adjustments makes

it possible to increase the number of kinds of controllable

dimensions concerning the distance. Alsc, the laser

15 processing apparatus in accordance with this aspect of the

present invention allows the distance between adjacent
modified spots to be seen before laser processing.

These laser processing apparatus may further comprise

sizestoringmeans having storedthereinthesizeof amodified

20 spot formed by the laser processing apparatus; image

preparing means for preparing én image of 2 pluraility of

modified spots formed along a line along which the object

is intended to be cut according to the size stored in the

size storingmeans andthedistancecalculatedbythedistance

25 calculating means; and image display means for displaying

the image prepared by the image preparingmeans. Thisallows
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attain thus inputted nmagnitude of distance between the nodified spots

adj acent each other; the speed adjusting neans 15 adjusting the nagnitude of
rel ative noving speed of the |I|ight -converging point of pulse |aser |ight
caused by the noving neans such that the magnitude of relative noving speed
cal cul ated by the speed calculating neans is attained. According -to an

i nputted magni tude of di stance between 20 adjacent nodified spots, the

| aser processing apparatus in accordance with this aspect of the present
invention calculates the magnitude of relative noving speed of the

| i ght-converging point of pulse |laser |ight caused by the noving neans. The
speed adj usting Resansladyustsmeréi28dnagrifude- of  rePdifiednbothgnspeed of
the light -converging point of pulse |aser |ight caused by the noving neans
such 52 that the gugaPeddeispateélabederrovPAgrspeedeealodlated by 5 the
frequency cal culating neans is attained. Therefore, a desirable nagnitude
of distance can be afbaiyeskberwesssiad) apparanvdi I ek Gpotancerie thagker
processi ng apparatus in accordance with this aspect of the present

i nventi on may #apehérciconppieeespaad erdilspl eympitiaiss £ e Seirslpl Hi AgUEGR

magni tude of relative noving speed calculated by the speed cal cul ating
means. Wen operaenhgtine baser proessiinhtapparagus neédedvhgthoofhe 10

i nputted magni tude of distance between adjacent nodified spots, this allows
the relative mpvi g Seeed tio g ediwon PENoYtd nd gwan Hroeessingst The thaser

processi ng apparatus in accordance with an _
magnitude of a repetition frequency of the pulse laser light

emitted from the laser light source according to an inputted
magnitude of frequency; light-converging means for
10 converging the pulse laser light emitted fromthe laser 1ight
source such that the pulse laser light attains a peak power
density of at least 1 x 10° (W/cm?) at a light-converging
peint; means for locating the light-converging point cf the
pulse laser light converged by the light-ceonverging means
15 within an oblject to be processed; and moving means for
relatively moving the light-converging point of pulse laser
light along a line aleng which the object is intended to
be cut in the cbject to be processed; wherein one modified
spot isformedwithinthechject tobeprocessedbyirradiating
20 the object to be processed with one pulse of pulse laser
light while locating the light-converging peint within the
object; and wherein a plurality of modified spots are formed
along the line along which the object is intended to be cut
within the object to be processed by irradiating the cbject
25 to be processed with a plurality of pulses of pulse laser

light while locating the light-~-converging peoint within the
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aspect of the present invention conprises a |laser |ight source 15 for
emtting pulse laser light having a pulse width of | ps or |ess; frequency
adj usting neans for adjusting the nmagnitude of a repetition frequency of
the pulse laser light emtted fromthe laser |ight source; |ight-converging
means for converging the pulse laser light emtted fromthe |aser 20 |ight
source such that the pulse laser light attains a peak (1~7/CW ) -convergi
ng power density of at least I - 108 at alight - ~P point; nmeans for
| ocating the light -converging point of the pulse |aser |ight converged by
the 1 i ght -convesyPng Tedais vedivtiii i zhtbdf 168t - conper pioepssed 2 1fP¥i ng
means f or relat ivel y 25 noving the |ight-converging point of pulse |aser
light al ong atihé nelng eigrhivéi chihehebpetect sig indeadddt bobes camt /i Ahehe 53
obj ect to be processed; and speed adjusting neans for adjusting the
magni t ude of rkksefveraovsagngpestast tulse fulrityler- compeiging goiemtuedgised by
t he novi ng neans; wherein one nodified.spot is formed within the object to
be processed Sdycylaathamesgst her oisjlevtl atdnge procedbed twi &h iopatiekse of
pul se laser light while locating the |ight-converging point within the
obj ect ;3 and wrez@ihtadplaf diistpnot hetvéerdodifdtes] apetfardkacalorgcihe |ine
al ong which the object is intended to be cut wwthin the object to be
processed by 1@theradilg imrpritedshjodctrepeths ipnofeegeenay thl £hd wudlsiet y of
pul ses of pulse laser light while locating the 1ight-converging point
Wi thin the objlkxienndigkt amietsd owuh ngre headqghtidvneergiasy ssoiast t&l ong
the line along which the object is intended to be cut; the |aser processing
attain thus inputted magnitude of distance between the

modified spots adjacent each other; the frequency adjusting

10 means adjusting the magnitude of repetition frequency of

the pulse laser light emitted frem the laser light source

such that the magnitude of freguency calculated by the
fregquency calculating means is attained.

According to an inputtedmagnitude of distance between

15 adjacent modified spots, the laser processing apparatus in

accordance with this aspect of the present invention

calculates the magnitude of a repetition fregquency cf the

pulse laser light emitted from the laser light source such

that this magnitude of distance is attained between the

20 adjacent modified spots. The freguency adjusting means

adjusts the magnitude of repetition frequency of the pulse

laser light emitted from the laser light source such that

the magnitude of frequency calculated by the frequency

calculiating means 1is attained. Therefore, a desirable

25 magnitude of distance can be attained between adjacent

modified spots.
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15 apparatus further conprising conbination cal culating means for

cal cul ating, according to an inputted nmagnitude of distance between
nodi fi ed spots adjacent each other, a conbination of the magnitude of
repetition frequency of the pulse laser light emtted fromthe |aser |ight
source and 20 the magnitude of relative noving speed of the

| i ght-converging point of pulse |aser -light caused by the nbving neans so
as to attain thus inputted nmagnitude of distance between the nodified spots

adj acent each other; _ the frequency adjusting, means _adjusting th ni t ude
of125 repetition freaﬂggﬂf%ﬁ fRe® ﬁ%@éaﬁﬁ?égtF?gHia%ﬁ#f%@ﬂcngﬁﬁ1??%3Iaser
| i ght source such that the nagnitude of, frequency 54 cal cul ated by .the
cogbination caFéBF&Fiﬁb%nggﬁ%g?§e§ﬁ?%iﬁ@ F“%Pﬁg ?Bﬁéd%§5%E§FiﬁfW#§ s

adj usting the ni tude of relative noving, speed of the |ight-convergin
poji nt of gpuI seggggg,encm GHEPIAYs SF B (e . BHé’agnsth%euc"Ff‘qirﬁlattu aneog ’
magni tude 5 of _relative no in% spgeg caLcuIated b% t he, copbi nati on

cal cul ati ng nedh§IPENSYt SPAEHIATRE P¥sERepf bRBUSTRHY Gpharal us'd " tor dance

with this aspect of the present .invention calculates, according.to _an
nputted magni L08R SPSER &t ARcE hAPREENPAAF SLoHES ARAEE S10CEpHELN9 & O

conmbi nati on of the magnitude of repetitjon freqguenc of. pul se | aser light
oot ha 1 olatt baSrtE Y e EREY 1 S R e e e o B e | o

| i ght such that _thus 'ngutiid magni t ude of distance is atta'nedégetmeen t he
adi acent modi f FBA Epot 8  STRELPF8qBRcy” SAPGREY nbo nEante G & Spektr S

adj usti ng neans_adjust _the magnitude of repetition frequency and the
magni t ude of rgrgf%§81ﬁ%Ving speed of the

The laser processing apparatus in accordance with an

10 aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having a pulse width of 1

us or less; light-converging means for converging the pulse

laser light emitted from the laser light source such that

the pulse laser light attains a2 peak power density of at

15 least 1 x 10% (W/cm?) at 2 light-converging point; means for
locating the light-converging point of the pulse laser light
converged by the light-converging means within an object

to be processed; moving means for relatively moving the
light-converging point of pulse laser light along a line

20 along which the object is intended to be cut in the object
to be processed; and speed adjusting means for adjusting

the magnitude of relative moving speed co©f the
light-converging point caused by the moving means; wherein

one modified spct is formed within the object to be preocessed

25 by irradiating the ckject to be processed with one pulse

of pulse laser light while locating the light-converging
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| i ght-converging point of pulse laser light so as to attain 'the val ues of
cal cul ated conbi nation. Therefore, a desirable magnitude of distance can be
attai ned between 20 adjacent nodified spots. The | aser processing
apparatus, in accordance with the present invention -may conprise display
means for displaying the magnitude of frequency and nmagni tude of relative
novi ng speed cal cul ated by the conbi nation cal cul ati ng neans. when 25
operating the | aser processing apparatus according to the inputted
magni t ude of di stance between adjacent nodified 55 spots, this allows the

conbi nati on ofpdinequensy nadik behattyanduviergispeedut-aibe yseemdeeffoea | aser
processi ng. The | aser processing apparatus in accordance wth all the

foregoi ng aspegist Ofatdhednrsient chgVenti oineaim §194 M cpliHalddjecaf igodi fied
spots along a I'ine along which the object is intended to be cut within the

obj ect to be pracessed. o Theseyimdified spotspietinesapodirbicad skagihgn. The
nodi fied region includes at |east one of a crack region where a crack is

generated wit ﬁiﬂké&‘ﬁamcﬁ@iﬁaet e Prasessethocd skl §0¢A0: Rragessed, tegi on
which is nelted within the object to be processed, and a refractive index

change g egi on wheye; rekragiive i Ndexei s @9@H9€dwﬂﬂﬂ3r‘18@a9?h§0tth@ be
processed. The | aser processing apparatus in accordance with al t he

f oregoi ng aspeGtg afcdhe RY:8sePo ity et 10m, C@Qeagiaglé&t ia%dtf}%ltéit%gnfyg

bet ween adj acent” nodi fied spots, thereby being able to forma nodifieé
region conti ngQsing ehe 10iFRARNIEUS Y, ;f%?xﬁlg Adrignenalang Mbeh whherobj ect

is intended to be cut Form ng the nodi i ed region continuously

the object is intended to be cut; the laser processing
apparatus further comprising speed calculating means for
10 calculating, according to an inputted magnitude of distance
between modified spots adiacent each cther, the magnitude
cf relative moving speed of the pulse laser light so as to
attain thus inputted magnitude of distance between the
mocdified spots adjacent eachother: the speed adjustingmeans
15 adjusting the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
moving means such that themagnitude of relative moving speed

calculated by the speed calculating means is attained.
According to an inputted magnitude of distance between
20 adjacent modified spots, the laser processing apparatus in
accordance with this éspect cf the present inventicn
calculates the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
moving means. The speed adjusting means adjusts the

25 magnitude of relative moving speed of the light-converging

point of pulse laser light caused by the moving means such
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makes it easier to cut the object to be processed while using 20 the
nodi fi ed region as conpared with the case where it is not forned
continuously. Wen the nodified region is forned discontinuously, the

nodi fied -region is discontinuous along the line along which the object is
intended to be cut, whereby the part of the line along which the object is
intended to 25 be cut keeps a strength to a certain extent. (5) The |aser
processi ng nethod in accordance with 56 an aspect of the present invention
conprises a step of irradiating an object to be processed with |aser |ight

while |ocatinghat|ightrappnivergs nigf peilet: iofe hasengl sghtdwehhbcnltbed lopj ect
to be processed, so as to forma nodified region caused 5 by multi photon
absorption w thié thenohjectaalcongtanki neanaliong owaiicled.heTabrecbries 2
intended to be cut in the object, and changing the position of the

| i ght - conver gi dgs piiPle Ohaghasekiel bghtiiisRahbe diamedld ot ©finsgi deneeewf the
| aser light irradiating the object to be processed with respect to the 10

obj ect to be processed msOiasedosporm a plurality of nodified regions
aligning with each other along the direction of incidence. By changing the

positian of the |ighthconyerP a4ty aphal ases ild ghtoi 6 sade atiitmge it he
object to be processed in 15 the direction of incidence wwth respect to the

object to be mosessed thhleplasentplocessifg st Hodthe raceapdaneespédd this
aspect of the present invention fornms a plurality of nodif ied regions
aligning w th eiaghl F heanalfengdi bel &) L e6themanfi dud déned.atEhieSmeaing
i ncrease the nunber of positions to 20 becone starting points when cutting
t he object to figeqpiocessetlated by the speed calculating means. When
operating the laser processing apparatus according to the
i0 inputted magnitude of distance between adjacent mcdified
spots, thisallows therelativemoving speed tobe seen before
laser processing.
The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesalaser light source
15 for emitting pulse laser light having a pulse width of 1
us or less; freqguency adjusting means for adjusting the
magnitude of a repetition frequency of the pulse laser light
emitted from the laser light source; light-converging means
for converging the pulse laser light emitted from the laser
20 light source such that the pulse laser light attains a peak
powerdensityof(atleast].x108(W/cmz)at,alight-converging
point; means for locating the light-converqging point of the
pulse laser i1ight converged by the light-converging means
within an object to be processed; moving means for relatively

25 moving the light-converging point of pulse laser light along

a line along which the object is intended to be cut in the
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Therefore, the object to be processed can be cut even in the case where the
object to be processed has a relatively |large -thickness and the |iKke.
Exanpl es of the direction of incidence include the thickness direction of
the object to 25 be processed and directions orthogonal to the thickness
direction. 57 The laser processing nethod in a ccordance wth an aspect of
the present invention conprises a step of irradiating an object to be
processed with laser light while locating a | ight -converging point of

| aser light within the object 5 to be processed, so as to forma nodified
regi on wit hi n9PHECtobjechealrsiftf e 39%ie ardngPRBFCH dies tahjdecte?’s | APEnded to
be cut in the object, and changing the position of the |ight -converging
poi nt of | ase@dliightinion thife reh ITetY Hh rehet Hemceoving hereadep | FHAt
irradiating the object to be 10 processed with respect to the object to be
processed, soligdtreongemiangl DPanttga vfedvdi thedne ey ome aals ghha§eW t h

each other along the direction of incidence- The | aser processing nethod in
accor dance w Phedno@bbiead spbtt he Iprasehvl thhvéhe ol eohpeilsesracssapdof
irradiating an object to be 15 processed with laser light while locating a

| i ght - @onver giiig 1 rgedaetongl aber clbiigiett Wwict Bien privs eolsiede v itd beeppvéessed
under a condition with a peak power density of at least | x 108 (WCMWM )
and a pul se wedt Ruepellpsesr liesd athitige liocghtnhgonver giiagt -poniver938%9as to
forma nodified region within the object 20 to be processed along a |line

al ong whi ch t Re1s) etthin tivgt ehdedt’ tendbeheseinm pharebiértof ardiéh8Agi ng
the position of the |I|ight-converging point of laser light in the direction
of spots are Iormed alecng the line along which the object 1is

intended to be cut within the object to be processed by
10 irradiating the object to he processed with a plurality of
pulses o¢f pulse laser light while locating the
light-converging point within the object and relatively
moving the light-converging point along the line along which
the ocbject is intended to be cut; the laser processing
15 apparatus further comprising combination calculating means
for calculating, according to an inputted magnitude of
distance between modified spots adiacent each cther, a
compbination of the magnitude of repetition frequency of the
pulse laser light emitted from the laser light source and
20 the magnitude of relative moving  speed of the
light-converging peint of pulse laser light caused by the
moving means s¢ as to attain thus inputted magnitude of
distance between the modified spcots adjacent each other;
the frequency adjusting means adjusting the magnitude of
25 repetition fregquency of the pulse laser light emitted from

the laser light source such that the magnitude of frequency
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i ncidence of the laser light irradiating the object to be processed with
respect to the object to be processed, so 25 as to forma plurality of
nodi fied regions aligning wwth each other along the direction of incidence.
58 For the sane reason as that in the |laser processing nethods in
accordance wth the foregoing aspects of the present invention, the |aser
processi ng nethods in accordance wth these aspects of the present

invention enable laser 5 cutting without generating nelt or unnecessary

fractures deviating fromthe line along which the object is intended
12

cut in the surfaéeu

nunber of posi

processed- ThethBdiF§estadgs bhndTeFRy

ot her reasons.

tions to becone starting points when cutting the object

The | aser processing nethods in accordance with these

LEAL OB BTG HE isoeekaeke t Bngimeaan isnttlebisE the

to be

to be

) s EH by MeEhE it PRt ebsidrist i on or

aspects of themprésentreadedti o i nddhidecarite iolnowiaigtnodesyl e plagedl ity of

nodi fi ed regi ons may be forned

entrance face

lighpf ceneedbpgctheompeipgonessedsveahwaieh e eragnighce

irradi ating the object to be processed is incident. This can forma
plurali®y of nodi fiedd tieg arev ikl | ePEadacstave anber @yndh et} gtk Fidyi on
exi sts between the entrance face and the 1ight-converging point of |aser

| i ght. Therefofelcuvhetiagemea0s| ighethrEnedot be scattered by nodified

regi ons which

1G

15

20

25

successively fromthe side farther from an

have already been forned., whereby each nodified region can
be formed uniform yThdHéseddrfeds ¢ byl eRr2aetydes” accpedsncome tHftia rack
region where a crack is generated wthin the object to be

aspect cf the present invention calculates, according to
an inputted magnitude of distance between adjacent modified
spots, acombinaticn cf themagnitude of repetition freguency
of pulse laser light and the relative moving speed of the
light-converging point of pulse laser light such that thus
inputted magnitude of distance 1is attained between the
adjacent modified spots. The frequency adjusting means and
speed adjusting means adjust the magnitude of repetition
fregquency and the magnitude of relative moving speed of the

light-converging point of pulse laser light so as to attain

the wvalues of calculated ccocmbination. Therefore, a

desirable magnitude of distance can be attained between
adjacent modified spots.

The laser processing apparatus in accordance with the
present invention may comprise display means fox displaying
the magnitude of frequency and magnitude of relative moving
speedcalculatedby the combination calculatingmeans. When
operating the laser processing apparatus according to the

inputted magnitude of distance between adjacent modified
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25 processed, a nolten processed region which is nelted within the object to
be processed, and a refractive index change 59 region where refractive

i ndex. is changed within the object to be processed. (6) The | aser
processi ng nmethod in accordance with an aspect of the present invention
conprises a step of 5 irradiating an object to be processed with |aser
light while |ocating a |ight-converging point of laser light within the
object to be processed through a light entrance face of the |laser |ight

Wi th respect to the object to be processed and |ocating the

| i ght - conver gi sigopej nth iat 2 Al pesittheoncred dDsat 1. 40 ofof vegdard hendf roim ttihes
entrance face than is a half thickness position in the thickness direction
of the object mhovbeg precessedresscas bofdoenmasevdpfoesssgyon W thin the
object along a line along which the object is intended to be cut in the
object. 15 In the | apes 1prseeessbogs sehfeghdar saccot dares nmidritd hethpridsent
invention, the nodified region is forned on the entrance face (e.g.,

surface) and othé¢ heosigleiod ddedacer (e @resenteanvénace) opposong 4 he
entrance f ace within the object to be processed within the object to be

processied wherpliea 20ty i ghtmconyeegi figopoi ntowd & abite |4 ghtg ihildcatted at a
position closer to and farther fromthe entrance face than is a half

t hi ckness posidlhpact A stihe drideeknese citt etthon t heespeett veby-pWerssedracture
extending a long a line along which the object is intended to be cut is
generated on tTessarbaddied spatrs 2efflaees obda iebjreeiida b&hprmopesSierty t he
obj ect can be cut easily. The |aser processing nethod in accordance with
this region includes at least one of a crack region where a crack
is generated within the object to be processed, a molten
10 processed region which is melted within the object to be
processed, and a refractive index change region where
refractive index is changedwithin the ocbiect tobeprocessed.
The laser processing apparatus in accordance with alil
the fcregoing aspects of the present invention c¢an adjust
15 the distance between adjacent modified spots, thereby being
able to form a modified region continucusly or
discontinuously along & line along which the object is
intended tobecut. Formingthemodifiedregioncontinuocusly
makes it easier to cut the object to be processed whilelusing
20 the modified regicn as compared with the case where it is
not formed continuously. When themodified region is formed
discontinuously, themodified region is discontinuous along
the line along which the ckject is intended to be cut, whereby
the part of the line along which the object is intended to

25 be cut keeps a strength to a certain extent.

(5} The laser processing method in accordance with
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60 aspect of the present invention can forma nodified region on the surface
or rear face side within the object to be processed. This can nake it
easier to formthe surface or rear face with a fracture extending along the
line along 5 which the object is intended to be cut, whereby the object to
be processed can be cut easily. As a result, the |laser processing nethod in
accordance with this aspect of the present invention enables efficient
cutting. The |l aser processing nethod in accordance with this 10 aspect of
the present invention may be configured such that the entrance face is
formed with ataheastecheodf tdre ebeetewni cnveevice anudpansekbeet rdde pattern,
whereas the |ight -converging point of laser light irradiating the object
to be processetrrégsibotag et abjacpasi be gr ataserd wothhie s Lagbe Whece t han
is is the half thickness position in the thickness direction. The |aser
processi ng net hodatinaccbidaneeonvehgt hooaspeott lafet e gotesehbinmient i on
grows a crack fromthe nodified region toward the entrance face (e.g.,
surface) and id¢lsjeoppeashaigrbaessed, gso asreafofmeajodi f et ebyiootddusrd he
object 20 to be processed. Wien the nodified region is fornmed on the
entrance face lsydeylthehdist anceo bet weeny 1 el modi € | &) eegiadmnard tire
entrance face is relatively short, so that the deviation in the growth
direction of czhckgodn dethedebsaat| ey intEngeef opdye whenithehentlyimme f ace
of the object to be process-ed 25 is fornmed with an el ectronic device or an
el ect rode patt@ma,chagiringhiesppessiibhes itthsodt gidmaghngrghegepettt orfi ¢
device 61 or the like. The electronic device refers to a sem conduct or

laser light in the direction of incidence of the laser light

irradiating the cbject to be processed with respect to the

10 object to be processed, so as to form a plurality of medified

regions aligning with each other alcong the direction of
incidence.

By changing the position of the light-converging point

of laser light irradiating the chject to be prccessed in

15 the direction of incidence with respect to the object to

be processed, the laser processing metheoed in accordance with

this aspect of the present invention forms a plurality of

modifiedregionsaligningwitheachotheralongthedi:ection

of incidence. This can increase the number of positions to

20 become startingpcintswhencuttingtheobject tobeprocessed.

Therefore, the cobject to be processed can be cut even in

the case where the object to be processed has a relatively

large thickness and the like. Examples of the direction of

incidence include the thickness direction cf the object to

25 be processed and directions orthogonal to the thickness

direction.
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device, a display device such as liquid crystal, a piezoelectric device, or
the like. The | aser processing nethod in accordance with an aspect 5 of the
present invention conprises a first step of irradiating an object to be
processed with pulse laser light while |ocating a |ight-converging point of
the pulse laser light within the object, so as to forma first nodified
regi on caused by nultiphoton absorption within the object along a first 10
| ine al ong which the object is intended to be cut in the object; and a
second step of irradiating, after the first step, the object with pul se

| aser |ight while | ddetiageX RECCEPghPIFGROSFiMr poidaned Wi bBen ASEgt at a
position different fromthe light-converging point of laser light in the
first 15 step G thee RYEKHesls HIYE@N orPMafr 196 chjedP o Be HidedsSed

w thin the object, so as to forma second nodified region caused by

mul ti phot on absorgitieot ext drdpngcakead diskcbager |3 e alving aviicstd tiRg obj ect
is intended to be cut and three-dinensionally crossing the first nodified
regi on 20 w thiln ditie wbjvestcino paladt cifngapeocksght v Wi oh WdrosPisedt i ons
of an object to be processed cross each other, a nodified regi on and

anot her® nodi fieder pgboasace, not asuper posed owdéddledor hetontwathbrdticon to
becone the crossing position between the cross sections 25 in the |aser
processi ng nmetddkedh sdouwr dapdeewstArghiriakpeke clbfetthel priegemndgdient i on,
whereby the cutting precision at 62 the crossing position can be prevented
from deteriordd ngit Fhi shenabliestoutanichgehindizo hilgh preeisPonciTHES aser

processing nmethod in accordance with this . .
light-converging point of laser light in the direction of

incidence of the laser light irradiating the object to be
10 processed with respect to the object to be processed, 50
as to form a plurality of modified regions aligning with
each other along the direction of incidence. The laser
processingmethod in accordance with an aspect of the present
invention comprises a step of irradiating an ocbject tc be
15 processedwith laser light while locatinga light-converging
point of laser light within the object to be processed under
a condition with a peak power density of at least 1 x 10°
(W/cmz)andapulsewidthoflpsorlessatthelight-converging
point, so as to form a modified region within the cbject
20 tobeprocessedalongalinealongwhichthe object is intended
to be cut in the object, and changing the position of the
light-converging point of laser licht in the direction of
incidence of the laser light irradisting the cbject to be
processed with respect to the object to be processed, so

25 as to form a plurality of modified regions a2ligning with

each other alcng the direction of incidence.



aspect of the present invention can formthe second nodified 5 region
closer to the entrance face of the object to be processed with respect to
the laser light than is the first nodified region. This keeps the |aser
light irradiated at the time of formng the second nodified region at the
| ocation to beconme the crossing position from being scattered by the 10
first nodified region, whereby the second nodified region can be forned
uniformy. The | aser processing nmethods in accordance with the foregoing
aspects of the present invention explained in the foregoing have the
fol | owi ng nodes: 15F&%hehhe heand) 25D & tPradcdeséliei sappragiracedsimah | aser
| i ght under a condition with a peak power density of at least 1 x 106
(WcnR) and anpuhséswidt kceorbapseonwitdsstlzg fdecgdinhtasorves gbhgtpdint, a
nodi fied region including a crack region can be formed within the object to
be processed.pTassnR20 ngemériatest e pheaomerncr sefi ngmedtddsal n dapayeatedised by
mul ti phot on absorption within the object to he processed. This optical
damage i nducesitnt heesal adpstost pOnthit hirasehé ibbgstionoehebpeotessed,
thereby formng a crack region within the object to be processed. This
crack begion tstahnexaipheu25ceferheéinboveltenti onedcapdifiyedraeyginds An
exanpl e of the object to be processed in this |aser processing nethod is 63
a nmenber i ncl@elvhgt ghastromherpdakepewergdensihytrefadriedato ist hetenhdedric
field intensity of pulse laser light at the |[|ight-converging point. Wen
t he obj ect totdedprodessethssiryfack atfedhsi phikasero B pirgise sgrder ard
condition with a peak power density of at |east

can increase the numberof positions tobecome startingpoints

when cutting the object tobeprocessed. Themcdifiedregion
10 may pe caused by multiphoton absorption or other reasons.
The laser processing methods in accordance with these
aspects of the present inventioninclude the following modes:
A plurality o¢f modifiecd regions may be formed
successively from the side farther from an entrance face
15 of the object tobeprcocessedonwhichlaser light irradiating
the cobject to be processed is incident. This can form a
plurality cf modified regions while in a state where nc
modified region exists between the entrance face and the
light-converging point of laser light. Therefore, the laser
20 light will not be scattered by mcdified regions which have
already been formed, whereby each modified region can be

formed uniformly.
The modified region includes at least one of a crack
region where a crack is generated within the object to be

25 processed, a molten processed region which is melted within

the object to be processed, and a refractive index change
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| - 101 (WcnR) and a pulse width of I ps or less at. the |ight -converging
point, a nodified region including a nolten processed region can be forned
within the object to be processed. Here, the inside of the object to be
processed 10 is locally heated by nulti photon absorption. This heating

forms a nolten processed region within the object to be processed. This

nol ten processed region is an exanple of the above-nentioned nodified
region. An exanple of the object to be processed in this |aser processing
method is 15 a nmenber including a sem conductor material. Wen the object

t obe processeddassidr madirgt edfnethivaserderiighchander aitbnditiomwbaech a peak
power density of at least i - loll (WCM2 ) and a pulse width of I ns or

| ess at the ldghte oomesrggdg point, a nodified region including a 20
refractive index change region which is a region with a changed refractive
i ndex can al so be fdrated Whiehiasehep obfest it metidgor doessendafienwith

mul ti phot on absorption is generated wthin the object to be processed with
a -very short goulsscead doh asesypoleseantie emeryicausadtbysesl &i pheporf
absorption 25 is not transformed into thermal energy, so that a pernanent
struct Ural change diuch rasanor =aaktence polvarge s do4i T ystsalrd 1 zelt ol ler

pol ari zation orientation is induced wthin the object, whereby a refractive
i ndex change riegiedring s fogined:cThe sgied raditvel i rnbese ¢hghgevi®yimpihies an
exanpl e of the above-nentioned nodified region. An exanple of the 5 object
t o be processedliiart hiosbt gsarc gk ddineg gree hodh s eng reedisef atacdudiheg gl ass

Adj ustment of the position of the |ight-converging
laser light with respect to the object to be processed and

locating the light-converging point at a position closer

10 toor farther from the entrance face than is a half thickness
position in the thickness direction of the object to be
processed, so as to form a medified region within the object
along a line along which the okject is intended to be cut
in the object.

15 In the laser processing methed in accordance with the
present invention, the modified regicn is formed on the
entrance face (e.qg., surface} and on the side of the face
(e.g., rear face) opposingtheentrance facewithintheobiect
to be processed within the object to be processed when the

20 light-convergingpoint of laserlight islocatedat aposition
closear to and farther from the entrance face than is a half
thicknesspositioninthe thicknessdirection, respectively.
When a fracture extending along a line along which the object
is intended to be cut is generated on the surface or rear

25 face of an object to be processed, the cbject can be cut

easily. The laser processingmethod in accordance with this
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point of laser light irradiating the object to be processed in the

t hi ckness direction can include a first calculating 10 step of defining a
desirable position in the thickness direction of the |ight-converging point
-~ of laser light irradiating the object to be processed as a distance from
the entrance face to the inside and dividing the distance by the refractive
i ndex of the object to be processed with is respect to the |laser |ight
irradiating the object, so as to calculate data of a first relative
moverment amount of the object in the thickness direction; a second

cal cul ating esepgcef ofatbal e pepddte soft l@nseeontiorel atods fnedenedt canount
of the object in the thickness direction required for 20 positioning the

| i ght - conver gicng tpei st rdfadeaser Heaghtf ader sadieawiinginhéhebpbgect ot pebe
processed at the entrance face; a first noving step of relatively noving

t he obj ect inptrbheesshidckn@s$sdiarctadlon idaceesdiemgtbof ¢tive tdat susfasecond

rel ative novenent anount; and a second noving step of relatively noving 25
t he object inrehe tthicekmesd di feetitorecacedrdcigat elthe datalingé flony

rel ati ve novenment anount after the first noving 65 step. This adjusts the
positi 6n of tkWeikihghhe-ockpavers ngtegyoient tof bkaser, Ivitghteidyn thkeobekness
direction of the object to be processed at a predeterm ned position within
the object. Kankkyproithsedfezrroe aud vheléntrahses frace;lt,héhpr bgser 5 of
the rel ative novenent anount of the object to be processed in the thickness
direction of rhecebjsécy ardhdie irefaaeiidancd ndetd ofhiheaspgett ohi ther espect
to the laser light irradiating the object becones the distance fromthe
entrance facePtr@senke invgmticoneeegileg sdifacient] geét ingght . Therefore, when

The laser processing method in accordance with this

10 aspect of the present invention may be configured such that
the entrance face is formedwith at least one of an electronic
deviceandanelectrodepattern, whereasthe light-converging

point of laser light irradiating the object to be processed

is located at a position closer to the entrance face than

15 is the half thickness position in the thickness direction.
The laser processing method in accordance with this aspect

cf the present invention grows a crack from the medified

regicn toward the entrance face (e.g., surface) and its
cpposing face {(e.g., rear face), thereby cutting the object

20 to be processed. When the modified region 1is formed on the
entrance face side, the distance hbetween themodified region

and the entrance face is relatively short, so that the
deviationinthegrowthdirectionofcrackcanbemadesmaller.
Therefore, whentheentrance faceof theobject tobeprocessed

25 1s formed with an electronic device or an electrode pattern,

cutting 1s possible without damaging the electrenic device



10 the object to be processed is noved by the relative novenent anount
obt ai ned by dividing the distance fromthe entrance to the inside of the
obj ect by the above-nentioned -refractive index, the |ight-converging point
of laser light can be aligned with a desirable position in the thickness
direction 15 of the object. The | aser processing apparatus in accordance
with an aspect of the present invention conprises a |laser |light source for
emtting pulse laser light having a pulse width of I ~is or less; |ight
-converging neans for converging the pulse 20 laser light emtted fromthe

| aser |ight sourtbesuocte t hdhe alwecpulrsiec Fagece Iriedlt sdta aisesnix qabic tgawer
density of at least 1 X 108 (WCM2) at a light -converging point; first
movi ng neans devicel atd veligpaeyi ngevheel i ghth cesvet §angdpoinystzbnveér ged by
the light-converging neans along a line along 25 which the object is

i ntended to beoteitoéheanr dbjdetit®d, ber Prockdsed; storing neans for storing
data of a first relative 66 novenent anount of the object to be processed in
t he thi ckness directhoha$or pkocatsngtime thodght a cormar i eaigpbs ainta sipee tof
pul se |aser |ight converged by the |light -converging neans at a desirable
posi tion withiof the polgjsectt trovdyet procespedses hef 15 sdas e pb £ finrstd iradliand ve
novenent anount bei ng obtained by defining the desirable position as a

di stance fromarmebjent raricepfacesabdre thite lpgl lssdmbieght whhtl edrricatachdf r om
the laser light source enters the object to be processed to the inside

t hereof and diaidiggttdhendistiantecdynt hef refa gotlisge 1EGamdedgluf wiltd igbj ect
to be processed with respect to the pulse laser light emtted fromthe

| aser |ight soureechbiettul3igry to form a first modified region caused

by multiphoton absorpticn within the object along a first
10 line along which the object is intended to be cut in the
cbject; and a second step of irradiating, after the first
step, the cbject with pulse laser light while lccating the
light-convergingpoint of laser light at apositiondifferent
from the light-converging point of laser light in the first
15 step in the thickness direction of the object to be processed
within the object, s0 as to form a second modified region
caused by multiphoton absorption extending along a second
line along which the object is intended to be cut and
three-dimensionally crossing the first modified region
20 within the object.

Inzcuttingprocess inwhichcross ssct

=

ons of anobject
tobeprocessedcrosseachother, amedifiedregionandanother
modified region arencot superposedon each other at a location
to become the crossing positicon between the cross sections
25 in the laser processingmethod in accordance with this aspect

of the present invention, whereby the cutting precision at
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means for calculating data of a second relative novenent anount of the
object to be processed in the thickness direction required for |ocating the
| i ght-convergi ng point of the pulse 15 laser |ight converged by the 1light-
converging neans at the entrance f ace; and second noving neans f or
relatively noving the object to be processed in the thickness direction
according to the data of first relative novenent anount stored by the
storage neans and the data of second rel ative novenent 20 anount cal cul at ed
by the cal cul ating nmeans. The |aser processing apparatus in accordance with
an aspect of &' ogicesdmy Pageht PBITTDMSr Pseseat Pdsbron idgie rsieuedd naf-or
emtting pulse laser light having a pulse width of | ps or |ess;

| i ght - conver giHy e ¥y @oriergividgt e plls 2B dsdgey- |ight enmitted from
the laser |ight source such that the pulse |aser |light attains a peak power
density of at 67 | ed8te |1aser0@rOVEERR gameahdE ght - ot ayi ¢y Woilntthigeans
for locating the | ight -converging point of the pulse laser light emtted
from the | aseradagght ofcure @ rwisehicni e obi @t canof en theosessed mavedns df or
adjusting the position of the pulse 5 |aser |ight converged by the

| i ght - Gonver ginfg isanto skt ko hEEntrands tkeess thile athe @b ebe nredsssed
processed; and noving neans for relatively noving the 1 i ght -converging
poi nt of pul sevitrag@sHsicghtoatbaglasd de cditofigamhi g ht he it tedodid liegt ended
to be cut in the object to be processed. For the sanme reason as that in the
| aser processidRyiaiet hdds si keapeoriadeE st tth dlelapadés reAt 3 oridte &3Pect s of

t he present invention, the |aser processing apparatus in )
of forming the second modified regicn at the locatiocn to

become the crossing position from being scattered by the
10 first modified region, whereby the second modified region
can be formed uniformly.

The laser processing methods in accordance with the
foregoing aspects of the present invention explained in the
foregoing have the following modes:

15 When the object tocbe processedisirradiatedwithlaser
light under a condition with a peak power density of at least
1 x 10% (W/cm?) and a pulse width of 1 ps or less at the
light-cenverging point, a modified region including a crack
region can be formed within the object to be processed. This
20 generates a phenomenon of an optical damage caused by
multiphoton abscrption within the object to be processed.
This optical damage induces a thermal distortion within the
object to be processed, thereby forming a crack regionwithin
the object to be processed. This crack region is an example
25 cf the above-mentioned modified region. An example of the

object to be processed in this laser processing methed is
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accordance wth these aspects of the present invention enable |aser
processi ng wi thout generating nmelt or unnecessary 15 fractures deviating
fromthe line along which the object is intended to be cut in the surface
of the object to be processed, and | aser processing in which the position
of the light-converging point of pulse laser light is regulated in the

t hi ckness direction of the object to be processed 20 within the object.
Brief Description of the Drawings Fig. | is a plan view of an object to be
processed durin | aser, ocessi b th Iaser rocessing nmethod in
accordance wi% %“eérﬂjeéﬂﬁiiﬂ HEnPS gzga?:%lg § BEaX UM oAED ité’wr?)?e’fﬁet%bj ect
to be processed shown in Fig taken along the line Il1-11; 68 Fi 3is a

plan view of the®obieet % %]ee]rﬁ &e%%%%lthf?%rpq]a%eer T s G My & fdtd ed by

t he | aser proceSS|ng met hod in accordance with the enbodinent; Fig. 4 is a
sectional view b3l ?h@p%%ﬁ%ﬁﬁnqcP%@beocessed 5 shown in Fig. 3 taken al ong
the line IV-1V; Fig. 5is a sectional view of the object to be processed
shown in Fig. 3 takdi el bhgObRECiTRPYPYOES§SE sréa‘é%%ﬁe?}l""é\ﬁl ofe t%Fe
obj ect to he processed cut by the |aser processing nethod in accordance
with the 10 ekt vester ¢|C@“d?t|l§“anFB;fhP@ﬁb\HCWQ?l’r@?ﬁ?%ﬁsﬂﬁ BS Atdeen the
electric field |nten§|%¥ ”th d the magnitude of crack in the  |aser processing
e

met hod in accot dant® wi't4 2BRbAdPHeE YRid§D 8% & #Ss&t ilGTa Ah eWDf the

obj ect to be processed
light-converging point, amodified regicen includingamolten

processed region can be formed within the object to be
processed. Here, the inside of the object to be processed
19 is locally heated by multiphoton absorption. This heating
forms a molten processed region within the object to be
processed. This molten processed region is an example of
the above-~mentioned modified regicn. An example of the
chbject to be processed in this laser processing method is

15 a member inclqding a semiconductor material.
When the object tobe processedis irradiatedwith laser
light vunder a condition with a peak power density of at least
1 x 10% (W/cm®) and a pulse width of 1 ns or less at the
light-converging point, a modified region including a
20 refractiveindex changeregiconwhichisaregionwithachanged
refractive index can also be formed within the object to
be processed. When multiphoton absorption 1is generated
within the object to be processed with a very short pulse
width es such, the energy caused by multiphoton absorption
25 is not transformed into thermal energy, so that a permanent

structural <change such as ionic valence change,
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15 in a first step of the | aser processing nmethod in accordance wth the
enbodi nent; Fig. 9 is a sectional view of the object to be processed in a
second step of the | aser processing nethod in accordance wth the
enbodi ment; 20 Fig. 10 is a sectional view of the object to be processed in
athird step of the | aser processing nethod in accordance wth the
enbodi nent; Fig. 11 is a sectional view of the object to be processed in a
fourth step of the | aser processing nmethod in accordance 25 with the
enbodi ment; Fig. 12 is a view shoring a photograph of a cross section 69 in
a part of a sidicoreMafzsticut, byrt helkaseptpeocessengatienhod iimdacedr dance
with the enbodinent; Fig. 13 is a graph showi ng rel ati onshi ps between the
| aser |ight wewiglleingttheaiol ¢die, twhansatiy banekrav it inan 1ads coange Jegubst r at e
in the | aser processing nmethod in accordance with the enbodinent; Fig. 14
is a schemati c. df agnath ofTral 4 asérzpracessidek chappae attus cusabbp ebampie | aser
processing nethod in accordance wth a first exanple of the enbodinent; 10
Fig. 15 is a fdowtharbolrermexplianecngotihéitdsergiqr.ocassergmpbs hofd the
accordance with the first exanple of the enbodinent; Fig. 16 is a plan view
of an dbj ect tubjre-tpriacessedockaseeXphathingl aseatpesae s o rearndae icut by
the laser 1.5 processing nethod in accordance with the first exanple of
t he enbodi nentg member including glass.
Adjustment of the position of the light-converging
point of laser light irradiating the object to be processed
in the thickness direction can include a first calculating
10 step of defining a desirable position in the thickness
direction of the light-converging peint of laser light
irradiating the object to be processed as a distance from
the entrance face to the inside and dividing the distance
by the refractive index of the cbject to be processed with
15 respect to the laser light irradiating the object, so as
to calculate data cf a first relative movement amount of
the object in the thickness direction; a second calculating
step of calculating data of a second relative movement amount
of the object in the thickness direction required for
20 positioning the light-converging point of laser light
irradiating the ocbject to be processed at the entrance face;
a first moving step of relatively moving the object in the
thickness direction according to the data of second relative
movement amount; anda secondmoving step of relativelymoving

25 the object in the thickness direction according to the data

of first relative movement amount after the first moving
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Fig. 17 is a schematic view for explaining the |laser processing nethod in
accordance with the first exanple of the enbodinent with a plurality of

| aser |ight sources; 20 Fig. 18 is a schematic view for explai ni ng anot her
| aser processing nethod in accordance with the first exanple of the
enbodiment with a plurality of laser light sources; Fig. 19 is a schematic
pl an vi ew showi ng a piezoelectric device wafer in a state held by a wafer
sheet in the second 25 exanple of the enbodinent; Fig. 20 is a schematic
sectional view showing a 70 piezoelectric device wafer in a state held by
the wafer sheet in the second exanple of the enbodinent; Fig. 21 is a
flowchart far &%BPai nihigf t3&) 2% i W n? hokl OF rPlactd? dertet v tH 498 "Second
exanpl e of the enmbodinent; 5 Fig, 22 is a sectional view of a )

li ght-transni tPPAYE Mat BT Lo ddi attd® Wit Rk asR A ikeght OBy § RBe QRS
method in accordance with the second exanple of the enbodinment;  Fig. 23 is
a plan vi ew of L®RE RiGIRSIGhAL RN IRy THEtISISEPOT ¥ ¥ heh vé el L Rittr 9EEE -1 i ght
by the cutting method 10 in accordance with the second exanple of the
embodi nent; F'gnedw j¢ibh seefepnarevien b enerdneghtLa¢ansime tharfusét eri al
shown in Fig. 23 taken_along the line XXIV-XXIV; Fig. 25 is a sectional

vi ew of 2t he | i ght-er ansat i {1 AV SRREr PAPURROENT i § cbil§Cctome PRSP H TG t he
line XXV-XXV; 15 Fig. 26 is a sectional view of the light-transmtting

mat eri al showni? i §highnesaRenl BEoh§OR IRE FPRCHOGE AP WRER T ctive

| i ght-convergi ng poi nt noving speed is nmade | ower; Fi%ﬁ 27 1s a sectional
vi ew of the |ib%ge¥p§@§ﬁqq]$ﬁfw1threspecttothelaser lght irradiating

the object becomes the distance from the entrance face to
the light-converging point of laser light. Therefore, when
10 the cbject to be processed is moved by the relative movement
amount obtained by dividing the distance from the entrance
to the inside of the object by the above-mentioned refractive
index, the light-converging point of laser light can be
aligned with a desirable position in the thickness direction
15 of the object.
The laser processing apparatus in accordance with an
aspect of the present inventioncomprisesa laser light source
for emitting pulse laser light having a pulse width of 1
us or less; light-converging means for converging the pulse
20 laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of at
least 1 x 10% (W/cm?) at a light~convergingpoint; first moving
means for relatively moving the light-converging point
converged by the light-converging means along a line zlong
25 which the object is intended to be cut in an object to be

processed; storingmeans for storing data of 2 first relative
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material shown in Fig. 23 taken along the |ine XXV-XXV when 20 the
| i ght - converging point noving speed is nade further lower; 25 Fig. 28 is a
sectional view of a piezoelectric device wafer or the like showing a first
step of the cutting method in accordance with the second exanple of the
enbodi nent; Fig. 29 is a sectional view of the piezoelectric device wafer
or the Iike show ng a second step of the cutting nethod 71 in accordance
with the second exanple of the enbodinent; Fig - 30 is a sectional view of
the piezoelectric device wafer or the |ike showing a third step of the
cutting net hodnovamaotemiamceo hithke dlie Setond rxanpl s din the wrilsddiessnt; 5
Fig. 31 is a sectional view of the piezoelectric device wafer or the |ike
showi ng a fourtihrstepooff crhieocart tnqigheetibbtd-convacgondancetwoh b fithe ssecond
exanpl e of the enmbodinment; Fig. 32 is a sectional view of the piezoelectric
device wafer olLathe LigbtshomvaggadfbithhstEpglof-thevendinngnawished 210 in
accordance with the second exanple of the enbodinent; Fig. 33 is a view
showi ng a photdgsaphbde @acpl anen ofishmanple ohijtdatn twhbehpeoorsedd r egicon i s
formed upon irradiation wth linearly polarized pulse laser light; Fig. 34
is a vikw showlagaacphbdiogtaphlefimephanemeft amdudi tding odtischmesl dnack
region is formed upon irradiation wth circularly polarized pul se | aser
light; Fig. 35de$imisecthenaeadimiplaf pdwlsianpl &sshowdsitanEeg.froB3 ttheken
along the line XXXV-XXXV; Fig. 36 is a sectional view of the sanple shown in
Fig. entrance face where the pulse laser light emitted from the
laser light source enters the object to be processed to the
inside thereof and dividing the distance by the refractive
10 index of the object tc be processed with respect to the pulse
laser light emitted from the laser light source; calculating
means for calculating data of a second relative movement
amount of theokbject tobeprocessedinthe thicknessdirection
requir"ed for locating the light-converging point of the pulse
15 laser light converged by the light-converging means at the
entrance face; and second moving means for relatively moving
the object to be processed in the thickness direction
accordingtothedataocffirstrelativemovement amount stored
by the storage means and the data of second relative movement
20 amount calculated by the calculating means.
The laser processing apparatus in accordance with an
aspect of thepresent inventicncomprisesa laser light scurce
for emitting pulse laser light having a pulse width of 1
ps or less; light-converging means for converging the pulse
25 laser light emitted from the laser light source such that

the pulse laser light attains a peak power density of at
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20 34 taken along the line XXXVI-XXXVI; Fig. 37 is a plan view of the part
of object to be processed extending along a |line along which the object is
intended to be cut, in which a crack region is fornmed by the |aser
processing nethod in accordance with a third exanple 25 of the enbodi nent;
Fig. 38 is a plan view of the part of object to be 72 processed extending
along a line along which the object is intended to be cut, in which a crack
region is fornmed by a conparative |aser processing nethod, Fig. 39 is a
view showing elliptically polarlzed laser 5 light in accordance with the
third exanpl e beathel enbdditiein’) and aighackonegkohng gratedt t hersbyfoFi g. 40
is a schematic diagramof the | aser processing apparatus in accordance with
the third exanpbeadfingheie énodi-menverg@nBipnintlci sha pet spéetsievel Viletv of a
gquarter-wave plate included in an ellipticity regulator in accordance with
the third exaapieteti fhemenbodiawnt ;likihg. s4lrics aipeispecobyecti ewlod a
hal f -wave plate included in a 90" rotation regulator part in accordance
with 15 the throdeexanpl meahst ierenbigdsnent; tkegpodBtisnact | omehanlsé or
expl aining the laser processing nethod in accordance with the third exanple
of theSenbodi hesty Fght &briwemaggd &y vhew oufhta cirhiccwinafiesnsrvadhated 20
with elliptically polarized |laser light by the |aser processing nethod in
accordance w thheheidirek exdnpieocbfiect to be processed; and moving means
for relatively moving the light-converging point of pulse
laser light along a line alcng which the object is intended
to be cut in the object to be processed.
10 For the same reason as that in the laser processing
methods in accordance with the above-mentioned aspects of
the present invention, the laser processing apparatus in
accordance with these aspects of the present invention enable
laser processing without generating melt or unnecessary
15 fractures deviating from the line aleng which the cobject
is intended to be cut in the surface of the okject to be
processed, and laser processing in which the position of
the light-converging point of pulse laser light is regulated
in the thickness direction of the object to be processed
20 within the object.
Brief Description of the Drawings
Fig. 1isaplanviewof anobject teo be processed during
laser processing by the laser processingmethod in accordance
with an embodiment:

25 Fig. 2 is a sectional view of the object to be processed

shown in Fig. 1 taken along the line II-11I;
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the enbodinent; Fig. 45 is a plan view of a silicon wafer irradiated wth
linearly polarized |laser light by the | aser processing 25 nmethod in
accordance with the third exanple of the enbodinent; Fig. 46 is a plan view
of a silicon wafer in which the 73 silicon wafer shown in Fig. 44 is
irradiated with elliptically polarized |aser light by the |aser processing
method in accordance with the third exanple of the enbodinent; Fig 47 is a
plan view of a silicon wafer in which the 5 silicon wafer shown in Fig. 45
isirradiated with linearly polarized |aser light by the | aser processing
method in accordance with the third exanple of the enbodinent; Fig. 48 is a
schematic di agram of Ft%he fak®r?® gt §§Fﬂb°faﬁ§§r8?&§CTnt%é%%r %h a
fourth exanple of the 10 enbodi nent; Fi%. 49 is a plan view of a silicon
waf er in whi chaf%%f $EPEEoR TREFES 18Roft Tt UEdy PYa4 s 1a95di RE X 34 X
elliptically polarized |laser |ight bg the | aser processing nethod in

accor dance wi thethect dur ¢ Rcexappre vithnePendBBrdeMnt15 Fig. 50 is a plan
view of the object to be processed in the case where a crack spot is fornmed
relatively large byFi@i gt ReSdHS" P Be8YSIMBPEePAGETI P REFIUETEE Wi th a

fifth exanple of the enbodinment; Fig. 51 is a sectional view taken al ong
LI-LI oh the Sevingnalbig whiekerhalonyethei s1nhit et to be cut shown in
Fig. 50; Fig. 52 is a sectjonal view taken along LII-LII orthogonal to the

l i ne al ong whi ch theF:b%j Acts PS8 Gtisidelgview of the object to be processed

shown in Fig. 3 taken alecng the line V-V;

Fig. ¢ is a plan view of the object to be processed
cut by the laser processing method in accordance with the

10 embodiment;

Fig. 7 is a graph showing relationships between the
electric field intensity and the magnitude of crack in the
laser processing method in accerdance with the embodiment;

Fig. 8 is a sectional view of the object to be processed

15 in a first step of the laser processing methed in accordance
with the embodiment;

Fig. 9 is a secticnal view of the object to be processed
in a second step of the laser processingmethod in accordance
with the embodiment;

20 Fig. 10is asectional viewof theobject to be processed
in a third step of the laser processing method in accordance
with the embodiment;

Fig. llisasecticnal viewof thecbject tobe processed
in a fourth step of the laser processing method in accordance

25 with the embodiment;

Fig. 12 isaviewshoringaphotographof across section
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to be cut shown in Fig. 50; 25 Fig. 53 is a sectional view taken al ong
LITI-LITlI orthogonal to the line along which the object is intended 74 to
be cut shown in Fig. 50; Fig. 54 is a sectional viewtaken along LIV-LIV
orthogonal to the line along which the object is intended to be cut shown
in Fig. 50; 5 Fig. 55 is a plan view of the object to be processed shown in
F~g~ 50 cut along the line along which the object 1is intended to be cut~
Fig. 56 i s a sectional view of the object to be processed taken along the
| i ne al ong which the object is intended to 10 be cut in the case where a
crack spot is fonnedoeetatfvel yishadh byfesiagt the thselapeocesstays et hod
in accordance wth the fifth exanple of the enbodinent; Fig. 57 is a plan
view of the objeethtd be procedsede shbnthe &rigodbBegtit al ong the |ine

al ong which the object is intended to be cut; Fig. 58 is a sectional view
of the object to be priogesiseds shpmmy shatiate rellete opulhses asewekinghitei s
converged within the object by using a light -converging | ens having a

pr edet er m ned nlaeer dakhapentaires]gt20afFdghesr drssmal sert ¢t @wak hunews bl iche
object to be processed including a crack spot fornmed due to the nultiphoton
absor pti®on caussdobyrateadi aheols set pricases ingghtt shdwm encoEidgncg8yiEig. 60
is a sectional view of the object to be processed 25 in the case where a

| i ght - conver gi ngh¢ easbdavmamgt a nuneri cal

Fig. 14 is a schematic diagram of a laser processing
apparatus usable inthe laser processingmethod inaccordance
with a first example cf the embodiment;

10 Fig. 15 1s a flowchart for explaining the laser
processing method in accordance with the first example of
the embodiment;

Fig. 16 1s a plan view of an object to be prccessed
for explaining a pattern which can ke cut by the laser

15 processing methed in accordance with the first example of
the embodiment;

Fig. 17 is a schematic view for explaining the laser
processing method in accordance with the first example of
the embodiment with a plurality of laser light sources;

20 Fig. 18 is aschematicviewforexplaining another laser
processing method in accordance with the first example of
the embodiment with a2 plurality of laser light sources;

Fig. 1S5isaschematicplanviewshowingapiezoelectric
device wafer in a state held by a wafer sheet in the second

25 example of the embodiment;

Fig. 20 1s a schematic sectional wview showing a
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aperEure greater than that of the exanple shown in Fig. 58 75 is used; Fig.
61 is a sectiona | view of the object to be processed including a crack
spot fornmed due to the nultiphoton absorption caused by irradiation with
| aser light showmn in 5 Fig- 60; Fig. 62 is a sectional view of the object
to be processed in the case where pulse |aser |ight having a power | ower
than that of the exanple shown in Fig. 58 is used; Fig. 63 is a sectional
view of the object to be processed 10 including a crack spot fornmed due to
the nulti photon absorption caused by irradiation with laser |ight shown in
Fig. 62; Fig. ®G4sizoedesdaticonaylceawicr ihé dbjeehetodey pheceaeysheRtt he
case where pul se |laser light having a power [ower than that the exanple
shown in Fig.. i60the sesemd Exgnrgs of & heesmbosameritéw of -t he obj ect to be
processed including a crack spot formed due to the multiphoton absorption
caused by irradiati ofiig@i-tdl I agerl d{gHrtshows*pAairigy g Coot FgmegBops a
sectional view taken along LXVI-LXVI orthogonal to the |line along which the
obj ect is inteddedcamsdsaceutiishowme weriogd 5Fampilg. o7 the ambeRemante
di agram showi ng the | aser processing apparatus in accordance with the fifth
exanpl e> 25 of the edBedi ABniS Figpcwoonal a/itwe @i agodimsKewsAgtalpart of
an exanple 76
material irradiated with laser light by the cutting method
in accordance with the second example of the embodiment;
Fig. 23 is a plan view of the light-transmitting
material irradiated with laser light by the cutting method
10 in accordance with the second example of the embodiment;
Fig. 24 is a sectional view of the light~transmitting
material shown in Fig. 22 taken along the line XXIV-XXIV;
Fig. 25 is a secticnal view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV;
15 Fig. 26 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV when
the light-converging point moving speed is made lower;
Fig. 27 is a sectional view of the light~-transmitting
material shown in Fig. 23 taken along the line XXV-XXV when
20 the light-converging point moving speed is made further
lower:
Fig. 28 is a sectional view of a piezoelectric device
wafer or the like showing a first step of the cutting method
in accordance with the second example of the embodiment;

25 Fig. 29is a secticnal view of the piezoelectric device

wafer or the like showing a second step of the cutting method
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of overall controller provided in the |aser processing apparatus in
accordance with the fifth exanple. of the enbodinent; Fig. 69 is a view
showi ng an exanple of table of a 5 correlation storing - section included
in the overall <controller of the | aser processing apparatus in accordance
with the fifth exanple of the enbodinent; Fig. 70 is a view show ng anot her
exanple of the table of the correlation storing section included in the
overall 10 controller of the |aser processing apparatus in accordance wth
the fifth exanple of the enbodinent; Fig. 71 is a view showi ng still another
exanpl e of theintabter@hntbewcOnr ehat §0008A Ok NPp SECHTF Obh & Nehibisletnd it t he
overall controller of the | aser processing apparatus in is accordance with
the fifth exanpl e ofridhe zembodi s@ntiofdigvidd diSt Be pakemRtlice tdijagiamed the

| aser processing apparatus in accordance with a sixth exanple of the

enbodi ment ;. F;gfer B3 tHedl ViEWHNAWNE diher £QREQr gENGR: elitkasgrmdidy 20
caused by a light -converging lens in the case ere no beam expander is

di sposed; Fig.i{4ak8oRdyheW SOM Age t hE-60AVEL G8PCE OFf {Bseimbddtentcaused
by the light-converging lens in the case where a beam expander is disposed,

25 Fig.575 is a scheppfig1di agrampofoddeyl aser PROGRSHIRA e ARRRI @ Hhcd N

accordance with a seventh exanple of the 77 eMiodinent; Fig. 76 is a view

showi ng the copyesgencenefi iaseholiighta fourth step of the cutting method

in accordance with the second example of the embodiment;

Fig. 32 is a secticnal view of the piezoelectric device

wafer or the like showing a fifth step of the cutting method

10 in accordance with the second example of the embodiment;

Fig. 33 is a view showing a photograph of a plane c¢f

asamplewithinwhichacrackregiconis formeduponirradiation

with linearly polarized pulse laser light;

Fig. 34 is a view showing a photograph of a plane of

(€3]

samplewithinwhichacrackregionisformedupecnirradiation

2

with circularly polarized pulse laser light:

Fig. 35 is a sectional view of the sample shown in Fig.
33 taken along the line XXXV-XXXV;

Fig. 36 is a sectional view of the sample shown in Fig.

20 34 taken along the line XXXVI-XXXVI;

Fig. 37 is a plan view of the part cf object to be
processed extending along a line along which the object is
intended to ke cut, in whicﬁ a crack region is formed by
the laser processingmethodinaccordancewithathirdexample

25 of the embodiment;

Fig. 38 is a plan view of the part of object to be



caused by the light-converging lens in the case where no iris diaphragmis
di sposed; 5 Fig. 77 is a view showi ng the convergence of l|laser light caused
by the light-converging lens in the case where an iris diaphragmis
di sposed; Fig. 78 is a block diagram show ng an exanpl e of overal
controller provided in a nodified exanple of the |l aser 10 processing
apparatus in accordance with the enbodinent; Fig. 79 is a block diagram of
anot her exanple of overall controller provided in the nodified exanple of
the | aser processing apparatus in accordance with the enbodi nent; Fig- 80
is a block di agramesfsesit ekkecadohheal @exampllenelslofigovieiah [theopbriekiters
provided in the nodified exanple of the |aser processing apparatus in
accordance w t hntteedeemtodibrertut ,Fiig. wBichsaacpbanh vegwoof ianfexmaplleyof the
part of object to be processed extending along a line along which 20 the
obj ect is inteadednparbe icut 1aiskwWhirelkea sdinackeregidon is formed by the | aser
processing nethod in accordance with an eighth exanple of the enbodi nent;
Fig. B2 is a plan vi ewgof3anetdhedcexamtmpblihetpast 1 yagfolahjiesd t asbe
processed extending along the line along 2S which the object is-intended to
be cut, 5i n whi ¢hgatcimekcpegbaneisi ftot hed Hiy d deahpben fprocessodgmaet hod in
accordance 78 with the eighth exanple of the enbodinent; Fig - 83 is a plan
view of still andt kerrexanplkeiot tfhemeparheakbehbj ect to be processed
extending along the line along which the object is intended to be cut, in
whi ch a crack Fig. 40 is a schematic diagram cf the laser processing
apparatus in accordance with the third example of the
embodiment ;

10 Fig. 41 is a perspective view of a quarter-wave plate
included in an ellipticity regulator in accordance with the
third example of the embodiment;

Fig. 42 is a perspective view of a half-wave plate
included in a 20° rotation regulator part in accordance with

15 the third example of the embodiment;

Fig. 43 4is a flowchart fcr explaining the laser
processing method in accordance with the third example of
the embodiment;

Fig. 44 is a plan view of a silicon wafer irradiated

20 with elliptically polarized laser light by the laser
processing method in accordance with the third example of
the embodiment;

Fig. 45 is a plan view of a silicon wafer irradiated
with linearly polarized laser light by the laser processing

25 methodinaccordancéwiththethirdexampleoftheembodiment;

Fig. 46 is a plan view of a silicon wafer in which the
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region is formed by the | aser processing nethod in accordance with the

ei ght h exanple of the enbodinent; Fig. 84 is a schematic diagram of a
Qswitch aser provided in a laser |ight source of the | aser processing
apparatus in accordance with the eighth exanple of the 10 enbodi nent; Fig.
85 is a block diagramshowing a part of an exanple of overall controller of
the | aser processing apparatus in accordance wth the eighth exanple of the
enbodi ment; Fig. 86 is a block diagram showi ng a part of another exanple of
overall controller of the |laser processing apparatus in accordance with the
ei ght h exanpl esbdl ithe wadrtrodiavenin FEigg.4 BYsiisradbkhoek wditdgr B sthiowd Ing a part

of still another exanple of overall controller of the |aser processing 20
apparatus in agcbedaned wethrt hegeitghtyh téreanyse ofprdre s ssmgodiatentd iFi g. 88
is a block diagram showi ng a part of still another exanple of overall

control |l er of &beotdsecepwdriesshagthappaeatmosl e noactlos dameed imddt t he ei ghth
exanple of the 25 enbodinent; Fig. 89 is a perspective view of an exanpl e
of the object 79 to begpridcessechlwirt hirwwbi chsalérackvabg am wsiforuned by
using the | aser processing nethod in accordance with a ninth exanple of the
enbodi nent; Fi gil90onsvaf gersdhpect ivervgewl bfis herebjectdt vibe 15qmmgessed
formed wth a crack extending fromthe crack region shown in Fig. 89;
polarized laser light by the laser processing method in
accordance with the third example of the embodiment;

Fig. 48 is a schematic diagram of the laser processing

apparatus in accordance with a fourth example of the
10 embodiment;

Fig. 4% is a plan view of a silicon wafer in which the
siliconwafershowninFig. 44 isirradiatedwithelliptically
polarized laser light by the laser processing method in
accordance with the fourth example ¢of the embodiment;

15 Fig. 50 is a plan view of the object to be processed
in the case where a crack spot is formed relatively large
by using the laser processing method in acccrdance with a
fifth example of the embodiment;

Fig. 51 is a sectional view taken along LI-LI on the

20 line along which the object is intended to be cut shown in
Fig. 50;

Fig. 52 is a sectional view taken along LII-LII
orthogonal to the line along which the obkject is intended
to be cut shown in Fig. 50;

25 Fig. 53 is a sectional view taken alcng LIII-LIII

orthogonal tc the line along which the object is intended
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Fig. 91 is a perspective view of another exanple of the object to be
processed within which a crack region is formed by using the |aser
processi ng nethod in accordance 10 with the ninth exanple of the

enbodi ment; Fig. 92 is a perspective view of still another exanple of the
object to be processed within which a crack region is forned by using the
| aser processing nethod in accordance wth the ninth exanple of the

enbodi ment; Fig. 93 is a view showi ng the state where a 1ight-converging
point of laser light is positioned on the surface of the object to be
processed; Fig.t84bescatvebewshomi Aggt heOstate where a |ight-converging

point of laser light is positioned within 20 the object to be processed;
Fig. 95 is a flowharFifor &xplai ai pgdtherladseriepr acésesi regl ared hddvihIV
accordance with the ninth exanple of the enbodinent; Fig. 96 is a
perspective vi esrofcgoneianpl ehoflirhe adbjrectwh iz tthebelbpracessednnetiica
which a crack region is forned by wusing the |aser processing nethod in
accordance withta bentht88hexanpheronf.the;enbodinment; Fig. 97 is a partly
sectional view of the object to be processed shown in Fig. 96; Fig. 98 is a
perspectbve view of aRdyhess examppeanfvibwtbe Wb edtjdar he peocessedsadlt hin
which a crack region is fornmed by using the | aser processing nethod in
accordance w thhthe tenfipgexXdanpbe afohbeteabbihereniignd-iwgic®9the abpactly
sectional view of the object to

is intended to be cut;

Fig. 56 isasectional viewof theobiject tobeprocessed
taken along the line along which the object is intended to
10 be cut in the case where a crack spot is formed relatively
smail by using the laser processing method in accordance
with the fifth example of the embodiment;
Fig. 57 is a plan view of the object to be processed

shown in Fig. 56 cut along the line along which the ¢bject

p
o

is intended to be cut;
Fig.58isasectionalviewoftheobjecttobepmocessed
showing a state where pulse laser light is converged within

the object by using a light-converging lens having a

predetermined numerical aperture;

20 Fig. 59isasectional viewof thechject tobe processed
including a crack spot formed due to the multiphoton
absorption caused by irradiation with laser light shown in
Fig. 58;

Fig. 60 isasectional viewof the object tobeprocessed

25 in the case where a light-converging lens having a numerical

aperture greater than that of the example shown in Fig. 58
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be processed shown in Fig. 98; and 10 Fig. 100 is a perspective view of
still another exanple of the object to be processed within which a crack
region is formed by using the | aser processing nethod in accordance wth
the tenth exanple of the enbodi nent. Best Mddes for Carrying Qut the
Invention 15 In the follow ng, a preferred enbodi nent of the present
invention wll be explained with reference to the drawings. The |aser
processi ng nethod and | aser processing apparatus in accordance with this
enbodi nent forma nodified region by nultiphoton absorption. The
mul ti phot on absosptsem is 20 a phenonenon occurring when the intensity of
| aser light is nade very high. First, the multiphoton absorption will be
explained in brief. Aimteriial s becamesaopticatt ¥ herasar esthewhescd heed
energy by of a photon is |ower than the band gap EG of absorption 25 of the
material . Therefipipugife conehddon spader fahhed absordsd i @ReOGRYT 51 plibEdie
material is by > EG Even when 81 optically transparent, however, absorption
occurs in the Jméerpalonndaisddheycondbliionioh wiiwh 3G Nignd, sBowd,in .. )
when the intensity of laser light is nade very high. This phenonenon is
known as mul ti phwg ong@psorption. In the case 5 of pulse wave, the intensity
of laser light is determ ned by the peak power density (WcnR) of |aser
light at the [|ight-conyergiiRg pecht onwherieasof he et id o oR Bhses piddn
occurs under the condition with a peak power density of at least 1 x 108
(WcenR) , for exanmpte.cadde ywoake povkse densd it vl ildhi shdeley i neslvdy (@ner gy of
| aser |ight at the

than that of the example shown in Fig. 58 is used;

Fig. 63 is asecticnal viewof theobject tobe processed
10 including a crack spot fogmed due to the multiphoton
absorpticon caused by irradiaticn with laser light shown in
Fig. 82;
Fig. 64 isasecticonalviewof theobject tobe processed

in the case where pulse laser light having a power lower
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......... the example shown 1n Fig. 60 1is used;

Fig. 65isasectional viewof theobject tobeprocessed
including a crack spot formed due to the multiphoton
absorption caused by irradiation with laser light shown in
Fig. 64;

20 Fig. 66 1is a sectional view taken along LXVI-LXVI
orthogonal to the line along which the object is intended
to be cut shown in Fig. 57;

Fig. 67 1s a schematic diagram shewing the laser

processing apparatus in accordance with the fifth example

25 of the embodiment:

Fig. 68 is a block diagram showing a part of an example
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| i ght - convergi ng point per pul se)/(beam spot cross-sectional area of |aser
light x pulse wwdth) . In the case of a continuous wave, the intensity of

| aser light is determned by the electric field intensity (WcnR) of |aser
15 light at the light-converging point. The principle of |aser processing in
accordance with the enbodi nent utilizing such nmultiphoton absorption wll
now be explained with reference to Figs. 1 to 6. Fig. 1 is a plan view of
an object to be processed | during |laser 20 processing. Fig. 2 is a
sectional view of the object 1 shown in Fig. 1 taken along the line Il-11.
Fig. 3is apla vieM/lgf ect ase cessing. Fi is a

t he obj 1 after.| r Fi g..
sectional view of Fhé m%&ﬁi?ﬁiﬁ%ﬁMP%?ﬁfﬁ q é”tépgnagﬁgﬁg & %%ﬁﬁgl\ﬁl\ﬁ
Fig. 5is a sectional view of the,object.l shown in. .25 Fiqg. t aken .al ong
the I Tne vov. ErgTPeted 3R armdtan e ol et 9 lac Bt n
Figs. | and 2, thedobéect | has a surface 3 with a line along which the
obj ect is inten&a?tBBE cut 5. The line al ong which the object is intended

e oo o L BEET g o2t DD, LRl |0, I LD | 2050 & it aoessing
oht vl e Local 00, 5. L1 gty sonvldl g oLt B I Lhe oflschal under
reaton 7. T dofe it SeomsLgl ng B nlreter La-a L utatl on A0 A ch
the line alOqgiygigﬁetP?fggjgggméfeig epggde%§5£¥%é%%;5 (i, e, along
Fig. 70 is a view showing ancther example of the table
of the correlation storing section included in the overall
10 controller of the laser processing apparatus in accordance
with the fifth example cof the embodiment;
Fig. 71 is a view showing still another example of the
table of the correlation storing section included in the

overall controller of the laser processing apparatus in

b=
o

accordance with the fifth example of the embodiment;

Fig. 72 is a schematic diagram of the laser processing -
apparatus 1in accordance with a sixth example of the
embodiment;

Fig..73 tsaviewshowing the convergence of laser light
20 caused by a light-converging lens in the case where no beam

expander is disposed;

Fig. 74 is aview showing the convergence of laser light
caused by the light-converging lens in the case where a beam
expander is dispcsed;

25 Fig. 75 iseaschematic.diagranlof the laser processing

apparatus in accordance with a seventh example of the
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the direction of arrow A) , the light-converging point Pis noved along the
line al ong which the object is intended to 15 be cut 5. This forns the

nodi fied region 7 along the Iine along which the object is intended to be
cut 5 only wwthin the object | as shown in Figs. 3 to 5. In the |aser
processing nethod in accordance with this enbodi nent, the nodified region
7 is not formed by heating the object 1 due to the 20 absorption of |aser
light L therein. The laser light L is transmtted through -the object 1, so
as to generate nultiphoton absorption therewithin, thereby formng the

nodi fi ed regio%n&; Eﬁ@ﬁﬁjore, the laser light L is hardly absorbed at the
surface 3 of the 5ﬁ}ect I, whereby the surface 25 3 of the object | wll

not nelt. If a startin int exists.in.a rt to be cut n 83 cutting the
object 1, the object FIl%W!OP(% P %V%%‘fé%fhrogrlnnfg%e es?%w?ﬁ%en%%;g%ﬁ,a%re%%)@& t he
obj ect 1 can be cutcyﬁth gergLa i!%k% esrmall ;orce.as ghomn inWFig. S

Hence, the cbjé@ﬁsﬁ CEH & d@ Wi et 8&H5r Fpﬁglﬂnﬁ 8e§§3?y rhet'lfes in
the surface 3.of the o?ject l.. The fo%lqmﬁng two cases seemto exist in the
cutting of theidh] SPEE 358 prrocesEEd G<ing the nodified region as a
starting point. The tjrst_case is where,. after the nodifie regi on i

Formed. Zan artificiaF Porbbire hbpt Foa t8orHE Sof Cereeoe Rhek st FhehBbj ect
breaks while using th ifi.ed.region_ _as a starting,.point, _and thus is
St Thi's s oG T tohe loste rtre Bieton By PocBR frseetbahthia o

| ar ge thicknes§TiSf%%a%§% H?isA%RE Eg%dan artificial force includes, for
exanpl e, applyi'ng a bending stress or sheéaring stress to

Fig. 78 isablockdiagramshowing an example of overall
controller provided in a modified example of the laser
10 processing apparatus in accordance with the embodiment;
Fig. 78 isablockdiagramof another example of overall
controller provided in the modified example of the laser
processing apparatus in accordance with the embodiment;
Fig. 80 is a block diagrem of still another example
15 of cverall controller provided in the modified example of
the laser processing apparatus in accordance with the
embodiment;
Fig. 81 is a plan view of an example of the part of
object to be processed extending along a line along which
20 the object is intended to be cut, in which a crack region
is formed by the laser processing method in accordance with
an eighth example of the embodiment;
Fig. B2 is a plan view of another example of the part
of object to be processed extending along the line along
25 which the object is ‘intended to be cut, in which a crack

regionis formedby the laser precessing method in accordance
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is the object along the Iine along which the object is intended to be cut
in the object to be processed or inparting a tenperature-difference to the
object so as to generate a thernmal stress. Another case is where a nodified
region is forned, so that the object naturally breaks in the 20
cross-sectional direction (thickness direction) of the object while using
the nodified region as a starting point, whereby the object is cut. This
can be achieved by a single nodified region when the thickness of the
object is small, and by a plurality of nodified regions fornmed in the

t hi ckness 25 directilon abhgmth hexdimpbknesSstiod drisodibyett: to be processed is
| arge. Breaking and cutting can be carried out wwth 84 favorable control
even in this naturaltiygbs&aksngpiaseyisi ndest bt faksotiidt eratnpleach tthee part
formed with no nodified region on the surface in the part to be cut, so
that only the part off of Ned: wictlhe bhre cardietied aregiranatanghedi okers lamd; cut .
Such 5 a breaking and cutting nmethod with favorable controllability is

qui te ef fecti vehish ncee sei condiet Dt avedead st suoh @s, sid iwddrchwaf enrsdiave
recently been prone to decrease their thickness. The nodified region forned
by mul t3 phot onc apsot pksi Dermedbiyt Hehl ss enpadiceert ngned wekes 1 b e daaldzowieng (1)
to (3) : (1) Case where the nodified region is a crack region including one
or a pluralitwiofh ctlaeksidinclobgeetple b pgrocesseiinfenty. , gl ass or a

pi ezoel ectric material made of LiTa03) is irradiated wwth 7 J - 1-, + - -
-~n 17 inr ri i nBidb daser diglitenitiile dilkgyranl Al pd-dwiitscH deesteed

provided in a laser light scurce of the laser processing
apparatus in accordance with the eighth example of the
10 embodiment;
Fig. 85 is a block diagram showing a part of an example
of overall contreller of the laser processing apparatus in
accordance with the eighth example of the embodiment;

Fig. 86 is a block diagram showing a part of ancther

[
(9]

example of overall contreoller cof the laser processing
apparatus in accordance with the eighth example of the
embodiment;

Fig. 87isablockdiagramshowingapartofstill another
“example of overall controller of the laser processing
20 apparatus in accordance with the eighth example of the

embodiment;

Fig. 88isablockdiagramshowingapartofstill another
example of overall controller of the laser processing
apparatus 1in accordance with the eighth example of the

25 embodiment;

Fig. 8% is aperspectiveviewof anexample of theobject
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therew thin under a condition with a peak power density of at least 1 x 108
(WCWM ) and a pulse width of | -ps or less at the |light-converging point.
Thi s magnitude of pulse width is a condition under which a crack regi on can
be fornmed only 20 within the object to be processed while generating

mul ti phot on absorption w thout causing unnecessary danmages to the surface
of the object. This generates a phenonenon of optical damage caused by

mul ti phot on absorption within the object to be processed. This optical
damage i nduces 25 thermal distortion within the object to be processed,
thereby forning ise opascke s €6d onither et {dth na Jhecuppesidinid pfrB&d edectric
field intensity is 1 x 10 12 (W/ Cw) , for exanple. The pulse width is

preferably 1 nssig20@ Désef@frcﬁ?@%%mn?- me The# orik g6t danekagk: If @gh ditlgaused
bymul ti photon absorption is described, for exanple, in "Internal Marking of

G ass 5 Subst ratanbye S9f i ehstatigodaseit Har moni cs”, Proceedings of 45th
Laser Materials Processing Conference (Decenber 1999) , pp. 23-28. The

inventor detern ned rel atonshi pspbetweenihevieleetr ithd degldbd ntenséty and
t he magni tude of crack by an 10 experinent. Conditions for the experinent

are as goll ow?rdé%)sm gohrmkd Wit B QGessedi t EYE eXq Hrasst hbaviake fegidh ckness
of 700 prn) (3) Laser Light source: sem conductor |aser punping is Nd:YAG

| aser Vavel engdHbwd 064 nmylaser |ight spot cross-sectional area: 3.14
Fig. 91 is a perspective view of another example of

the object to be processed within which a crack region is

formed by using the laser processing methed in accordance

10 with the ninth example of the embodiment;

Fig. 92 is a perspective view of still another example

of the okbject to be processed within which a crack region

is formed by using the laser processing method in accordance

with the ninth example of the embcdiment;

w

Fig. 893 is a wview showing the state where a

e

light-converging point of laser light is positioned on the
surface ¢of the object to be processed;

Fig. 94 1is a view showing the state where a
light-converging point of laser light is positioned within

20 the object to be processed;

Fig. 595 1s a flowchart fcr explaining the laser
processing method in accordance with the ninth example of
the embodiment;

Fig. 96 isaperspectiveviewof anexample of the object

25 to be processed within which a crack regicn is formed by

using the laser processing method in accordance with a tenth
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10-1 cm 20 Gscillation node: Qswitch pulse Repetition frequency: 100 kHz
Pul se width: 30 ns Qutput: output < 1 ml/pulse Laser light quality: TEMdoO
Pol ari zation characteristic: linear 25 polarization (C) Light-converging
|l ens 86 Transmittance with respect to laser light wavel ength: 60% (D)
Movi ng speed of a nounting table nounting the object to be processed: 100
nmm sec 5 The laser light quality of TEMop indicates that the |I|ight
convergence is so high that light can be converged up to about the
wavel ength of laser light. Fig. 7 is a graph showing the results of the
above- nent i onedxexpéei pEntheThebalismessa i ndi cates peak 10 power density.
Since laser light is pulse laser light, its electric field intensity is
represented by the pBaf. pohwers densittly sEre iandilnatiew odi thteshibet sieze of a
crack part (crack spot) formed within the object to be processed by one
pul se of | aserbti ghbceAnecdsseobhyinf Fe¢gacksespots fornms 15 a crack region
The size of a crack spot refers to that of the part of dinensions of the
crack spot yielding Fhe. ne&i nam deangidrt ikhe wdatwa cifndhcahed dyabpaekoircl es
in the graph refers to a case where the |ight-converging glass (C has
5 the object to be processed within which a crack regicn 1is
formed by using the laser processing methed in accordance
with the tenth example of the embodiment;
Fig. 99 is a partly sectional view of the cbject to
be processed shown in Fig. 98; and
10 Fig. 100 is a perspective view of still another example
of the object to be processed within which a crack regicn
is formed by using the laser processing method in accordance
with the tenth example of the embodiment.
Best Modes for Carrying Out the Invention
15 Inthe following, apreferredembodiment of the present
invention will be explained with reference to the drawings.
The laser prccessing method and laser processing apparatus
in accordance with this embodiment form a modified region
by multiphoton absorption. The multiphoton absorption is
20 a phenomenon cccurring when the intensity of laser light
is made very high. First, the multiphoton absorption will
be explained in brief.
A material becomes optically transparent when the
energyhvof aphotonislower thanthebandgapEgzof absorption

25 of the material. Therefore, the condition under which

absorption occurs in the material is hv > Eg. Even when
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a magni fication of x100 and a nunerical aperture (NA) of 20 0.80. On the

ot her hand, the data indicated by white circles in the graph refers to a
case where the light-converging glass (C has a nagnification of x50 and a
nunerical aperture (NA) of 0.55. It is seen that crack spots begin to occur
Wi thin the object to be processed when the peak power density 25 reaches
1011 (WcnR) , and becone greater as the peak power density increases. 87 A
mechani sm by which the object to be processed is cut wupon formation of a
crack region in the | aser processing in accordance with this enbodi ment
will now be expphinetllywttinsedeerncehveeFegs. 2i8stoptdion Asceloawin k@ g. 8,
the 5 object to be processed 1 is irradiated with laser light L while

| ocati ng the |nhghtrcabverdgng oicnindR tuicthich tlve *olijice¢t = 2,uddet, a .condition
where nul ti photon absorption occurs, so as to forma crack region 9

t herewi t hi n. Thieerridok ireginei tyd dfs laseegl 0pht nicd wdideg venrg bigh. plTriad ity of
cracks. As 10 shown in Fig. 9, the crack further grows while using the
crack regi on 9plasnamstantisngnpennts mAs tsiphwrt cnnalFs grpdOen. t Her thaclesreeaches
the surface 3 and rear face 21 of the object 1. As shown in Fig. 11, the
obj ect 1 breaksf mol s vavde thautintBresicnack leaehi hgghhel s uddtamniared r ear
face of the 15 object to be processed nay grow naturally or grow as a force
is applied to lbhetbbj petk p2yeCasenshane thembdiofii da seegildmyhits 2 rmilet en
processed regi on An object to be processed (e.g., a sem conductor 20

mat eri al such hsglitccondrgsng mcaditat edeweeh dfesenlikighbton absorption

occurs under the condition with a peak pcwer density of at

least 1 x 10° (W/cmz), for example. The peak power density

10 is determined by (energy of laser light at the
light-converging point per pulse) / (beam spot
cross-sectional area of laser light x pulse width). 1In the

case of a continucus wave, the intensity of laser light is
determined by the electric field intensity (W/cm?) of laser
15 light at the light-converging point.

The principle of laser processing in accordance with
the embodiment vtilizing such multiphoton absorption will
now be explained with reference to Figs. 1 to 6. Fig. 1 is
a plan view of an object to be processed 1 during laser

20 processing. Fig. 2 is a sectional view of the object 1 shown
in Fig. 1 taken alcong the line II-11. Fig. 3 is a plan view
of thecobject 1l after laser processing. Fig. 4 isasecticnal
view of the object 1 shown in Fig. 3 tzken alcong the line
IV-IV. Fig. 5 is a secticnal view of the object 1 shown in

25 Fig. 3 taken along the line V-V. Fig. 6 is a plan view of

the cut object 1.
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while the light-convergingpoint is |ocated therewithin under a condition
wth a peak power density of at least 1 x 108 (WcnR) and a pul se wi dth of
1 ps or less at the light-converging point. As a consequence, the inside of
the object to be 25 processed is locally heated by nultiphoton absorption.
This heating forns a nolten processed region within the object 88 to be
processed. The nolten processed region refers to at |east one of a region
once nelted and then re-solidified, a region in a nelted state, and a
region in the process of re-solidifying fromits nelted state. The nolten
processed 5 regi on rey salwd be efd nedaag & pHesebiRatgeddeg 6RT67Ca
regi on having changed its crystal structure. The nolten processed region
may al so be reyaridéd aasinerebpon im ahitde okieett afninteneedir® REscehanged
into another structure in nonocrystal, anorphous, and pol ycrystal
structures. Narel Jhel0ine sebegswhdch tlgi Or ¢t vird dintgnfegocoybeatut
structure has changed into an anorphous structure, a region in which a
nmonocrystal stxucsuee HasagHangsd-¢mibna pokyueystane.st rlicture, laper a
region in which a nonocrystal structure has changed into a structure

i ncl uding an @mgETUsIGnuetaredabcandiahpoh e ramted irgtrtuctieepbiort
exanpl e. When the object to be processed is a silicon nonocrystal
structure, thé nmbkterrraticdeskedltbgionees aaghnorlphsislsi et igr ugture
for exanple. The upper limt of electric field intensity is | X 1012
(WCWR) , for légdriplaenvEre ine mel wi Gt Gl nokied ebadty 1 woler aisongipdonns, for
exanmpl e. By an experinent, the inventor has verified that a nolten
processed regidi 4= FiornEdl Wi PAPROR P $PERN Abf 6. 25 to form a medified

region 7. The light-converging point refers to a location
10 at which the laser light L is converged.

By relatively moving the laser light L alcng the line
along which the object is intended to be cut 5 (i.e., along
the girection of arrow A), the light-converging point P is
moved along the line along which the object is intended to

15 be cut 5. This forms the modified region 7 along the line
aleng which the okject is intended to be cut 5 only within
the object 1 as shownin Figs. 3to 5. 1Inthe laser processing
method in accordance with this embodiment, the modified
region 7 is not formed by heating the object 1 due to the

20 abscrption of 1a$er light L therein. The laser light L is
transmitted through fthe object 1, sc as to generate
multiphoton abscorption therewithin, thereby forming the
modified region 7. Therefcre, the laser light L is hardly
absorbed at the surface 3 of the object 1, whereby the surface

25 3 of the object 1 will not melt.

If a starting point exists in a part to be cut when
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Conditions for the experinent is as follows: (A) Object to be processed:
silicon wafer (having 25 a thickness of 350 pmand an outer dianeter of 4
i nches) (B) Laser 89 Light source: sem conductor |aser punping Nd:YAG
| aser Wavel ength: 1064 nm Laser |ight spot cross-sectional area: 3.14 5 10-1
cm 10 oscillation node: Qswitch pulse Repetition frequency: 100 kHz
Pul se wwdth: 30 ns Qutput: 20 pJ/pulse Laser light quality: TEMOD
Pol ari zation characteristic: linear polarization (C) Light-converging |ens
Magni fication: x50 15 NA: 0.55 Transmittance with respect to |aser |ight
wavel engt h: 609 {D)ndvbrk g ispeaet, ocheabiewitl ngliade ndoahitheg dtrertioly ect to
be processed: 100 mmisec 20 Fig. 12 is a view showi ng a photograph of a
Cross section pdin® paidréty acisé | digprc el erarcute byud asiefh pr acdssiing lynder
the above -mentioned conditions. A nolten processed region 13 is forned
within a silicsmwafRyrcklasThBoShzen afid.he nohdéede, the object 1 can be
cut without generating unnecessary fractures in the surface
5 3 of the object 1.
The following two cases seem tc exist in the cutting
of the object to be processed using the modified region as
a startingpoint. The first case iswhere, after themodified
regionis formed, anartificial forceisappliedtothecbject,
10 whereby the object breaks while using the medified region
as a starting point, and thus is cut. This 1is cutting in
thecasewheretheobjecttobeprocessedhasalargethickness,
for example. Applying an artificial force includes, for
example, applying a bending stress or shearing stress to
15 the object along the line alcng which the cbject is intended
to be cut in the object to be processed or imparting a
temperature difference to the object s0 as to generate a
thermal stress. Another case is where a modified region is
formed, so that the object naturally breaks in the
20 cross-sectional direction (thickness direction) of the
okbject while using the modified region as a starting point,
whereby the object is cut. This can be achieved by a single
modified region when the thickness of the object is small,
andby apluralityofmodified regions formed in the thickness

25 direction when the thickness of the object to be processed

is large. Breakihg and cutting can be carried out with
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processed region fornmed under the above-nentioned conditions 25 is about
100 pmin the thickness direction. The form ng of the nolten processed
region 13 by 90 nulti photon absorption will be explained. Fig. 13 is a graph
showi ng rel ati onshi ps between the wavel ength of |aser light and the
transmttance wthin the silicon substrate. Here, respective reflecting
conponents on the surface and rear 5 face sides of the silicon substrate are
el i m nated, whereby only the transmttance therewithin is represented. The
above-nentioned rel ati onships are shown in the cases where the thickness t

f th il bst r.at 5 10 200 500 . 1000
?espegt ?Le: ;O Tay gﬁigﬁfﬂfﬁog%gnsl%gg’ﬁstﬁ?&ura&gé’rbﬁg?f gﬁgmstlgcefhr ough
the silicon substrate

0% at 1 | th
of Nd: YAG | as emﬁl??ﬁ@%ﬁ F?‘é‘% St e WHLER (S (IR SN gt s

| ess. Since the S%|ICOH %% shown in Fi %% 12 hag a thi ck ess of 350

pm the 15 rmlot”eﬁ 5 SEééééa Jrrég‘i %P@aﬁké&’ B§ ri'tisﬁhB Bh ¥bLHripts GALT

formed near t cen the s con wafer, i . at a separa ed from
the surface by APREER rhetdt 5ﬁ€é°PrFat“nP§ RN @’ng%‘to‘r SPEht er
wth reference to a SI| i con waf er |cknes of 20 20
the | aser Ilgﬁtb’r§aﬁb’§%r‘3‘6’é}o‘:%?hﬁl%m@ﬁ Ea\‘f\ﬁf%}P fo&iﬂf;?ﬁ?r‘%lgﬁ?h’y gnd

is substantlal transnlt%ed therethrough Thi s, means th t the | ten
processed regit ?%l%%tef ?ﬁﬁaveby%%ﬁﬁﬁ ??TﬂﬁoQﬂﬁ&ﬁ%ﬁI%ﬁl%&%hFHn€h858i|iC0n
wafer 11 . on _usua th | aser ht but by 25
il 41 phot on” aBSarsTo s RS PP # BT A nBPEB P PPt cse i creabe knelst Y

thickness.
The modified region formed by multiphoton absorption
10 in this embodiment includes the following (1) to (3):
{1) Case where themodified regicn is a crack region
including one or a plurality of cracks
An object to be processed (e.g., glass oaor a
plezoelectric material made of LiTaC,;) is irradiated with

fale 2
1

laser light while the light-conver

-
8y
M

u

ing point is located
therewithin under & condition with a peak power density of
at least 1 x 10° (W/cm?) and a pulse width of 1 ps or less
at thelight-convergingpoint. Thismagnitudeofpulsewidth
is a condition under which a crack region can be fcrmed only
290 within the object to be processed while generating
multiphoton abscrption without causing unnecessary damages
to the surface of the cbhject. This generates a phenomenon
of optical damage caused by multiphoton absorption within
the object to be processed. This optical damage induces
25 thermaldistoftiohwithintheobjecttobeprocessed,thereby

forming & crack region therewithin. The upper limit of
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region by multiphoton absorption is described, for exanple, 91 in
"Processing Characteristic evaluation of Silicon by Picosecond Pul se
Laser"”, Preprints of the National Meeting of Japan Wl ding Society, No. 66
(April 2000), pp. 72-73. Pere, a fracture is generated in the
cross-sectional 5 direction while using the nolten processed region as a
starting point, whereby the silicon wafer is cut when the fracture reaches
the surface and rear face of the silicon wafer. The fracture -reaching the
surface and rear face of the object to be processed may grow naturally or
grow as 10 a fedrees ris dpplliced ntentsheyobjsett s e {wachlr e frat wrahbye . gr ows
fromthe nolten processed region to the surface and rear face of the
silicon wafer The ene sef wiBenhcasesraher£h1§ herfsr agt Boe 198 OV f E@EMABLEEgi ON
once nelted and then re-solidified, where the fracture grows froma region
inis a neltednstadanimndrshergck Peghbacidseddsems1 L pAb ok @8iseipribnt he
process of re-solidifying froma nelted state. In any of these cases, the
nol t en processed de@@rAbdss frydegan@nley, Wit MM tlhe sCr 0ss kSeet bencakter
cutting as shown in Fig. 12. Wen a nolten processed region is forned

wi t hi nst he ZOSQxhbisQQtatTeObgeSl@RQ@e%@@de uapegessaion f¢act unes «deMinalsi 8g from
a line along which the object is intended to be cut are ™ hard {to occur at

the time of busaki NgsapW=cltiiaNg PrbEehs MK EDN fielr @RS ebed@nisONLBOB) | he
breaki ng and cutting. (3) Case whéere the nodified region is a refractive 25
i ndex change p@gi @3-A&® . 0bject to be processed (e.g., glass) is irradiated 92

The inventor determined relationships between the
electric field intensity and the magnitude of crack by an
10 experiment. Conditions for the experiment are as follows:
(A) Object to be processed: Pyrex glass (having a
thickness c¢f 700 um)
(B) Laser
Light source: semiconductor laser pumping
15 Nd:YAG laser
Wavelength: 1064 nm -
Laser light spot cross-sectional area: 3.14 x
1078 cm?
Oscillation mode: Q-switch pulse
20 Repetition freguency: 100 kHz
Pulse width: 30 ns
Qutput: output < 1 mJ/pulse
Laser light quality: TEMgg
Polarizaticn characteristic: linear
25 polarization

(C) Light-converging lens
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with laser light while the Iight-converging point is located therew thin
under a condition with a peak power density of at least 1 x 10" (WcnR) and
a pulse width of 1 ns or less at the light-converging point. Wen

mul ti photon absorption 5 is generated within the object to be processed with
a very short pulse width, the energy caused by nultiphoton absorption is
not transforned into thermal energy, so that a pernmanent structural change
such as ionic val ence change, «crystallization, or polarization orientation
is induced 10 within the object, whereby a refractive index change region

is formed. The upper |im trefhseliectnte fuelid irekersittyrd s lakex 1DIGh{ W cni)

, for exanple. The pulse width is preferably 1 ns or |less, nore preferably
1 ps or |ess, whorlexampl:e60%The form ng of a refractive index change region
bymul ti phcton 15 absorption is described, for exanple, in "Formation of

Phot oi nduced Structype W pbiyhnéd assedyo Fentrasenond; kasee mbuhadnattiloa”,
Proceedi ngs of 42t hLaser Materials Processing Conference (Novenber 1997),

pp. 105-111. Speeicti ecexamplresceketihi B0@Mpdiaent will now be 20 expl ained.
[ First Exanple] The | aser processing nethod in accordance with a first

exanpl & of the enbodhsentsekl [ibeteypkainedof FrgM,,l4ntiscateschesat tige di agram
of a | aser processing apparatus 100 usable 25 inthisnmethod. The | aser
processi ng appagatusch@reempei s8Sscahkaset hkitght ghouces 10lchboregeaer ati ng
| aser light L; a 93 laser light source controller 102 for controlling the
| aser |ight sputeeab@lLtsahaswhoeleggkat 1t haseut pdyhand pul se width
Fig. 7 1is a graph showing the results of the
above-mentioned experiment. The abscissa indicates peak
10 power density. Since laser light is pulse laser light, its
electric field intensity is represented by the peak power
density. The ordinate indicates the size ¢of a crack part
(crack spot) formed within the object to be processed by
cne pulse of laser light. An assembly cf crack spets forms
15 a crack region. The size of a crack spot refers to that of
the part of dimensions of the crack spot yielding the maximum
length. The data indicated by black circles in the graph
refers to a case where the light-converging glass (C) has
a magnification of x100 and a numerical aperture (NA) of
20 0.80. Ontheother hand, the data indicated by white circles
in the g¢graph refers to a case where the light-converging
glass (C) has amagnification of x50 and a numerical aperture
(NA) of 0.55. It is seen that crack spots begin to occur
within the object to be processed when the peak power density

25 reaches 10" (W/cm?), and become greater as the peak powef

density increases.
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of laser light Land the like; a dichroicmrror 103, arranged so as to
change the orientation of the optical axis of laser 5 light L by 90", having
a function of reflecting the laser |light L; a light-converging |l ens 105 for
converging the laser light L reflected by the dichroic mrror 203; a
nmounting table 107 for nounting an object to be processed 1 irradiated

with the laser light L converged by the light-converging 10 | ens 105; an
X-axis stage 109 for noving the nounting table 107 in the X-axis direction;
a Y-axis stage 111 for noving the nounting table 107 in the Y-axis

di rection orthogonalk m¢ohamesiXigxivkidh ridet Ponech 2 &ei sretagecd I3 £ok novi ng
the nounting table 107 in -the Z-axis direction orthogonal to 15 X- and
Y-axi s directupes; fanchad ishagé eontrrokl eeg246 fortheohtrek| pngcebeinpvenent
of these three stages 109, 111, 113 The Z-axis direction is a direction

ort hogonal toitheccsurdeace 3ioh thesobpectimenbewpidcessedelexphasnbdcom ng
20 the direction of focal depth of laser light L incident on the object 1.
Ther ef ore, nowviing tkdeZeaxiestot 8gesll8 im the AZ avicwndiineétigon8cahhkocate
the light-converging point P of laser light L within the object 1. This
novenelt of bbiight tcoheeppengspaint B iin oY) teakivg tdi Aecskirohipgbtelf ect ed
25 by noving the object 1 in the X(Y) -axis direction by the X(Y)-axis
stage 109 (11¥hilBheodqt)rairhs lsgage cbd9et2in) @A ritsPan téxandiecbfieabvi ng
means. The | aser light source 101 is an Nd: YAG | aser generating pul se

| aser |ight. Kneowdeasaothsdikindswbekrkasettighbtenasbsohptiaseprctight source
101 include Nd: YVO4 |aser, Nd: YLF |aser,

so as to forma crack region 9 therewithin. The crack region
9 is a region including one or a plurality of cracks. As
10 shown in Fig. 9, the crack further grows while using the
crack region 9 as a starting peoint. As shown in Fig. 10,
the crack reaches the surface 3 and rear face 21 of the object

1. As shown in Fig. 11, the cobject 1 breaks, so as to be

cut. The crack reaching the surface and rear face of the

[
in

object to be processed may grow naturally or grow as a force
is applied to the object.
(2} Case where the modified region is a molten
processed region
An object tc be processed (e.g., a semiconductor
20 material such as silicon) is irradiated with laser light
whilethe light-convergingpointislocatedtherewithinunder
a condition with a peak power density of at least 1 x 10°
(W/cm?) andapulsewidthof lusorlessatthelight-converging
point. As a consequence, the inside of the object to be
25 processedis loceglly heatedbymultiphoton absorption. This

heating forms a molten processed region within the object
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5 and titanium sapphire laser. For formng a crack region or nolten
processed region, Nd: YAG | aser, Nd: YV | aser, and Nd:YLF |aser are used
preferably. For formng a refractive index change region, titanium sapphire
| aser is used preferably. 10 Though pul se laser light is used for
processing the object 1 in the first exanple, continuous wave |aser |ight
may al so be used as long as it can generate nulti photon absorption. In the
present invention, laser |light neans to include | aser beans. The

| i ght-converging lens 105 is an 15 exanple of |ight-converging nmeans. The
Z-axi s stage I¥Bbesprancegadpl elitd mdes borckeeati ngdihe fefghs ¢onvergi ng
point wthin the object to be processed. The |ight-converging point of

| aser |ight cardss lcosarddawkepiant pecobjetted eandahsnocessedibyiiefati vel y
noving the light-converging lens 20 105 in the Z-axis direction. The | aser
processi ng appar&gisnldo & uneHerd corgird sesid anrepsen vat i Ore Ipirgivessodfce 117
for generating a visible |ight beamfor irradiating the object tobe
processed 1 nontsed idorf iy Avpomtitsgmeabed steite .an@ha md sidl prbicghtePeam
splitter 25 119 di sposed on the sane optical axis as that of the dichroic
m rror 5103 and ddiight meoneérgi hg flehsndd5as Theoldi hradian &S magdom 00320 s

di sposed between the beamsplitter 119 and |ight-converging |ens 105. The
beam splitter rERG chasay irfourdtangre cofi trsefdmettialg sthoautt wr hal Fhef malvesual

i ght beam and transmtting the remaining half therethrough, and is 5
arranged so aProgesiF@igecohenondgm 39 ot akgerdedptbcalrenda igf whhehvi sual

| i ght beam by 90° . A half of the visible |ight ,
a certain structure has changed into ancother structure in

menocrystal, amerpheous, andpolycrystal structures. Namely,
10 it refers to a region in which a monocrystal structure has
changed into an amorphous structure, a region in which a
monocrystal structure has changed intc a polycrystal
structure, and a region in which a monocrystal structure
has changed intoa structure including an amorphous structure
15 and a polycrystal structure, for example. When the object
tobeprocessedisasiliconmonocrystal structure, themolten
processed region 1is an amorphous silicon structure, for
example. The upper limit of electric field intensity is 1
x 10 (W/cm?), for example. The pulse width is preferably
20 1 ns to 200 ns, for example.
By an experiment, the inventor has verified that a
moclten processed region is formed within a silicon wafer.
Conditions for the experinment is as follows:

(A) Object to be processed: silicon wafer (having

25 a thickness of 350 um and an outer diameter of 4 inches)
(B} Laser
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beam generated by the observation |light source 117 is reflected by the beam

splitterl 19, and thus reflected visible light beamis transmtted through
the dichroic mrror 103 10 and light-converging lens 105, so as to
illumnate the surf ace 3 of the object | including the line along which

the object is intended to be cut S and the Iike. The | aser processing
apparatus 100 further conprises an inmage pickup device 121 and an i nagi ng
| ens 223 di sposed on the sanme optical axis as that of the beamsplitter
119, dichroic mrror 103, and |light-converging | ens 105. An exanple of the
i mge pickup device 121 i &iah€CDséchatege-coupt @diudevt cé)a canepampThe
reflected light of the visual |ight beam having illumnated the surface 3
i ncludi ng the Nd:n@l1eE20 which the object is intended to be cut 5 and the
like is transmtted through the |ight-converging I ens 105, dichroic mrror
103, and beamsplitter 119zardeharis aneédmage by way of the imaging |ens
123, whereas thus forned inmage is captured by the imging device 121, so as
to yield i magi ng data. 25L3Berl asghtpspPceSSt Fs-afpa adnksl 10 urst.har x
conprises an imaging data processor 225 for inputting the inmaging data 96
out put tied fromd hecidagi ng device 121, a n overall controller 127 for
controlling the | aser processing apparatus 100 as a whole, and a nonitor
129- According to the inmagsagldatapn tbeeck mpgbngtdat aupsacessor 125
calcul ates foal point data 5 for locating the focal point of the visible
| i ght generated in the obseevation [frghtiesoytceOll¥Haento the surface 3.
According to the focal point data, the stage controller 115 controls the
novenent of the Z-axis stagés:l®idsb:tRAatnthe
Qutput: 20 pd/pulse
10 Laser light quality: TEMgg
Polarization characteristic: linear
polarization
(C) Light-converging lens
Magnification: x50
15 NA: (.55
Transmittance with respect to laser 1light
wavelength: 60%
(D) Moving speed cof a mounting table mounting the
cbject to be processed: 100 mm/sec
20 Fig. 12 isaviewshowing a photcgraph of across section
in a part of a silicon wafer cut by laser processing under
the above-mentioned conditions. A molten processed region
13is feoermedwithinasiliconwafer 11. Thesizeof themolten
processedregion formedunder the above-mentioned conditicns

25 is about 100 pm in the thickness directicn.

The forming of the molten processed region 13 by
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focal point of visible light is |ocated on the surface 3. 10 Hence, the
i magi ng data processor 125 functions as an autofocus unit. Al so, according
to the inmaging data, the imaging data processor 125 cal cul ates i nage data
such as an enlarged i mage of the surface 3. The imge data is sent to the
overall controller 127, subjected to various kinds 15 of processing, and
then sent to the nonitor 129. As a consequence, an enlarged i nage or-the
like is displayed on the nonitor 129. Data fromthe stage controller 115,
image data from the inmaging data processor 125, and the like are fed into
20 the over aliulgomtirasidresb 4279t AcooridiIngeeaptlheseddat Bias 1wel 3 @ araghover al |
controller 127 regulates the laser light source controller 102, observation
| i ght source sht#irandedtagensoopsrivtteeeitbe vivee bbygtomtfr béseénd ighé | aser
processing apparatus 100 as a whole. Thus, the overall controller 127 25
functions asamdcohputeansmittaitehwielfien erieestid iBogssulidt mande 15 Hetrlke | aser
processing 97 nethod in accordance with a first exanple of the enbodi nent 5
wi |l now be ecgdraiaiedie Rief lelS dirsy acdrhpwedrard drorthex i fraaeg artchirsalraser
processi ng nmethod. The object to be processed | is a silicon wafer. First,
a light absorfptdeonidharatttérs siiiccoh shiesobjeearel el smilet eedi nedrigpya
spectrophotcneter or the like which 1is not depicted. According to the
results of neasly erenttransmsetahcghthegermdéehil igensmratdsepteaser Thisght L
having wavelength to which the object 1 is transparent or exhibits
above-menticned relationships are shown in the cases where
the thickness t of the silicon substrate is 50 um, 100 um,
200 pm, 500 pm, and 1000 pm, respectively.
10 For example, it is seen that laser light transmits
through the silicon substrate by at least B0% at 1064 nm,
which is the wavelength of Nd:YAG laser, when the silicon
substratehasathicknessof 500pmor less. Sincethesilicen
wafer 11 shown in Fig. 12 has a thickness of 350 pm, the
15 molten processed region caused by multiphoton absorption
is fcrmed near the center of the silicon wafer, i.e., at
a part separated from the surface by 175 pm. The
transmittance in this case is 90% or greater with reference
tc a silicon wafer having a thickness of 200 pm, whereby
20 the laser light is absorbed within the silicon wafer 11 only
slightly and 1is substantially transmitted therethrough.
This means that the molten processed region is not formed
by laser light absorption within the silicon wafer 11 (i.e.,
not formed upon usual heating with laser light), but by
25 multiphoton absorpticn. The forming of a molten processed

region by multiphoton absorption is described, for example,
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10 a | ow absorption is chosen (SIA) . Next,: the thickness of the object |
is measured. According to the result of neasurenent of thickness and the
refractive index of the object 1, the anount of novenent of the object | in
the Z-axis direct-ion is determ ned (S103) This is an anount of novenment is
of the object 1 in the Z-axis direction wth reference to the

| i ght-converging point of laser light L positioned at the surface 3 of the
object 1 in order for the light-converging point P of laser light L to be
positioned within the object 1. This anount of novenent is fed into the
overal | controfl erPr 2% 9PNg THR2HBFEEF1FLLS AYAAVEE16R e TOUWRIhgPX abl e

107 of the laser processing apparatus 100. Then, visible light is,
gener at ed fr oMLERESERSEr THLFS .?$%%t*éHﬁEEéEEfZgiﬁﬂﬁéﬁéﬂéQDﬂﬁﬂﬁﬂﬂﬁﬁﬁé t he
object | (S105) The illum nated surface 3 25 of the aqbject 1 including the
line al ong whéhJgRanoHEeéeingi SOTheBRdel t of el Al 15 20§ 0¢ apPar etk by t he

i mage pickup device 98 121. Thus obtained inaging data is sent to the

i magi ng data proce8§se, 125 raeiebitlilifgl BBt RECH nalyithg aEPas - $het { dRds ng

data processor 125 cal cul ates such focal point data that the focal point of
visibl & |ight CREERLERE oBsiers/af$brd | FRt MO8 tLeHuREE CEFF &ds {5@dioNi Gifed® at t he
surface 3 (S107). The focal point data is sent to the stage controller 115.
Accordi ng to ERAr£8El PEéPEL HAEASLYhENRt 2kl conttiaterl s €85 wWopsesthte
Z-axis stage 113 in the Z-axis direction (S109) . As a consequence, the
focal point ofX9F&iBReTPRGREST Fbf FhBLA0C obREriRRY P §ht “BBUFER A9 i s

positioned at the surface 3. Accordin%_to t he inaging data, the ingging
data processor@ier. The fracture reaching the surfice and rear face o

the object to be processed may grow naturally or grow as
10 a force is applied to the object. The fracture naturaily
grows from the molten processed region to the surface and
rear face of the silicon wafer in one of the cases where
the fracture grows from a region once melted and then
re-solidified, where the fracture grows from a region in
15 a melted state, and where the fracture grows from a region
in the process of re-solidifying from a melted state. In
any of these cases, the molten processed regicn is formed
only within the ¢cross section after cutting as shown in Fig.
12. When a molten processed region is formed within the
20 cbhbject tobe processed, unnecessary fractures deviating from
2 line along which the object is intended to be cut are hard
to occur at the time of breaking and cutting, which makes
it easier to control the breaking and cutting.
(3) Case where the modified regicn is a refractive
25 index change region

An object to be processed (e.g., glass) is irradiated
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125 cal cul ates enl arged i mage data of the surface 3 of the object including
the line along which the object is intended to be cut 5. The enlarged i mage
data is sent to the nonitor 15 129 by way of the overall controller 127,
whereby an enlarged inmage of the Iine along which the object is intended to
be cut 5 and its vicinity is displayed on the nonitor 129. Myvenent anount
data determ ned at step S103 has been fed into the overall controller 127
bef orehand, and is sent 20 to the stage controller 115. According to the
novenent anount data, the stage controller 115 causes the Z-axis stage 113
to nove the objieetldsén 1tihe tdvaxis thier BLih OPc@tver Posd bbent wheveatbe
| i ght-converging point P of laser light L is |located wthin the object 1
(Sill). 25 Nexherkasehihi ghtiek & scgeneriaired fimom pbgk|msesr ldeghti tysedr ce
101, so as to irradiate the line along which the object 99 is intended to be
cut 5 in the gurfiaget310k 1H® Ghice€t whiha phesd agedcd ightl ks Sikngcesthe
l'ight-converging point P of laser light is positioned within the object 1,
a nol ten proaes&eéilri@grcoeohseE%ﬁﬂgq:&Maﬁ Wigthinnid 1ei i €84 abso®ption
Subsequently, the X-axis stage 109 and Y-axis stage 111 are noved al ong the
lint te be cutsSges@rasetion] o imaH®IdERctPLOCEESSL-E €94 ON +altong tBeyl i ne
along which the object is intended to be cut 5 within the object | (S113)
Then, the ' obggettl psibentwadong the | Eperalongweh Hyhemabiephotsnl0
intended to be cut 5, and thus is cut (S115) This divides the object 2 into
silicon chi psabEbirpeti®nof sther fird=sis fexargel e ntiol thbemexpdrad pd. dderBat the
| ine al ong which the object is intended to be cut 51is

2 permanent structural change such as ionic valence change,

crystallization, or polarization orientaticn is induced
10 within the object, whereby a refractive index change region
is formed. The upper limit of electric field intensity is
1 x 10* (W/cm®), for example. The pulse width is preferably
1 ns or less, more preferably 1 ps or less, for example.

The formingof arefractive index change regionbymultiphoton

[
W

absorpticen is described, for example, in “Formation of
Photoinduced Structure within Glass by Femtosecond Laser

Irradiation”, Proceedingsof 42thLaser Materials Processing

Conference {November 1%%7), pp. 105-111.

-Specific examples of this embodiment will now be
20 explained.
[First Example]
The laser processing method in accordance with a first
example of the embodiment will be explained. Fig. 14 is a
schematic diagramof a laser processing apparatus 100 usable
25 inthismethod. Thelaserprocessingapparatus 100 comprises

a laser light socurce 101 for generating laser light L; a
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irradiated with the pulse laser light L under a condition 15 causing

mul ti phot on absorption while locating the 1|ight-converging point P within
the object 2- Then, the X-axis stage 109 and Y-axis stage 111 are noved, so
as to nove the light -converging point P along the |line along which the
object is intended to be cut 5. As a consequence, a 20 nodified region (e.
g. , crack region, nolten processed region, or refractive index change
region) is formed within the object 1 along the line along which the object
is intended to be cut 5. Wen a certain starting point exists at a part to
be cut in the loifjsect igbthecproeassdd oty 66F ectr cantbel tung25 9y alsesaki ng
it wth a relatively small force. Therefore, breaking the object 1 along
the |ine al ong hitchotimeech] ket 4900 segnt eelcdetautiptcandouwhs ¢ @idshng a
nodified region as a starting point can cut the object 1 with a relatively
smal | force. cthissean iglit Lhedcobjedt ke w dhobtcgeméraoirnt 3 usnecegsdr y
fractures deviating fromthe line along which 5 the object is intended to be
cut 5 in the saurBaceo Ihafngehéheohiewitdt 194 od, tha opfie ckilr 3x i exahpkegrt he

object | is irradiated wth the pulse laser light L at the |ine along which
the ol ect idiigitteddéd 96 ‘heheutins anflencaicondi triedi egérnemcattiheg 126er
mul ti phot on absorption in the object 1 while locating the |I|ight-converging

poi nt P wit hi nitdie bbjeetiglit-Jhevefoirg lethel Pufse doaverglinghth¢ lieser
transmtted through the object 1 without substantially being absorbed at
the surface 3lofghtt He miflevttel] whareby itthe osgr fraecg o3 WOBE momoiuméancdanages
15 such as nelting due to the formng of a nodified region.
table 107 for mounting an object to be processed 1 i1rradiated
with the laser light L converged by the light-converging
10 lens 105; an X-axis stage 108 for moving the mounting table
107 in the X-axis direction; a Y-axis stage 111 for moving
the mounting table 107 in the Y-axis direction crthogonal
to the X-axis direction; a Z-axis stage 113 for moving the
mounting table 107 in the Z-axis direction orthogonal to
15 X- and Y-axis directions; and a stage controller 115 for
controlling the movement of these three stages 109, 111,
113.
The Z-axis direction is a direction orthogonal to the
surface 3 of the object to be processed 1, thus becoming
20 the direction of focal depth of laser light L incident on
the cbhject 1. Therefore, moving the Z-axis stage 113 in the
Z-axis direction can locate the light-converging point P
of laser light L within the object 1. This movement of
light-converging point P in X(Y)~axis direction is effected

25 by moving the object 1 in the X (Y)-axis direction by the

X{Y)-axis stage 109 (111). The X(Y)-axis stage 109 (111)
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As explained in the foregoing, the first exanple can cut the object |

W t hout generating unnecessary fractures deviating fromthe |line along
which the object is intended to be cut 5 and nelt in the surface 3 of the
object . Therefore, 20 when the object is a sem conductor wafer, for
exanpl e, a sem conductor chip can be cut out fromthe sem conductor wafer
W t hout generating unnecessary fractures deviating fromthe |line along
which the object is intended to be cut and nelt in the sem conductor chip.
The sanme holds,for 25 objects_to be processed whose surface is formed with
el ectrode pat%@rﬁ@,eéﬁﬁﬁfﬁogﬁ hoseIstrfate is fornmed with el ectronic 101
devi ces such as piezoelectric wafers and ass substrates forned with

di spl ay devi ces suchT]&%?F?ﬁHﬁdg St af 8 1g%“ﬁe°’raé7f ﬁaém‘gh@sﬁrr%ec”%ﬂﬂge can
i nprove the yield of product (e.g-, sem conductor chips, piezoglectric
devi ce chi ps, Bﬂgs i 9ggévic%gogﬁdﬁs&?gﬁFqE?HdEﬁVEﬁ&ﬁferéﬁai%d“%y
cutting the object to be processed. .Also, since the line alon% ich the
object is inteﬁﬁ%éasﬁ6jﬁéﬂﬁh§o%r?ﬁ1@He1%?}9%%@dﬁyg@4%ﬁéeﬁbwgég f mnot
mel t, he first exanple can decrease the wdth of the line along 10 which
the object is PREdrded '8 BEPROLTS tERRT wi i BBFRGNth&Lidttef aF °Bétween

regions to beco sem conduct or chips .ip.the case of a_sem conductor K wafer
for exanpl e) .m$§?§“ Py §9ﬂ9$ﬁﬂﬂﬂ§1%ﬁ% prG&det §9prERarkF $ oMY singl e

object to be processed 1, whereby th roductiyvity of products can is be
o roved s mdle LR s e o G g e e gt ¢ h e < e Srs e o

exampl e enabl es processi ng nore, conpl.icated than
al Pnde2CeRI Y AL

ang region, ' titanium sSapphire laser 1s used
preferably.
10 Though pulse laser light is used for processing the

object 1 in the first example, continuocus wave laser light
may also be used as long as it can generate multiphoton
absorption. 1In the present invention, laser light means to
include laser beams. The light-converging lens 105 is an
15 example of light-converging means. The Z-axis stage 113 is
an example of means for locating the light-converging point
within the object to be processed. The light-converging
point of laser light can be loczted within the object to
be processed by relatively moving the light-converging lens
20 105 in the Z-axis direction.

The laser'processing apparatus 100 further comprises
an observation light source 117 for generating a visible
lightheamforirradiatingtheolbject tobeprocessed 1l mounted
on the mounting table 107; and a visible light beam splitter

25 119 disposed on the same optical axis as that cf the dichroic

mirror 103 and light-converging lens 105. The dichroic
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that obtained by dicing with a dianond cutter. For exanple, even when the
line al ong which the object is intended to 20 be cut 5 has a conplicated
formas shown in Fig. 16, the first exanple allows cutting. These effects
are simlarly obtained in exanples which will be explained |ater. Not only
a single laser light source but also a plurality of laser |ight sources may
be provided. For exanple, Fig. 25 17 is a schematic view for explaining the
| aser processing nmethod in the first exanple of the enbodinment in which a
102 plurality of laser light sources are provided. Here, the object 1 is
irradi ated w thithoeelbases desumwssedibéeededn ome rNespecipvectaserl 9 iaght
sources 15, 17, 19 fromdifferent directions while the |ight-converging
point P is |ochigdt5cuntbigitdiel obfett51l. The bespecbilie tleasdrl Shéamss of r om
the laser light sources 15, 17 are nade incident on the object 1 fromthe

surface 3 thereofictThe dAserf lkeamfy amouheallaskef od iaght sselr tegi® hesnmmade
incident on the object 1 fromthe rear face 21 thereof. Since a plurality

of laser |ightad® soufcestales uses, rétd snimgeaszit frossdtieodgn, tdhel is
| i ght-converging point to have an electric field intensity wth such a

magni t ugle t hata Auhthphcicoas aisenphyentioceuisntagven whemd asetchlighid s
conti nuous wave |l aser light having a power |ower than that of pul se |aser

li ght. For thessame bsneagarhtukkinphoL0on .abs ot on wanvheigeadriated even
wi thout a light-converging |ens. Though the |ight-converging point Pis
formed by the bhdaeegeaserntkdghty soe cedbskavatipnld,ighthespoesent li7Tnvent i on
is not restricted thereto as long as a plurality of laser |ight sources
exi st therein.reflectedbythebeamsplitter 119, andthus reflectedvisible
light beam is transmitted through the dichroic mirror 103
10 andlight-converginglens105,soastoilluminatethesurface
3 of the object 1 including the line along which the object
is intended to be cut 5 and the like.
The laser processing apparatus 100 further comprises
an image pickup device 121 and an imaging lens 123 disposed
15 on the same optical axis as that of the beam splitter 119,
dichreic mirror 103, and light-converging lens 105. An
example of the imagepickupdevice 121 isa CCD {charge-coupled
device) camera. Thereflectedlight of the visual light beam
having 1lluminated the surface 3 including the line along
20 which the object is intended to be cut 5 and the like is
transmitted through the light-converging lens 105, dichroic
mirrer 103, and beam splitter 119 and forms an image by way
of the imaging lens 123, whereas thus formed image is captured
by the imaging device 121, so as to yield imaging data.

25 The laser processing apparatus 100 further comprises

an imaging data processor 125 for inputting the imaging data



20 Fig- 18 is a schematic vi ew f or expl ai ni ng anot her | aser processing

met hod in accordance with the first exanple of the enbodi nent in which a
plurality of laser light sources are provided. This exanple conprises three
array light source sections 25, 27, 29 each having a plurality of |aser 25
| i ght sources 23 aligning along the Iine along which the object is intended
to be cut 5. Anpong the array |ight source 103 sections 25, 27, 29, |aser
beans emtted fromlaser |ight sources 23 arranged in the sane row forma
single light-converging point (e.g. , light-converging point PJ) - This
exanmple can forma plurality of .light -converging points P1, P, ~, . .

S ong the I nd HEGHE Sihf ERTHE SB7 BLDOIE T aReeRied 2 BV b5 ChE B XRASFEby | he
processi ng sp can be inproved. Also, in this exanple, a plurality of
P of adh © L Eegr RS Todh e tr Yehe b PTHESSoned Hie i 100 ab
Iaser-scannin%bo ihe surface 3 in g directio ,orthogona] to the line along
which 10 the BFB £/i 39 it BREEE Lol he- c i C DT FIRE 570 BR A T A 98EE ond
exanpl e of the enhodi nent will now be ex ined. This exanple is directed
to a cutting me¥hdd2qndScHEtAngr °apparat Eégf%?lﬁu}?%?-f‘i‘a;né%ﬂ%ﬁti Agte
material. The i5 Light-transmtting material is an exanple of the objects

to be grocesséﬁﬁ'hﬁg?ﬁFgge ?nQQEalapBFQEo%fé%F?VESHQ%F IRV PENC8G68t r at e)

havi ng a thickness of about 400 pm nade of Lilﬁgs is usEd as | i ght
~transmitting “Waters A2 ARt i mPAbpaPatte th’atBoPdafEe SHFERSENE - second

20,XaPLe | S constl g ft Uhe aset B gEesslag sepstalys, (0. shwn 1

controls the movement of the Z-axis stage 113, so that the
focal point cf visible light is lccated on the surface 3.
10 Hence, the imaging data processor 125 functions as an
autofocus unit. Alsoc, according to the imaging data, the
imaging data processor 125 calculates image data such as
an enlarged image of the surface 3. The image data is sent
to the overall controller 127, subjected to various kinds
15 of processing, and then sent to the monitor 128. As a
conseguence, an enlarged image or the like is displayed on

the menitor 128.
Data from the stage controller 115, image data from
the imaging data processcr 125, and the like are fed into
20 the overall controllexr 127. According tothesedataaswell,
the cverall controller 127 regulates the laser light scurce
contrcller 102, observation light scurce 117, and stage
controller 115, thereby contreclling the laser processing
apparatus 100 as a whole. Thus, the overall controller 127

25 functions as a computer unit.

WithreferencetoEﬁgs.14emx215,thelaserprocéssing
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and 20. The apparatus shown in Figs. 19 and 20 wll be explained. The
pi ezoel ectric device wafer 31 is held by a wafer sheet (film 33 acting as
hol di ng nmeans. In the wafer 25 sheet 33, the face on the side holding the
pi ezoel ectric device wafer 31 is made of an adhesive resin tape or the 204
i ke, and has an elasticity. The wafer sheet 33 is set on a nounting table
107 while being held with a sanple holder 35. As shown in Fig. 19, the
pi ezoel ectric device wafer 31 includes a nunber of piezoelectric device
chips 37 which 5 will be cut and separated | ater. Each piezoel ectric device
chip 37 has a méetludtirsecticanad@e ¥heha fduist seetpba A9 theserfinsditkran t he
surface of the piezoelectric device wafer 31 for each piezoelectric device
chip 37, whereaslangpriedetxeimined .gapig. (ldbouta B0opahats floaremeoll bietveen
adjacent 10 circuit sections 39. Fig. 20 shows a state where mnute crack
regions 9 as nodifikdspargsoeses {og metthvid hi mhishebjpicezoel eetpreceaadde
wafer 31 Next, with reference to Fig. 21, the nethod of cutting a
light-transmtlihg aeseliabni nadeeordance with the second 15 exanple will
be explained. First, a light absorption characteristic of the
light-tsansmtting neiest ak 1{phezbebeptiba et oe evafari SAf mhaeonfedd TaC3
in the second exanple) to becone a material to be cut is determ ned (S201)
The |ight absbspi¢oarehasdacher astpeccanphet arasar edr byhaisi nige 26hiach
spectrophotoneter or the |ike. Once the Iight absorption characteristic is
det erm ned, a isgert ldeghitctsaur céctOtdigenes atiag dsaders bifghtaduhaménmiy a
wavel ength to which the material to be cut is transparent or exhibits a | ow
absorption a laser light source 101 generating laser light L having

a wavelength to which the object 1 is transparent or exhibits
10 a low absorption is chosen (S101). Next, the thickness of
the cbject 1 1s measured. According to the result of
measurement of thickness and the refractive index of the
object 1, the amount of movement of the object 1 in the Z-axis
directionisdetermined ($S103). Thisisanamount of movement
15 of the cobject 1 in the Z-axis direction with reference to
the light-converging point of laser light L positiocned at
the surface 3of theobject linorder for the light-converging
point P of laser light L to be positiconed within the object
1. This amount ocf mevement is fed intothe overall contreller
20 127.

The object 1 is mounted on the mcunting table 107 of
the laser processing apparatus 100. Then, visible light is
generated from the observation light source 117, so as to
illuminate the object 1 (8105}. The illuminated surface 3

25 cf the object 1 including the line along which the object

is intended to be cut 5 is captured by the image pickup device
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is chosen according to the result of determ nation (S203) 25 In the second
exanpl e, a YAG |l aser of pulse wave (PW type having a fundanental wave
wavel ength of 1064 nmis chosen. 105 This YAG | aser has a pul'se repetition
frequency of 20 Hz, a pulse width of 6 ns, and a pul se energy of 300 pJ.
The spot dianmeter of laser light L emtted fromthe YAG | aser is about 20
pm 5 Next, the thickness of the material to be cut is neasured (S205).
Once the thickness of the material to be cut is nmneasured, the amount of
di spl acenent (anmount of novenent) of the |ight-converging point of |aser
light L fromthelsurface olfemtirandeciidog flataliaseentight hk) irndgite dageeri al
to be cut 10 in the optical axis direction of laser light L is determ ned
S0 as to positiconddesdi RS- cohvergd ngg pod rtheofimbgsen daght tHe wimghingt he
material to be cut according to the result of neasurenment (S207). For
exanpl e, i n confaarampne des dche 1 A%hiccKedss e stuefr dotdade poidex daft at heat
material to be cut, 15 the anount of displacenent (anmobunt of novenent) of
the |ight-contérgifngapopainofofl aseiblieghight ifscsethedd&roftidhéighitckness
of the material to be cut. As shown in Fig. 22, due to the difference
bet ween 5t he rafnactd V€ 7 ndexpda tikeneat rans phtey esureagre, Zai 191 0sUr.roundi ng 20
the material to be cut and the refractive index of the material to be cut,
t he actual position Ghet ieckiighticonieragiing spoicnto Fheofstdasgercdntghtl les
| ocat ed deeper than the position of the 1ight-converging point Q of |aser
| i ght L convergéd.byAtherdinghtc tberdverdi moitedsta05Ha stegbeosyridderof the
material 25 to be cut (piezoelectric device wafer 31) . Nanely, the
115moves the Z-axis stage 113 inthe Z-axis direction (S109).

As a consequence, the focal point of visible light from the
10 observation light source 117 is positioned at the surface
3. According tothe imagingdata, the imaging data processor
125 calculates enlarged image data of the surface 3 of the
object including the line along which the object is intended
te be cut 5. The enlarged image data is sent tc the monitor
15 129 by way of the overall controller 127, whereby an enlarged
image of the line along which the object is intended to be

cut 5 and its vicinity is displayed on the monitor 129.
Movement amount data determined at step $103 has been
fed into the overall controller 127 beforehand, and is sent
- 20 tocthestagecontroller1ll3. Accordingtothemovement amount
data, the stage controller 115 causes the Z-axis stage 113
to move the object 1 in the Z-axis direction at a position
where the light-convergingpoint Pof laser 1ight L is located

within the object 1 (S111).

25 Next, laser light L is generated from the laser light

scurce 101, soas toirradiate the line along which the object



rel ati onship of "anount of novenent of Z-axis stage 113 in 106 the opti cal
axis direction of laser light L x refractive index of the material to be
cut = actual anount of novenent of |ight-converging point of |aser |ight
holds in the air- The anount of displacenment (anount of novenent) of the
| i ght-converging point of laser light L is set in viewof the
above-nentioned rel ati onship (between the thickness and refractive index
the material to be cut) . Thereafter, the nmaterial to be cut held by the
waf er sheet 33 is nmounted on the mounting table 107 placed on the

Lll
5

of

X-Y-Z-axi s stade LOtEadiest toubedwy 5t he Mrenduw steeé 20 hey-abdisciswaged 111,

and Z-axis stage 113 in this enbodinent) (S209) . After the nounting of

the material tdhe lagerd d igdriplet eBinte ghhe i lsighmaaret oiore tdes rébdepvat i on

| i ght source 117, so as to irradiate the material to be cut with thus
emtted |ight. lkBathehiglacchs dbogltoonde wesuln ofiei oagetay at ehaciliage
pi ckup  device 121, focus adjustnment is carried out by noving the Z-axis
stage 113 so aynargmosidi oagihe lisghfermadercgilyy whimin ohel agejedt ght L
onto the surface of the material to be cut (S211). Here, the surface
observati on i neEge ofq RO piez obkettai s devideel Mafard 3tasbtas hede byl hee
observation |ight source 117 is captured by the inmage pickup device 121,
wher eas the i magivey daltea prideesisart 125 detaartnidnesct hé fovifpgm posictiten of

the Z-axis stage 113 according to the result of inmaging such that the Iight
emtted from t e olsssradtbieasd 925 allpght theut gee 140 & fidcalobigiatt i6n t he

surface o'f the
intended to be cut 5 within the cobject 1 (S113). Then, the

object 1 is bent along the line along which the object 1is
10 intended to be cut 5, and thus is cut (8115). This divides
the object 1 into silicon chips.

Effects of the first example will be explained. Here,
the line along which the object is intended to be cut 5 is
irradiated with the pulse laser light L under a condition

15 causing multiphoton absorption while locating the
light-converging point P within the cobject 1. Then, the
X-axis stage 109 and Y-axis stage 111 are movea, 50 as to
move the light-converging point P along the line along which
the cbject is intended to be cut 5. As a conseguence, a
20 modifiedregion {e.g., crackregion, mecltenprocessedregion,
crrefractive index change region) is formedwithin the object
1 along the line along which the object is intended to be
cut 5. When a certain starting point exists at a2 part to
be cut in the object to be processed, the object can be cut

25 by breaking it with a relatively small force. Therefore,

breaking the object 1 along the line along which the object
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material to be cut, and outputs thus determ ned position 107 to the stage
controller 115. According to an output signal fromthe imging data
processor 125, the stage controller 115 controls the Z-axis stage 113 such
that the noving position of the Z-axis stage 113 is |ocated at a position
for making 5 the light emtted fromthe observation |ight source 117 form a
focal point on the material to be cut, i. e. , for positioning the focal
point of laser light L onto the surface of the material to be cut. After
the focus adjustnment of light emtted fromthe 10 observation |ight source
117 is conpl et dd itfiendadghto denvartginghpdientussing asewdiifgled reios orpeed to a
| i ght-converging point corresponding to the thickness and refractive index
of the materi ala tbabeloatpqi52I8pn ey she elhpeavéralth eoreiatieelyZmadénds an
out put signal to the 15 stage controller 115 so as to nove the Z-axis stage
113 in the optiiccale .axi $hdir extri onudf draseekbfieght 1L bythdet ageostratohy

di spl acenent of the |ight-converging point of laser light determned in
conformty to tinereadsiscaresd rand urefsr deviteé ingn@esmofh¢ hel mataddral wihaoche cut,
whereby the stage controller 20 115 having received the output signal
regul at és t he b plpiepdsiti dntefdetet Z-laxisitstbage 118.sisiaentd mfedhabove,
the placenent of the light-converging point of laser light L wthin the
materi al to be cytedts lconpl eted by noving the Z-axis stage 113 in the
optical axis direction of laser light 25 L by the anmount of displacenent of
the |ight-conver gi ngagsiont indfhd dsestidgmple deteryl i iini ¢dnfrecitiatydt o t he
t hi ckness 108

with the pulse laser light 1 at the line along which the

obiect is intended to be cut 5 under a condition generating

10 multiphoton absorption in the object 1 while locating the
light-converging point P within the object 1. Therefore,

the pulse laser light L is transmitted through the object

1 without substantially being absorbed at the surface 3 of

the object 1, whereby the surface 3 will not incur damages

15 such as melting due to the forming of a modified region.
As explained in the foregoing, the first example can

cut the object 1 without generating unnecessary fractures
deviating from the line along which the object is intended
tobecut Sandmelt inthesurface 3of theobject. Therefore,

20 when the object is a semiconductor wafer, for example, a
semiconductoxr chip can be cut out from the semiconductor

wafer without generating unnecessary fractures deviating

from the line along which the object is intended to be cut

and melt in the semiconductor chip. The same holds for

25 objectstobeprocessedwhose surface is formedwithelectrode

patterns, and those whose surface is formed with electronic
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and refractive index of the material to be cut (S215). - After the pl acenent
of the light-converging point of laser light L within the nmaterial to be cut
is conpleted, the material to be cut is iZradiated with laser light L, 5
and the X-axis stage 109 and the Y-axis stage IIl are . noved in conf ormty
to a desirable cutting pattern (S21'7) As shown in Fig. 22, the |aser |ight
L emtted fromthe laser light source 101 is converged by the

| i ght-converging I ens 105 such that the light -converging point Pis
positioned within 10 the piezoelectric device wafer 31 facing a

pr edet er m ned %ag é80 i mas nentiaqned above) formed between adj acent
circuit secti®Réi895 THe" dboRE-SRSITiSoTEd JESEFABI 12Tt E Ry PARTEETeS s set
such that the gap forned between the_ adjacent circuit_ sections 39 in order
to separate a %@m@i thA1gF PrEPedredFVICsSs 88GhceSThilpsuadd fGiom e -

pi ezoel ectric device wafer 31 is irradiated with the laser |ight L, whereas
the |aser |ightherefarer tagified wniTR! € RNSERIOVSFLie ¥ adt dCifdhr B qteser
light L is seen through the nonitor 129. Here, as shown in Fig. 22, the

|l aser |ight L {®radi SEMHGOPOAHRE FatePi &1 e2eeBECE bl Cide tiotvEP§EA BT he

i ght-converging |ens 105 by an angle at which the circuit sections 39
forned Son t heds%Ptar & ot tafe SPrezoele@UdiccCHERT e Warede I3F PYH& T S5id1F ace on
which the laser light L is incident) are not irradiated with the |aser
light L. Convetlyf ngPihet| a3ePeI PERES255E- by an angl e at which the circuit
sections 39 are not jrradiated with the Iaser_li%ht L can prevent the | aser
light 209 L from ent®}$hgSERE ST U PeHATDRRI A TERP I Btledf YHERGT U t

sections 39 against the _|aser light_ L.
gto e cut 5 ?n the éhrface 3 of the chject 1 dces not melt,

the first example can decrease the width of the line along
10 which the object is intended to be cut 5 (the width being

the interval between regions to become semiconductor chips

in the case of a semiconductor wafer, for example). This

increases thenumber cof productsprepared froma singlecbhject

to be processed 1, whereby the productivity of products can
15 be improved.

Since laser light is used for cutting the object 1,
the first example enables processing more complicated than
that obtained by dicing with a diamond cutter. For example,
even when the line along which the cbject is intended to

20 be cut 5 has a complicated form as shown in Fig. 16, the
first example allows cutting. These effects are similarly
obtained in examples which will be explained later.

Notonlyasinglelaser light sourcebutalsocaplurality
of laser light sources may be provided. For example, Fig.

25 17 is a schematic view for explaining the laser processing

method in the first example of the embodiment in which a
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When the laser light L emtted fromthe laser light source 101 is converged
such that the light-converging point 5 P is positioned within the

pi ezoel ectric device wafer 31 while the energy density of laser light L at
the 1light-converging point P exceeds a threshold of optical danage or
optical dielectric breakdown, mnute crack regions 9 are forned only at the
| i ght-converging point Pwithin 10 the piezoelectric device wafer 31 acting
as a material to be cut and its vicinity. Here, the surface and rear face
of the material to be cut (piezoelectric device wafer 31) wll not be
damaged. Now, pdiure rigfierendesea Eigbt 28utoel7areherdoraedg oferelStkbeacks by
nmovi ng the light-converging point of laser light L will be explained. The
material to bekgwct32 i6lightdiaaasmith ndreet éebak)bdavs rgnis sadbstamtial |y
rectangul ar parallelepiped formshown in Fig. 23 is irradiated with | aser
light L such treatoddte dd ditsecoriverrgl gk qroilrit, df7,| daerf damghiti fif ersnt
positioned within the material to be cut 32, whereby mnute crack regions 9
are formed onloy reatt itdres hilghte adrey ariginng quoivwer gairichip itrhte Prdtselicabt€d be cut
32 and its vicinity as showmn in Figs. 24 and 25. The scanning of |aser
light 5 or nowaneriin ahet bejratedi.al The besgeadtt B2 2 dsr neguisatfedmsbhas to
nove the |ight-converging point of laser light L in the |ongitudi nal
direction n oflasmtreliightlibutoebel tutl Barnentedsethcngetihecioptiecabiagks of

|l aser light L. Since the laser light L is emtted fromthe |aser |ight
source 101 i nlafpuirsate o rfeceed  tre el al Thy Ddser aclaw égbonshe laser

light source 1% is made incident on the object 1 from the
rear face 2i thereof. Since a plurality of laser light

10 scurces are used, this makes 1t possible for the
light-converging point to have an electric field intensity
with such a magnitude that multiphoton absorption occurs,
even when laser light is continuous wave laser light having
a power lower than that cof pulse laser light. For the same

15 reason, multiphoton absorption can be generatedevenwithout
a light-converging lens. Though the light-converging point
P is formed by the three laser light sources 15, 17, 19,
the present invention is not restricted thereto as long as
a plurality of laser light scurces exist therein.

20 Fig. 18 isaschematicviewforexplaininganother laser
processing method in accordance with the first example of
the embodiment in which a plurality of laser light sources
are provided. This example comprises three array light
source sections 25, 27, 29 each having a plurality of laser

25 light scurces 23 aligning along the line along which the

object is intended tobe cut 5. Among the array light source



5 9 are formed with a gap therebetween corresponding to the scanning speed
of laser light L or the noving speed of the material to be cut 32 along the
| ongi tudi nal direction D of the material to be cut 32 when the |aser |ight
L is scanned or the material to be cut 32 is noved. The scanni ng speed 20
of laser light L or the noving speed of material to be cut 32 may be sl owed
down, so as to shorten the gap between the <crack regions 9, thereby

i ncreasi ng the nunber of thus fornmed <crack regions 9 as shown in Fig- 26.
The scanning speed of laser light L or the noving speed of material to be

cut may 15 furdher; hes siowed down, ﬁge&h%aﬁ@eeﬂ@%dr %ma%éé Lignt

conti nuously forned I'n the scanni'ng direction of [aser ght

moving di rection, ofe ey i gl L0,88 CUf 3hel e the,mybng direstion of the

| i ght-convergi ng poi nt of Faser ® I'ight L as shown ~n Fig 7. Adjusthent of

the gap between :ﬁtgéé}‘r’vecf%lgiﬂ% Lans &I (”U ?b}ltOfcoﬁ(lgﬁbﬂﬁggt)BgﬁtgP 0._be

formed) can al's real angin elations ween t'he

repetition fr%cxme&gxafa ;Laser fot_»m g&uégﬁjﬁg%ﬂmng Eﬁﬁssgﬁp eri al

to be cut 32 axis stage or Y-axi roug can

d wh h t f
Ecr Ry teabic i s el ST Uit iR
f d al th I
are formed al ang b, abouenaenl) g deslaabi GUELing.pal e (SRAP). @
envi r onnent al ]{;Eacpg§§’th§@.de§gﬁ o kggﬂlmmmf%esrsﬁlnomfmerec {ond he

part formed wt t'he crack re ons n part’i cul ar SO as gro e crack
regions 9 forQ%QlQQ!%d@Héa %ttQﬁe same time upon laser-scanning on the

surface 3 in a direction orthogonal to the line along which
10 the object 1s intended to be cut 5.
[Second Example]
Asecondexample of the embodiment will nowbe explained.
This example 1s directed to a cutting methcd and cutting

apparatus for a light-transmitting material. The

’.-J
w

light-transmitting material is an example of the objects

to be preocessed. In this example, a piezoelectric device

wafer (substrate) having a thickness of about 400 pum made
of LiTa0; is used as a light-transmitting material.

The cutting apparatus in accordance with the second

20 example is constituted by the laser processing apparatus

100 shown in Fig. 14 and the apparatus shown in Figs. 19

and 20. The apparatus shown in Figs. 19 and 20 will be

explained. The plezoelectric device wafer 31 is held by a

wafer sheet (film) 33 acting as holding means. In the wafer

25 sheet 33, the face on the side holding the piezoelectric

device wafer 31 is made of an adhesive resin tape or the
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material to be cut (the light-converging point and its vicinity), thereby
cutting the material to be cut at a position fornmed with the crack regions
9 (S221). 10 Wth reference to Figs. 28 to 32, the cutting of the nmaterial
to be cut upon physical external force application wll be expl ained.
First, the material to be cut (piezoelectric device wafer 31) forned with
the crack regions 9 along the desirable cutting pattern is placed in a
cutting 15 apparatus while in a state held by a wafer sheet 33 grasped by
t he sanpl e holder 35. The cutting apparatus has a suction chuck 34, which
wi || be expl ai heke] adred ,haas suckilentpatipy(noThe defficat etheecofiecs exktt ont he
suction chuck 34, a pressure needle 36 (pressing nenber), pressure needle
driving neans & noiur20i reepiatiled) 0ffowh e ingi 4 deqdrde st uhea nesdb e 3@1damd t he

| i ke. Usable as the pressure needle driving neans is an actuator of
electric, hydrawli s ehcehhen rypes .o, Fips.p28: 40 32 o dreti cdep £4r Bhe
circuit sections 39. Once the piezoelectric device wafer 31 is placed in 25
the cutting appatnidss & heusbiet i Oh Shwieke Bdc appr ohehese tdiei pPESi tikdreh
corresponding to the piezoelectric device chip 37 112 to be isolated as
shown i Fig. w811 Aecsuatini pepprappar ditusr. | Taacl patedetbtt eit Riexisteat e
where the suction chuck 34 is located closer to or abuts against the

pi ezoel ectric cevp cE Kdd @ TA damihe sesaliateds . wherebyi t el susddminrcidgck 34
attracts 5 the piezoelectric device chip 37 (piezoelectric device wafer 31)
to be isol at edi s1sf v onnt kegsu29a cOnele tihepsdebedpBctehucke Bk atatfact s t he
pi ezoel ectric device chip 37 (piezoelectric device wafer 31) to be

i sol ated, the redsureeach piezoelectric device chip 37, whereas a

predetermined gap o {about 80 ym) is formed between adjacent

190 circuit sections 39. Fig. 20shows a statewhereminute crack

regions 9 as modified parts are formed within the
piezoelectric device wafer 31.

Next, with reference to Fig. 21, the method of cutting

a light-transmitting material in accordance with the second

|,_.l
o

example will be explained. First, & light absorption
characteristic of the light~transmitting material
(piezoelectric device wafer 31 made of LiTa0; in the second
example) to become amaterial Lo be cut is determined (S201} .
The light absorption characteristic can be measured by using
20 3 spectrophotometer or the like. Once the light abscrption
characteristic 1s determined, a laser light source 101
generating laser light L having a wavelength to which the
material tobe cut is transparent or exhibits a lowabsorption
1s chosen according to the result of determination (S203).
25 In the second example,: a YAG laser of pulse wave (PW) type

having a fundamental wave wavelength of 1064 nm is chosen.
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needle 36 is noved to the position corresponding to the 10 piezoelectric
device chip 37 to be isolated fromthe rear face of wafer sheet 33 (rear
face of the surface held with the piezoelectric device wafer 31) as shown
in Fig. 30. Wen the pressure needle 36 is further noved after abutting
agai nst the rear face of the wafer sheet 33, the is wafer sheet 3"]

deforns, while the pressure needle 116 applies a stress to the piezoelectric
device wafer 31 fromthe outside, whereby a stress is generated in the
wafer part formed with the crack regions 9, which grows the crack regions

0. hen he orack yiegione.9 arol g Lhe SUELapeoand. s asy Lacer ol 49, Lhe

pi ezoel ectric device wafer ctric devic 1 is’cut at

an end part ofabt Soé qgjpaeghectfr%cn%evii%% C iu&s%%%%r??&fog 2514 as ¢fhown in

Fig. 31, where e piezoelectri¢ device“chi i solated Tromthe

pi ezoel ectric device wafer 31 ,Th f. sheet . as_an .25 [ ess as
nment i oned apoﬁ%?ﬂéﬁ§¥%%§:]%f%blgﬁﬁémﬁégEﬁrgvgﬁ §gﬁ? §% gégaﬁggﬁga%gg
plezcelectrlcf§§§h§§J€rﬁ s 37 from 113 flying away Once the piezoel ectric

device chip 3 Separa dd"from the pi ezoel ectric device wafer 31, the

suct Lon, chuck 34 and_ pr essutgneedle 36 ar ¢, Uoved quay. frpmihe yglar sheet

33. 5 en the suction € and pressure neéee ar e nove e

i sol ated pi ezo ﬁg:lz)r' CO@]%\Q %ﬁlech_ihe c"‘ﬂxeisss roeflt ete}nseeqna&re(}malt hc% \ﬁ%f %rutsri] et 33

as shown in Fig. , since the former ~I's attracted to the suction Chuck 34.
e o0 I, Wl APy W1 G013 RO AEPL G5 | oA o o

cfthelight-convergingpointof laserlightL fromthesurface

(entrance face for laser light L) ¢of the material to be cut

10 in the optical axis direction of laser light L is determined

Sc as to position the light-~converging point of laser light

L within the material tc be cut according to the result of

measurement (5207). For example, in conformity to the

thickness and refractive index of the material to be cut,

15 the amount ¢f displacement (amount of movement) of the

light~converging point of laser light L is set to 1/2 of

the thickness ¢f the material tc be cut.

As shown in Fig. 22, due to the difference between the

refractive index in the atmosphere (e.g., air) surrounding

20 thematerial tobecut andtherefractiveindex of thematerial

Yo be cut, the actual pesiticn of the light-converging point

P of laser light is located deeper than the position of tﬁe

light-converging point Q of laser light L converged by the

light-converging lens 105 from the surface of the material

25 to be cut (piezoelectric device wafer 31). Namely, the

relationship of “amount of movement of Z-axis stage 113 in
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t he piezoelectric device chip 37 isolated and attracted to the suction
chuck 34, and the pie2oelectric device wafer 31 (surface) held by the wafer
sheet 32 are cleaned with the ion air. Here, a suction apparatus may be
provided in 15 place of the ion air cleaning, such that the cut and
separated piezoelectric device chips 37 and piezoelectric device wafer 31
are cleaned as dust and the |ike are aspirated. Known as a nethod of
cutting the material to be cut due to environnental changes is one
inmparting a tenperature change 20 to the material to be cut having the crack
regions 9 only therewithin. Wen a tenperature change is inparted to the
mat eri al to betd#t casiswchaxa st Wermalt idinstodr tieenrcangbeclr x rafrhethegeri al
part formed with the crack regions 9, so that the crack regions grow,
wher eby t he natierdead of ot be rater 28 tanbbewut aThus] dnpurie ofevongrexanpl e,
the light -converging | ens 114 105 converges the laser light L emtted from
the | aser |ightof dauhce ctdlresucmat lpatinitt ££l ilghtr- ¢dnker ' ngopde nini she
positioned within the light-transmtting naterial (piezoelectric device
waf er 31) , whereby The arengycdehsiple ofmdras¢embightof Soaemehe) of the
| i ght-convergi ng point exceeds the threshold of optical damage or optical
di el ect 5i ¢ br edkdovr,contvieck ifar pepinthefniaste Tigoks Ssonley at vhew of
| i ght-converging point within the light-transmtting material and its
vicinity. Sincéheheboteghtnrtiansdiretlieng omatepi dletiveeouthatt tingkrposi andns  of
thus 10 formed crack regions 9, the anmount of dust emi ssion is very snmall
wher eby t he possifhialdttiweofindeci ng dheamessr ohl ppi fgg cudnackfheneeheermteri a
surface, and the like occurring al so

the material to be cut held by the wafer sheet 33 is mounted

cn the mounting tabkle 107 placed on the X-~Y-Z-axis stage

i0 {constituted by the X-axis stage 109, Y-axis stage 111, and
Z-axis stage 113 in this embodiment) (5208). After the
mounting of the material to be cut is completed, light is

emitted from the observation light source 117, so as to
irradiate the material toc be cut with thus emitted light.

15 Then, according to the result of imaging at the image pickup
device 121, fccus adjustment is carried out by moving the

Z~axnis stage 113 soas toposition the light-converging point

of laser light L onto the surface of the material to be cut
C(S211). Here, the surface observation image of

20 piezoelectric device wafer 31 cbtained by the observation
light source 117 is captured by the image pickup device 121,

whereas the imaging data processcr 125 determines the moving
position of the Z-axis stage 113 according to the result

of imaging such that the light emitted from the observation

25 light source 117 forms a focal point on the surface of the

material to be cut, and cutputs thus determined position
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becones very low. Since the light-transmtting material is cut along the
crack regions 9 fornmed by the optical damages 15 or optical dielectric
breakdown of the light-transmtting material, the directional stability of
cutting inmproves, so that cutting direction can be controlled easily. Also,
the dicing wiwdth can be nade snaller than that attained in the dicing with
a dianond cutter, whereby the nunber of 20 light-transmtting materials cut
out fromone |light-transmtting material can be increased. As a result of
t hese, the second exanple can cut the light-transmtting material quite
easily and appkeprhatdlege Apsbrodlstrbks. | dcgondianetc Wit APRPERes HaftEeri al to
be 25 cut due to physical external force application, environnental

changes, and theom Kee ¥t2@ENg ¢lajrdow 1dee Forimad Ser 4BR fegtornzenusbialh cut
the light-transmtting material (piezoelectric device wafer 31) , whereby

t he |ight-transhbtooinggodattdrd at 2x can tegei ldbl sudet gt tae movd ngaxd 33 o of
formed crack regions 9. 5 Also, the pressure needle 36 is used for applying
a stress to thefltlghtZz-erdssateuienyl fetedicalategi ekoelpestitiion Hevireek s er

31), so as to grow the fornmed crack regions 9 to cut the light-transmtting
mat eri ap (pi ezbeeddtgtitcemdevide waf ahe3d)sepwheleby lopbtlsghtca danshiam i ng
material 10 can further reliably be cut at the positions of fornmed crack
regi ons 9. Wea fdee lpperoeloactte padeviied waberc3l 1(¢i ghortresisiaaning
material) formed with a plurality of <circuit sections 39 is cut and
separat ed intothadfetabapoint of laser light L onto the surface cof the

material to be cut.
After the focus adjustment of light emitted from the
10 observation light source 117 is completed, the
light~converging point of laser light L is moved to a
light-converging point corresponding to the thickness and
refractive index of the material to be cut (5213). Here,
the pverall controller 127 sends an cutput signal tc the
15 stage controller 115 so as to move the Z-axis stage 113 in
the optical axis direction of laser light L by the amount
of displacement of the light~converging point of laser light
determined in conformity to the thickness and refractive
index of thematerial to be cut, whereby the stage controller
20 115 having received the output signal regulates the moving
position of the Z-axis stage 113. As mentioned above, the
placement of the light-converging point of laser light L
within the material to be cut is completed by moving the
Z-axis stage 113 in the optical axis directicn of laser light
25 I;bytheamount<xfdisplacementofthe]jght—convergingpoinf

of laser light L determined in conformity tc the thickness
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5 piezoelectric device chips 3-, the light -conveyg .J in® lens 105
converges the laser light L such that the light-converging point is
positioned within the wafer part facing the gap fornmed between adjacent
circuit sections 39, and fornms the «crack regions 9, whereby the

pi ezoel ectric device wafer 31 20 can reliably be cut at the position of the
gap fornmed between adjacent circuit sections 39. Wen the
light-transmitting material (piezoelectric device wafer 31) is noved or

| aser light L is scanned so as to nove the |light-converging point in a
direction 25 imtersettiagitbeiopétkcal axésmafetbsertdilghtclt €5215). a
direction orthogonal thereto, the crack region 9 is 116 5 conti nuously
formed al ong the novifigedittecbianeotnthef dlighitgtonrvengiergipai ppinsef hat
the directional stability of cutting further inproves, which nmakes it

possi ble to coagspllidier quitdiorg dittechizarrialieteasel yut Al socconmpildtwel,second
exanpl e, dust-emtting powders hardly exist, so that no

| ubricating/ cleaaimgeai el forbe preyvens i g ddies wetstw 2rh t14 sxgr plovgler <€.,f rom
flying away is necessary, whereby dry processing can be realized in the
cutting step. d0d lunhd Reasecondaexanpt encstheeytdrei § rydagyy 10l areodividded
part {crack region 9) is realized by non-contact processing wth the | aser
i ght L, problemecatodutabitldd yeolrbbadesttibheiat reapl ag2ent fArseguency, and
the like in the dicing caused by dianmond cutters will not occur. Al so,
since the fornimgFig. 22, the laser light L emitted from the laser light

source 101 1is converged by the light-converging lens 105
such that the light~-converging peint P is positioned within
10 the piezoelectric device wafer 31 facing a predetermined
gap (80umasmentioned above) formed betweenadjacent circuit
secticons 39. The above-mentioned desirable cutting pattern
is set such that the gap formed between the adjacent circuit
sections 39 in order to separate aplurality of piezoelectric

device chips 37 from the piezoelectric device wafer 31 is

[
L

irradiated with the laser light L, whereas the laser light
Lis irradiated while the state of irradiation of laser light
L is seen through the monitor 129%.
Here, as shown inFig. 22, the laser light L irradiating
20 the material to be cut is converged by the light-converging
lens 105 by an angle at which the circuit sections 39 formed
on the surface of the piezoelectric device wafer 31 (the
surface on which the laser light L is incident) are not
irradiatedwiththelaser lightL. Convergingthelaserlight
25 L by aﬁ angle at which the circuit sections 39 are not

irradiatedwith the laser 1ight L can prevent the laser 1ight
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15 of a nodified part (crack region 9) is realized by non-contact
processing with the laser light L, the second exanple can cut the
light-transmitting material along a cutting pattern which cuts out the
light-transmitting material without conpletely cutting the sane. The
present invention is not 20 limted to the above-nenti oned second exanpl e.
For exanple, the light-transmtting material maybe a sem conductor wafer
a glass substrate, or the like without being restricted to the

pi ezoel ectric device wafer 31. Also, the laser light source 101 can
appropri at el y Lifer csedecs eth ¢ Ahewifrautitt ye dwi &b 3h saptd reale cabos pikomit
characteristic of the light-transmtting material to be cut. Though the

mnute 117 rege@nsodsane Eg@ﬂ&@taah@ nadieki edgpar..upon irradiation with the
| aser light L in the second exanple, it is not restrictive. For exanple,

using an ultrashortwpuhsehkasgter! 1 gt SOWNCE e Eronf @fk0156e0Nndighis)
| aser) can forma 5 nodified part caused by a refractive index change

(higher 10 retbactievEni Rdexdnvd ipsd BacAg e ental idht tdievddiggig boamsni tting
material w thout generating the crack regions 9 by utilizing such a

mechangcal charaest pbksstieneehang@inTheugpitheclieedsiadpust enkaobr| aser
light L is carried out by noving the Z-axis stage 113 in the |aser

processing aﬂﬂdﬂétUﬁhéooex1ét:gEHYd@@sﬁﬁ ected lysgovilnghithe, at the
l'i ght-converging lens 105 in the optical axis direction of laser light L

wi t hout bei nglrgstricehedrghegetpdinthaughddwmisX-axtisreénged 109 apdidanxi s
stage IIl are
damage or optical dielectric breakdown, minute crack regions
9 are formed only at the light-converging point P within
10 the piezoelectric device wafer 31 acting as a material to
be cut and its vicinity. Here, the surface and rear face
of the material to be cut (piezoelectric device wafer 31)
will not be damaged.
Now, with reference to Figs. 23 teo 27, the forming of
15 cracks by moving the light-converging peint of laser light
L will be explained. The material to be cut 32
(light-transmitting material) having a substantially
rectangular parallelepiped form shown 1in Fig. 23 is
irradiatedehﬂ1laserlightIJsuchthat'thelight-convefging
20 point c¢f laser light L 1s positioned within the material
to be cut 32, whereby minute crack regions 9 are formed only
at the light-converging point within the material to be cut
32 and its vicinity as shown in Figs. 24 and 25. The scanning
éf laser light L or movement ¢f the material to be cut 32

25 is regulated so as to move the light-converging peoint of

laser light L in the longitudinal direction D of material
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7 moved in conformty to a desirable cutting pattern in the |aser
processi ng apparatus 200, it is not restrictive, whereby the laser light L
may be scanned in conformty to a desirable cutting pattern. 20 Though the
pi ezoel ectric device wafer 31 is cut by the pressure needle 36 after being
attracted to the suction chuck 34, it is not restrictive, whereby the

pi ezoel ectric device wafer 31 may be cut by the pressure needle 36, and
then the cut and isolated piezoelectric device chip 37 nmaybe attracted 25
to the suction chuck 34. Here, when the piezoelectric device wafer 31 is
cut by the pressure needle 36 after the 118 piezoel ectric _device wafer 31 is
attracted to uheéesGeti 6A 1EhBERS8E:TE he S ¢ ofe *ife °fut 28R 80 at ed

pi ezoel ectric device chip 37 is covered with the suction chuck 34, which
can prevent dust and the like fromadhering to the surface 5 of the

pi ezoel ectric device chip 37. A so, when an inmage pickup device_ 121 for
infrared rays is §386¢ §rreassadj bisthiehticaRibEEedmmeln6UE 3/ LiETT zi ng
reflected light of laser light L. In this case, it is necessary that a half
mrror be usé®unest Lol 18fe PheSEl Ehe BIRENE0 - A PHOF2 1DBY OfHiYac HF 8posSihg an
optical device between the half mrror and the |aser |ight source 101,

whi ch 9suppr essége £REMEEL i BN ¢ gIRP ti a9 e I90GRE SPEREEE910%. there, it
is preferred that the output of laser light L emtted from the |aser |ight
source 101 atS P& IFmEPERIf BEULS Bel UstIENL 95 BRe JeIVIY &bcdterdytPevel

| ower than that of the output for forning cracks, such_that the |l aser |ight
L for CarryiH@terlal to be cut 3Z along the longitudinal direction

of thematerial to be cut 32 when the laser light L is scanned

or the material to be cut 32 is moved. The scanning speed

10 of lasei light L or the moving speed of material to be cut
32 may be slowed down, so as to shorten the gap between the

crack regions ¢, thereby increasing the number of thus formed

crack regions 9 as shown in Fig. 26. The scanning speed of

laser light L or the moving speed of material to be cut may

15 further be slowed down, sc that the crack région 9 is
continuously formed in the scanning direction of laser light

L, or the moving direction of material to be cut 32, i.e.,

“the moving direction of the light-converging point of laser

light L as shown in Fig. 27. Adjustment of the gap between

20 the crack regions 89 (number of crack regions 9 to be formed)
can alsc be realized by changing the relationship between

the repetition frequency of laser light L and the moving

speed of the material to be cut 32 (X-axis stage or Y-axis

stage). Also, throughput canbe imprcvedwhentherepetition

25 ' freguency of laser light L and the moving speed of material

to be cut 32 are increased.
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out focus adjustnment does not danage the material to be cut. Characteristic
features of the present invention wll now be explained fromthe viewoints
of the second exanple. 20 The method of cutting a light-transmtting
material in accordance with an aspect of the present invention conprises a
nodi fied part form ng step of converging laser light emtted froma |aser

| i ght source such that its |light-converging point is positioned wthin the
25 light-transmtting material, so as to forma nodified part only at the
i ght-converging point within the 119 light-transmtting material and its
vicinity; and a cuttinwg shep ofadut tedgorke 9i ghe t Fansaft td ey dratéei al at
the position of thus formed nodified part. In the nethod of cutting a

| i ght -transm taboieearericled Sesaradpdordalicewicet telins (88péct dBStHRE Spresent
invention, the laser light is converged such that the |ight-converging
poi nt of |aseridiggnedatqubgiud dmedhyistilgiad tehd e riniaghtfotrican ewintitlicad imat er i al
in the nodified part formng step, whereby the nodified part is fornmed only
at the 10 |i glnconversiteg poiengew t aha thee likghvithanshihe tiate rivlt é0i al and

its vicinity. In the cutting step, the Ilight-transmtting material is cut
at the Positidre ofitt hire pd oy frednaddiithadgparick segtthas % he parsuipu el dust

em ssion is very small, whereby the possibility of dicing damages,

chi ppi ng, cr acks® o7 tie gratvertibd surcfkacegiang théorimed oodur milndlal $6ebecomes
very low. Since the light-transmtting material is cut at the position of

t hus material to be cut (the light-converging pocint and its

vicinity), therebycuttingthematerial tobecutataposition
formed with the crack regicns 9 (S221).

10 With referénce to Figs. 28 to 32, the cutting of the
material to be cut upon physical external force application
will Dbe explained. First, the material to be cut
(piezoelectricdevicewafer 31) fermedwith the crack regions
9 along the desirable cutting pattern is placed in a cutting

15 apparatus while in a state held by a wafer sheet 33 grasped
by the sample holder 35. The cutting apparatus has a suction
chuck 34, which will be explained later, a suction pump {(not
depicted) connectedtothe suctionchuck 34, a pressure needle
36 (pressing member), pressure needle driving means (not

20 depicted) for moving the pressure needle 36, and the like.
Usable as the pressure needle driving means is an actuator
of electric, hydraulic, or other types. Figs. 2B to 32 do
nct depict the circuit sections 39.

Once the piezcelectric device wafer 31 is piaced in

25 the cutting apparatus, the suction chuck 34 approaches the

position corresponding to the piezoelectric device chip 37



formed nodified part, the directional stability of cutting inproves, so
that cutting direction can be controlled easily. 20 Also, the dicing wdth
can be nmade smaller than that attained in the dicing with a dianond cutter,
whereby the nunber of light-transmtting materials cut out from one
light-transmtting material can be increased. As a result of these, the
present invention can cut the 25 light-transmtting material quite easily
and appropriately. Also, in the method of cutting a light-transmtting 120
material in accordance with this aspect of the present invention,

dust-em tting ers SO thatzrgno | ubricati n%/ cl eanin

_ 0 aéd! y exj st ' / I wat er
for preventing t e ?:lﬁg 2 ?ﬁ]tatsl ﬁé Bd\ﬁclgf'%f om f‘\‘liﬁ%ﬁ%—’vﬁﬁ P el asi'y,
shereby Ty b1 0gessl g £ 60 bt saLlzed Uik L1 SULLENG 3t eRy i e, et hod
e Lot | YL o0 ) Sl oL RE AT 100058 ML {LedPart L2 Seplaged b
di amond cut fer STRFH ToE ettt = 6 58P e T haUEaRRIG o 4 S AT part
o pealized by noncontoct procgeslngo el Lhe.Laser Ligbte. e pmiod of
Lhe present [ et o gan ot Le |G rangTit oo spLerial slonan
fgfﬁ;gte'y cutting the, sams.,frefenably, the,liohtztransitting raterial is

(piezoelectric device watfer 31) tobe 1solated, the pressure
needle 36 is moved to the position ccrresponding to the
10 piezoelectric device chip 37 to be isolated from the rear
face of wafer sheet 33 (rear face of the surface held with

the piezoelectric device wafer 31) as shown in Fig. 30.
When the pressure needle 36 is further moved after
abutting against the rear face of the wafer sheet 33, the
15 wafer sheet 33 deforms, while the pressure needle 26 applies
astresstothepiezoelectricdevicewafer 31 fromthe cutside,
whereby a stress is generated in the wafer part formed with
the crack regicns 9, which grows the crack regioné 9. When
the crack regions 9 grow to the surface and rear face of
20 the piezoelectric device wafer 31, the pilezoelectric device
wafer 31 is cut at an end part of the piezoelectric device
chip 37 to be isolated as shown in Fig. 31, whereby the
piezoelectric device <chip 37 1is isolated from the
piezoelectric device wafer 31. The wafer sheet 33 has an

25 adhesiveness as mentioned above, thereby being able to

prevent cut and separated plezcelectric device chips 37 from
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20 with a plurality of circuit sections, whereas |aser light is converged
such that the light-converging point is positioned within the
light-transmitting material part facing the gap formed between adj acent
circuit sections in the nodified part formng step, so as to formthe

nodi fied 25 part. Wth such a configuration, the light-transmtting

material can reliably be cut at the position of the gap fornmed 121 between
adj acent circuit sections. Wien irradiating the light-transmtting nateri al
with laser light.in the nodified part formng step, it is preferred that
the | aser |ight—bd'Tohieiged by an angl e at which the 5 circuit sections are
not irradiated with the |aser,

I I
at which the C|rCU|§) §%EQ?Bﬁ§28ggeﬁ5FlFF¥\Hﬁ§$gg ﬂﬁﬁfﬁép?ﬁgg?d %8%? aﬂgne
di at the | ht -t tt t th th

a1 o part st REAG sﬁ%%ﬁ?gcs%%ﬁl%”%we R TR T
entering the circuit secti nd protec the IFCUI& sec |oner3‘e aggst t he
 asor Ilght I e BRe FOdTIGU PAH PO AG D 3

s oft | acer TTRhENSs" S5 0t TUITh 4*nbUs 4 > b DoCanE| ARG ' HPeng t he

novi n dlrectl n of he ht c nver gi n oint. Wh the |.i ght nvergin
poi nt gl s 9 rlrS F@c??%ﬁo? ?%?ﬁgﬁt‘?%‘gl?%ec%ﬁ sga Sagﬁ]seq% ecfgggrm gI i ght
in the nndlfl art fornln as such i ed part
cont i nuously gﬁq’ep Aifd rﬁg\ﬁ %g% %(5’ POST %ltghe B%I gﬁtm&?n\;zr gi mﬁc:)tl nlto
the directiongly a%tcegt: gfth%u;ﬁwgoﬁugﬁuhcr J4TPrQ¥ES, i sh Jrke

furt her ’ !

apparatus, which is not depicted, is used for sending an
10 ion air in the directicon of arrows B in Fig. 32, whereby
the piezoelectric device chip 37 isolated and attracted to
the suction chuck 34, and the piezoelectric device wafer
31 (surface) held by the wafer sheet 32 are cleaned with

the ion air. Here, 2 suction spparatus may be provided in

—
o

place of the ionair cleaning, such that the cut and separated
piezoelectric device chips 37 andpiezoelectricdevicewafer
31 are cleaned as dust and the like are aspirated. Known
as a method of cutting the material to be cut due to
environmental changes is one imparting a temperature change
20 to the material to be cut having the crack regions 9 cnly
therewithin. When a temperature change is imparted to the
material to be cut as such, a thermal distortion can occur
in the material part formed with the crack regicns 9, so
that the c¢rack regions grow, whereby the material to be cut
25 can be cut.

Thus, in the second example, the light-converging lens
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easier to control the cutting direction. The nethod of cutting a
light-transmtting material in accordance with an aspect of the present
invention 25 conprises a crack formng step of-converging |aser |ight
emtted froma laser light source such that its 122 |ight-convergi ng point
is positioned within the light-transmtting nmaterial, so as to forma crack
only at the light-converging point wwthin the light-transmtting naterial
and its vicinity; and a cutting step of cutting 5 the light-transmtting
material at the position of thus formed crack In the nethod of cutting a

li ght-transm t1§hGomateaided the nlaisdot dahE - Mtk eI ST A8 féet L dFe % heIpFesent
invention, laser light is conven%ed_such that the |ight-converging point 10
of |aser |ightSQWr@sPiicidutietATS Ll ipancdishi 817 hd s Deetéirard so
that the energy density of laser |ight at the Iight-convergin% poi nt
exceeds a thr esHoln ofthopt iLléahtdamage™isi 16t i vaf el @l ecttice Bregkdsdn of
the light-transmtting material, whereby a crack is fornmed only at the

| i ght - conver gidRy o7 mafag 8hi n Wiershyhde eansey (e twef laggedightand its
vicinity. In the cutting step, the light-transmtting material is cut at
the position oft tHaS lfiehredoBvEdkingo RK4L" t%%@ﬁmnghéf thgsehemtsefon is
very small, whereby the possibility of dicing damages, chipping, 20 cracks
on the materi @APEIFFREEMGRIOF K@ tlided BEBLPFT RS HITSE K udones HofPrmaw,

Since the light-transmtting material is , ) ‘ o
the minute cracks Yonly at the light-converging point within

the light-transmittingmaterial anditsvicinity. Sincethe

light-transmitting material is cut at the positions of thus

10 formed crack regions 9, the amount of dust emission is very

small, whereby'thé]aossibilit)rof dicing damages, chipping,

cracks on the material surface, and the like occurring also

becomes very low. Since the light-transmittingmaterial is

cut along the crack regions 9 formed by the optical damages

15 or optical dielectric breakdown of the light-transmitting

material, the directiocnal stability of cutting improves,

so that cutting direction can be controlled easily. Also,

the dicing width can be made smaller than that attained in

the dicing with a diamond cutter, whereby the number of

20 light-transmitting materials cut cut from one

light-transmitting material can be increased. As a result

of these, the second example can cut the light-transmitting
material guite easily and appropriately.

Also, a stress is generated within the material to be

25 cut dueteophysical external forceapplication, environmental

changes, and the like, so as to grow the formed crack regions
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cut at the position of the crack forned by an optical danage or optical
dielectric breakdown, the directional stability of cutting inproves, so
that cutting direction can be 25 controlled easily. Also, the dicing width
can bemade snmaller than that attained in the dicing with a dianond cutter,
whereby 123 the nunber of light-transmtting materials cut out from one
light-transmtting material can be increased. As a result of these, the
present invention can cut the Ilight-transmtting material quite easily and
appropriately. 5 Also, in the nethod of cutting a light-transmtting
materi al in actotdancé wihteh ltighs -aspechiaft inle rprresdnrtl  ipwaddlagtiric
dust-emtting powders hardly exist, so that no |ubricating/cleaning water
for preventingi¢heceust feamAlt)i nghepeigersefl1om ft 4am g1yl @viaryg inse treededsary,
whereby dry processing 10 can be realized in the cutting step. In the
met hod of cut te¢ang ralliightl v beansmet ting pratieiicak of f caceadr daack redilerishi s
aspect of the present invention, since the formng of a crack is realized
by non-contactS. processing with laser light, problens of durability of
bl ades, 15 their replacenment frequency, and the like in the dicing caused
by di anond cutters wildo notheogauwssuAlesaesesilrcBét he hosdn hgr afplayicraek 1S
real i zed by non-contact processing with the |l|aser |ight, the nmethod of
cutting a |igldtteansm ttheagl igrat-eriaat smint @oop mdereael ad t ¢pitdd e laspedtc of t he
present 20 invention can cut the light-transmtting material along a
cutting patterdewdehwzigs Dut, the d3 ght -dransthd tiognedraterdial r ag itdrsut
conpletely cutting the sane. Preferably, in the cutting step, the

9 to cut the light-transmitting material (piezoelectric

device wafer 31), whereby the light-transmitting material

10 can further reliably be cut at the positions of formed crack
regions 2.

When the plezoelectric device wafer 31

(light-transmitting material) formed with a plurality of

circuit sections 39 is cut and separated into individual

W

piezeelectric device chips 37, the light-converging lens

[}

105converges the laser 1ight Lsuchthat the light-converging
point is positioned within the wafer part facing the gap
formed between adjacent circuit sections 39, and forms the
crack regions 2, whereby the piezcelectric device wafer 31

20 can reliably be cut at the position of the gap formed between
adjacent circuit sections 39.

When the light-transmitting material (piezoelectric
device wafer 31) is moved or laser light L is scanned so0
as to move the light-converging point in a direction

25 intersecting the optical axis of laser light L, e. g., a

direction orthogonal thereto, the crack region 9 is
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light-transmtting material is cut by growing the forned 25 crack. Cutting
the light-transmtting naterial by growing the forned crack in the cutting
step as such can reliably 224 cut the light-transmtting material at the
position of the fornmed crack. Preferably, in the cutting step, a stress is
applied to the light-transmtting material by using a pressing nenber, 3
so as to grow a crack, thereby cutting the light-transmtting material. Wen
a stress is applied to the light-transmtting mnaterial in the cutting step
by using a pressing nenber as such, so as to grow a crack, thereby cutting
the |ight-trapstitddng IRat esiakd thenki gte thansnyt ding ckQ omater i ahecan
further reliably be cut at the position of the crack. The apparatus for
cutting a lightidHansivdrigigig mteki, akoi thae cifdanoe aditdhansaspecitof the
present invention conprises a |aser |light source; holding means for hol ding
15 the light-tyRnsMdidporBdesd almpasvopt 1w clewhgesf ot peopyeIgi Bg the

| aser light emtted fromthe | aser 1ight source such that a

l'i ght - conver gicig tRQJ1nt: Heher&afi s Rasidi;eneeho rwi tRisn 1the 1ight-transmtting
material; and cutting neans for cutting the light-transmtting nmaterial at
the pogition 20 of aimedi filhedrRaskbouned=aphy, abukhechight ngcppvgEgENg
point of laser light within the light-transmtting naterial and its
vicinity. In theappanatds fof endting aubkgbitirapsneiting waakeriak in
accordance with this aspect of the present 25 invention, the optical device
conver ges | as@rehvicghtti ngUehe dust-emitting powders from flying away is

necessary, whereby dry processing can be realized in the
cutting step.

10 In the second example, since the forming of a modified
part {(crack region 9) is realized by non-contact processing
with the laser light L, proklems of durability of blades,
theirreplacement frequency, andthe likeinthedicing caused
by diamond cutters will not cccur. Also, since the forming

- U, S s
of amogifiedpart |

[

rackregion @) is realized by non-contact

—
U

processing with the laser light L, the second example can
cut the light-transmitting material along a cutting pattern
which cuts out the light-transmitting material without
completely cutting the same. The present invention is not
20 limited tothe above~mentioned second example. For example,
the light~-transmittingmaterialmaybeasemiconductocrwafer,
2 glass substrate, or the like without being restricted to
the piezoelectric device wafer 31. Also, the laser light
source 101 can appropriately be selected in conformity to
25 an optical absorption characteristic of the

light~-transmitting material to be cut. Though the minute
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that the light -converging point of laser light is positioned 225 within the
light-transmtting material, whereby a nodified part is forned only at the
| i ght-converging point within the light-transmtting material and its
vicinity. Then, the cutting neans cuts the light-transmtting nmaterial at
the 5 position of the nodified part formed only at the |ight-converging
point wwthin the light-transmtting nmaterial and its vicinity, whereby the
light-transmitting nmaterial is reliably cut along thus formed nodified
part. As a consequence, the anmount of dust em ssion is very snmall, 10
wher eas the passiibirlsi By sek dbemad damagesdichepppsgr cpaacksreadtheiomteri al
surface, and the |ike occurring al so becones very low Al so, since the
| i ght -transm Wiiithg et erasaly 1S ghautl al wnghé heetmti féeshpasf , 1t hesdhoecti ona
stability of cutting inproves, whereby the cutting direction can be
control |l ed eagielsytridlti@e.t heodiciangp M dtis ie@naher Nackes rsamed b set haset hat
attained in the dicing with a dianond cutter, whereby the nunber of
li ght-transm ttiighg mebedeal (. qut, dHmifds seoned |fghtrdsansntdti ngrmmseri al
can be increased. As a result of these, the present invention can cut the
20 |ight-transwiditfiied patercalsguilbe £asddysand apprepr cakaky. (hAyser in the
apparatus for cutting a light-transmtting nmaterial in accordance with this
aspect of therprfesentivel nveidon, dustrsem béing pewders hardlgutexi ske so
that no Ilubricating/cleaning water f or preventing the dust-emtting 25
powders from filgpitrg rawaywiksingcassanryalwherebytdyynpieceasi nge caacke
realized in the cutting step. 126

regions 9 by utilizing such a mechanical characteristic

change.

i0 Though the focus adjustment of laser light L is carried
out by moving the Z-axis stage 113 in the laser processing
apparatus 100, it may be effected by moving the
light-converging lens 105 in the optical axis direction of
laser light L without being restricted thereto.

Though the X-axis stzage 109 and Y-&xis stage 111 are

-
o

moved 1n conformity to a desirable cutting pattern in the
laser processing apparatus 100, it is not restrictive,
whereby the laser light L may be scanned in conformity to
a desirable cutting pattern.

20 Though the piezcelectric device wafer 31 is cut by the
pressure needle 36 after being attracted to the suction chuck
34, it is not restrictive, whereby the piezoelectric device
wafer 31 may be cut by the pressure needle 36, and then the
cut and isclatedpiezoelectricdevicechip37maybeattracted

25 tothe suctionchuck 34. Herxe, whenthepiezoelectricdevice

wafer 31 1is cut by the pressure needle 36 after the
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In the apparatus for cutting a light-transmtting nmaterial in accordance
with this aspect of the present invention, since the nodified part is
formed by non-contact processing with |aser light, problens of durability
of blades, 5 their replacenent frequency, and the like in the dicing caused
by di anond cutters will not occur as in the conventional techniques. Al so,
since the nodified part is formed by non-contact processing with the | aser
| ight as nentioned above, the apparatus for cutting a light-transmtting 10
material in accordance with this aspect of the present invention can cut
the |ight-trapsmzoeilrg tndtedieali cal eafea 3tutsiag pattet moihehscat somut t he
light-transmtting material w thout conpletely cutting the sanme. The
appar at us for ctutctkd B¢, aid ghtrflacansfritid ngt 45d neterdtald pneacebedance with
an aspect of the present invention conprises a |laser |ight source; holding
means for hol diewvg cet baiki ghttd rcansmead wighmabersaty iam cdptdkcdl, device for
converging laser light emtted fromthe laser |ight source such that a
| i ght - conver giceg pokentnthéneofand tpasiltikenédo@0aahé himg tithe the surface
light-transmitting material; and cutting neans for cutting the
| i ght - tr ansm tffi n@gengtierzicall eyt rgrowend ca ctiigck7f.ornmed only at the
| i ght-converging point of laser |light within the light-transmtting
material and its VvRGshpi twher2bnlimadeer appap atews. cfeot 2 t bl hyf mmred rays
light-transmitting material in accordance with this aspect of the present
127 inventionist heedpt fcalisdedice:venvergesod aserrildgltutsbbghutihatinde
| i ght-converging point of laser light is positioned

reflected light of laser light L. In this case, it is

necessary that a half mirror be used instead of the dichroic
10 mirror 1032, while disposing an optical device between the
half mirror and the laser light source 101, which suppresses
the return light to the laser light source 101. Here, it
is preferred that the output of laser light L emitted from

the laser light source 101 at the time of focus adjustment

|92}

e set to an energy level lower than that of the output for

[

forming cracks, such that the laser light L for carrying

out focus adjustment does not damage the material to be cut.
Characteristic features of the present inventionwill

now be explained from the viewpoints of the seccond example.

20 The method of cutting a light-transmitting material
in accordance with an aspect of the present invention
comprises a modified part forming step ¢f converging laser

light emitted from a laser light source such that its
light-converging point is positioned within the

25 light-transmitting material, so as to form a medified part

only at the 1light-converging point within  the
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within the light-transmtting material, so that the energy density of |aser
light at the light -convergingpoint exceeds 5 a threshold of optical damage
or optical dielectric breakdowmn of the light-transmtting material, whereby
a crack is formed only at the light-converging point within the
light-transmtting material and its vicinity. Then, the cutting neans cuts
the light-transmtting nmaterial by growing 10 the crack forned only at the
| i ght-converging point within the light-transmtting material and its
vicinity, whereby the light-transmtting material is reliably cut along the
crack formed hyign-optdrcatidairegeadke raptli @ad idiset ectimicy: bmeakdowiiof t he
light-transmtting material. As a consequennnce, the anount of dust em ssion
is very snall ,staphesgasuthénpossichi 11 dlyt -of r &t ©nivg: Dagrageser chl ppitnghecr acks
on the material surface, and the like occurring al so becones very |ow.
Si nce thelightpedirtanamdf it reiermad nesd cidedlpng . the crack, the
directional stability of cutting inproves, 20 so that cutting direction can
be control |l ed easil yin #hseethiohieo fliccitng nei i hgnant bensmdet smaldaarertihan t hat
attained in the dicing with a dianond cutter, whereby the nunber of
| i ght - t5r ansmi tit g dmidariad svicdd wuts fagmane £ 1ttghtptasangmiittieng imat er i al
can be increased. As a result 25 of these, the present invention can cut the
| i ght-transm ttthengasatreright du teneasiky aundch appropne dtighyt.~ cb28 =R0190144- 00
Al so, in the apparatus for cutting a light-transmtting material in
accordance W thitit s aspeciaofr t haighesenis i peenttiiemeddusviembti ngpepowder s
hardly exist, so that no

light-transmitting material in the modified part forming

step, whereby the modified part is formed only at the
10 light-converging point within the light-transmitting
material and its vicinity. In the cutting step, the
light-transmitting material 1s cut at the position of thus
formed modified part, so that the amount of dust emission
is very small, whereby the possibility of dicing damages,

chipping, cracks on the material surface, and the like

(oY
€2

occcurring also becomes very low. Since the
light-transmitting material is cut at the positicon of thus
formed modified part, the directional stability of cutting
improves, sothat cuttingdirectioncanbecontrolledeasily.
20 Also, the dicing width can be made smaller than that attained
in the dicing with a diamend cutter, whereby the number of
light-transmitting materials cut out from one
light-transmitting material can be increased. As a result
of these, the present invention can cut the
25 light-transmittingmaterial quiteeasilyandappropriately.

Also, in the methcd of cutting a light-transmitting
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“lubricating/cleaning water for preventing the dust-emtting 5 powders from
flying away i s necessary, whereby dry processing can be realized in the
cutting step. In the apparatus for cutting a light-transmtting material in
accordance with this aspect of the present invention, since the crack is
formed by non-contact 10 processing with |aser light, problens of durability
of blades, their replacenent frequency, and the like in the dicing caused
by dianond cutters will not occur as in the conventional techniques. Al so,
since the crack is formed by non-contact processing with the |aser |ight as
ment i oned abov t t:hod t i ngwahi-ght- 141 pal in
accordance wt atﬁ%ﬁgq§§ggc?&§?9§%§8%rgggﬂtt#ﬁ%eﬁ?%%ﬁﬂig%éctﬁgtﬁgggéhg
light-transmtti teri I Cut i t ich., cuts e

1 gnt -t r anem { (R RRCerT QPG Phase mprarer s MEERHY gt S50k

Preferably, th%U%’Hkkqgﬁgﬁﬁggﬁgﬁzﬁfwgéﬁg%EFEEQ§E$%ﬁﬁ) Q%eQBBkYEHQt%iE ress

to the light-transmtti neans “has a pressi ng

the | ght -t ra . nen the cut {7 a8 '8 pressi
Ct7oss | can b THSILSE L0 { RGP BGHESt 1 ARBEETERG e ar e Cby Pher g 38t ne

pressi ng nenber,.  so _as 1Q.grow. r.ac re he light-transmtting
nateriag can fUrt gﬁ ?gﬁﬁé%ﬁy 6@ %&F gFt¥g§gt%ée osition of the crack

formed. Preferably, E?)%AO%QQEEEEQ{ES%E%EH a”ﬂ%éﬁéréé?rﬁe inﬁ"@%‘feﬂéiace s

formed with a pluralit circuit sections, ereas | _ I""device
converges the Lasef. |i.ght, Sueh .t B3l & he lLlght CoRLerglag ol il ehsson,
positioned within the
sincethe formingof amodifiedpartisrealizedbynon-contact
processingwith laser light, problems of durabilityof blades,
10 their replacement frequency, andthe likeinthedicing caused
by diamond cutters wiil not occur. Also, since the forming
of 2 modified part is realized by non-contact processing

with the laser 1light, the method of cutting a

light~transmitting material in accordance with this aspect

D

cf the present invention ¢an cut the light-transmitting

e
Ln

material along a cutting pattern which cuts out the
light-transmitting material without completely cutting the

same.
Preferably, the light-transmittingmaterial is formed
20 with a plurality of circuit sections, whereas laser light
is converged such that the light-converging point is
pesitioned within the light-transmitting material part
facing the gap formed between adjacent circuit sections in
the modified part forming step, so as to form the modified
25 part. With such a configuration, the light-transmitting

material can reliably be cut at the positionof the gap formed
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light-transmtting material part facing the gap forned between adjacent
circuit sections. Wth such a configuration, the light-transmtting
material can reliably be cut at the position of the gap forned between
adjacent 10 circuit sections. Preferably, the optical device converges

| aser light by an angle at which the circuit sections are not irradiated
with the laser |ight. Wen the optical device converges the laser |ight by
an angle at which the circuit sections are not irradiated with the |aser

i ght as such, it can prevent the laser light fromentering the circuit

sections and pret@etn bhgaebheuULt ysgeti @astagasnst the laser |ight.
Preferably, the apparatus further conprises |light-converging point noving

neans for nmoving theyy2Q ;l |&QGEEQQV%Fi@émggHQLEEathﬁtghﬁ elalc@n ilantyergect i ng
the optical axis of laser |ight en the apparatus further conprises

l'i ght - conver gi ng<poiNtyH¥OV eaerﬁ?@aﬁﬂ‘é&P@v'f%gmlhgesﬂérgh&tq%qyz%ﬂéﬂgecpm nt

in adirection intersecting the optical axis of |'aser |light ‘as such, a

crack can contipyously 2adie ifj %{H‘ﬁe%eal:%gew@d 10 a%'grl%cg'towh%htdwe
|'i ght-converging point, so that the directional” stability of cutting

furthers130 inmpfoxese ¥\Q@{P@:¥st§€e q{cgteclt‘1%1%fte‘2}1t~t1'tﬂ9tﬁ@”1Q@efoﬂdﬁ’d led

further easily. [Third Exanpl €] d ‘exanple of this enbodinent”w il be

explained. 5 (Iics'n{rQ?gimgr%eeﬁ%@%lrel%@ﬁt%y%Ehg?éaﬁlxﬁu‘@?}' eRevh]dcbe

sections are not dirradiated with the laser light when

irradiating the light-transmitting material with the laser

light in the modified part forming step as such can prevent

10 the laser light fromenteringthecircuit sections andprotect
the circuit sections against the laser light.

Preferably, in the modified part forming step, the

light~converging point is moved in a2 direction intersecting

the optical axis of laser light, so as to form & modified

[
n

art continuously aleng the moving direction of the

9]

light-converging point. When the light-convergingpoint is
moved in a direction intersecting the optical axis of laser
light in the modified part forming step as such, so as to
form the mecdified part continuously along the moving
20 direction of the light-converging point, the directional
stabilityofcutting further improves, whichmakes it further
easier to control the cutting direction.
The method of cutting a light-transmitting material
in accordance with an aspect of the present invention
25 comprises a crack forming step of converging laser light

emitted from a laser light source such that 1ts
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explained | ater, an object to be processed is irradiated wth |aser |ight
such that the direction of linear polarization of linearly polarized | aser
| ight extends along a line along which the object is intended to be cut in
the 10 object to be processed, whereby a nodified region is forned in the
object to be processed. As a consequence, in the nodified spot forned with
a single pulse of shot (i.e., a single pulse of laser irradiation) , the
size in the direction extending along the |ine along which the object is
intended to be cut can be nmade relatively large when the laser light is
pul se laser |ighintTbeenvavent@r hasireonfiiknedpbtibyosdd experiiment the
Conditions for the experinent are as follows: (A) Object to be processed:

Pyrex gl ass waf egn{ havi Rgm; & L Glaess: 0f, 4002 M and 3N 208t 86k dianeter of 4
i nches) 20 (B) Laser Light source: sem conductor |aser punping : YAG | aser

Wavel engt h: 1064 N diasek o) w@@ﬁ?q&ofﬁ@&&r@@ﬁ iQnaly sanfa Bk % 25410- 8
cm Oscillation node: Qswitch pulse 131 5 10 Repetition frequency: 100 kHz

Pul se wi dth: 30, ns Qi paita Oud Py c i ile P/ 34 s clasly |4y tualitiingTEMao
Pol ari zati on characteristic: |inear

5 the light-transmitting material at the position of thus
formed crack.

Inthemethodof cuttinga light-transmittingmaterial

in accordance with this aspect of the present invention,

laserlightisconvergedsuchthatthelight-convergingpbint

10 of laser light is positioned within the light-transmitting

material, so that the energy density of laser light at the

light-converging point exceeds a2 threshold of optical damage

or cptical dielectric breakdown of the light-transmitting

material, whereby a crack 1s formed only at the
15 light-cenverging peoint within the light-transmitting
material and its vicinity. In the cutting step, the

light-transmitting material is cut at the positiocon of thus
formed crack, so that the amount of dust emission is very
small, whereby the possibility of dicing damages, chipping,
20 cracks on the material surface, and the like occurring also
becomes very low. Since the light-transmitting material is
cut at the position of the crack formed by an optical damage
or optical dielectric breakdown, the directional stability
of cutting improves, so that cutting direction can be
25 controlledeasily. Also,thedicingwidthcanbemadesmaller

thanthatattainedinthedicingwithadiamondcutter, whereby
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pol ari zation (C) Light-converging | ens Magnification: x50 NA: 0.55
Transmttance with respect to laser light wavelength: 60% (D) Myving speed
of a nounting table nmounting the object to be processed: 100 mm sec Each of
Samples | , 2, which was an object to be processed, 1.7 was exposed to a
single pul se se shot of pulse laser light while the |Iight-convergi ng point
is located within the object to be processed, whereby a crack region caused
by nmulti photon absorption is forned within the object to be processed.
Sanple 1 was irradiated with Iinearly polarized pul se laser 20 |ight,

wher eas Sanpl etdewagmpek £di At et o FRNENEELE BB IMAL ol BkS £88 DUt S Taske

light. Fig. 33 is a view show ng a photograph of Sanple 1 in plan, whereas
Fig. 34 is a vﬂé@h§h@Wﬁﬁgmétﬁhﬁﬂo@¢@@hl@f<8Hhﬁﬁelﬂ2fﬁﬁ59ﬂanfkﬂﬁe§65%lhnes
are an entrance face 209 of pulse 25 laserlight. Letters LP and CP
schematical |y PAdi cabeski neathe polrre it on Iarerdik@ul acapol aciizat | e
respectively. Fig. 132 35 is a view schematically show ng a cross section of
Sanpl e 1 showdightFitgan3Bitakea mong alhev |t aeaity-900®PPFPrigeelys a
view schematically showi ng a cross section of Sanple 1 shown in Fig. 34
taken abPong the |ineRAXEXVIindOohs nAlgrack 5uspdnaoe itsghbracdn@rthf hna gl ass
wafer 211 which is the object to be processed. In the case where pul se

| aser |ight ismpmﬁéépﬂyin accordance with this aspect of the present
invention, dust-emitting powders hardly exist, so that no
lubricating/cleaning water for preventing the dust-emitting
powders fromflying away is necessary, whereby dry processing

10 can be realized in the cutting step.
In themethod of cutting a light-transmitting material
in accordance with this aspect of the present invention,

since the forming of a crack is realized by non-contact

processingwith laser light, problems of durability of blades,

—
(92}

their replacement freguency, andthe like inthedicing caused
by diamond cutters will not occur. Also, since the forming
of a crack is realized by non-contact processing with the
laser light, the method of cutting a light-transmitting
material in accordance with this aspect of the present
20 invention can cut the light-transmitting material along a
cutting pattern which cuts out the light-transmitting
material without completely cutting the same.
Preferably, in the cutting step, the
light-transmitting material is cut by growing the formed
25 crack. Cutting the light-transmitting material by growing

the formed crack in the cutting step as such can reliably
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pol ari zed light, as shown in Fig. 35, the size of crack spot 90 formed by a
single pulse shot is relatively large in the 10 direction aligningwth the
direction oflinearpolarization. This indicates that the form ng of the
crack spot 90 is accelerated in this direction. Wien the pulse |aser |ight
is circularly polarized light, by contrast, the size of the crack spot 90
formed by a single pulse shot will not becone 15 greater in any specific
direction as shown in Fig. 36. The size of the crack spot 90 in the
direction yielding the maxinum length is greater in Sanple | than in Sanple
2. The fact thatitatteatkghegtoanextenthgngnalcong laaki nee @boigi ehiaththhe
object is intended to be cut can be fornmed 20 efficiently will be explained
from these resulctrseaf cexxper.i nent. Figs. 37 and 38 are plan views of crack
regions each fornmed along a |ine along which the object is intended to be
cut in an object to PeecfeaetsisedinAmurhertiofly erapk aspoiss90s epphikdr med
by a single pulse shot, are fornmed 25 along a line along which the object is
i ntended to beteuthe 3ighherebysaictaak m=agirdn 1% exsendiangrak ongg inkebeirne

al ong 133 which the object is intended to be cut 5 is fornmed. Fig. 37 shows
the crack regi o s torgms upRedi,r adeatbpruittihg 1hd 3eghaser anisglitt tsugh t hat
the direction of linear polarization of pulse laser light aligns with the
i ne al ong 5 whiatlertiké .objikeh ai st fed ehdegplld ebe cctite 21 ghhe trenwmig tahg crack
spots 9 is accelerated along the direction of the line along which the

obj ect is intemdeetialbeéncubeS5uwheremtdheirussnges iraed atg velmpdrarge in
this direction. Therefore, the <crack -region 9 extending along the |ine

al ong whi ch t heuvatyj,ecso as to grow a crack, thereby cutting the

light-transmitting material, the light-transmitting

10 material can further reliably be cut at the position of the
crack.

The apparatus for cutting a light-transmitting

material inaccordancewithanaspect of thepresent invention

comprises a laser light source; holding means for helding

b=
(o

the light-transmitting material; an optical device for
cenvergingthe laser light emitted fromthe laser 1ight source
such that a light-converging point thereof is positioned
within the light-transmitting material; and cutting means
for cutting the light-transmitting material at the position
20 cf amodified part formed only at the light-converging point
of laser light within the light-transmitting material and

its vicinity.
In the apparatus for cutting a light-transmitting
material in accordance with this aspect of the present
25 invention, the cptical device converges laser light such

that the light-converging point of laser 1ight is positioned
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10 is intended to be cut 5 can be forned by a smaller nunber of shots. On
the other hand, Fig. 38 shows the crack region 9 forned upon irradiation
with pulse laser light such that the direction of l|inear polarization of
pul se laser light 1is orthogonal to the Iine along which the object is
intended 15 to be cut S. Since the size of crack spot 90 in the direction

of the Iine along which the object is intended to be cut 5 is relatively
smal |, the nunber of shots required for formng the crack region 9 becones
greater than that in the case of Fig. 37. Therefore, the nethod of form ng
a crack regi onw2@hin dcedridance rwintsmitthiis gembodr e weowby B fodi £ 336 can
form the crack region nore efficiently than the nmethod shown in Fig. 38
does. Al so, sipeetpukséctmaserohighsti shertadhatednwatlend heoiwi recthion of

| i near pol arization of pulse laser light is 25 orthogonal to the |ine al ong
whi ch the obj eeheils ghit-endedniia the ool t &y 14 hentidros wgec Diithe @hack pot 90
formed at the 134 shot is accelerated in the wwdth direction of the |ine

al ong which tbhetobhgchedss iiehdett tid e autarsmithaeref neesrwbenat tte: crack
spot 90 extends in the width direction of the line along which the object
is intefded topbeicubn5 060 tweh, mbdi heeabj pettt ofbempd ocessed ganngie
precisely be cut along the line along which the object is intended to be
cut 5. By conliastyctheecsfick spoin®0 forned athéhel sfiot -dosssmottirextend
much in directions other than the direction aligning wth the |line al ong
whi ch the obj eattésishtendlad 4 oiled rduty, 10hs rievyt heenkt flod-t naascordance wit h
this enbodi nent showmn in Fig_ 37, whereby the object to be processed can be
cut material is reliably cut along thus formed modified part.

As a consequence, the amount of dust emissicon is very small,
10 whereas the possibility of dicing damages, chipping, cracks
on the material surface, and the like occurring alsc becomes
very low. BAlso, since the light-transmitting material is
cut along the modified part, the directional stability of

cutting improves, whereby the cutting direction can be

-]
Ln

contralledeasily. Alsco, thedicingwidthcanbemadesmaller
thanthatattainedinthedicingwithadiamoendcutter, whereby
the number of light-transmitting materials cut out frem one
light-transmitting material can be increased. As a result
of these, the present invention can cut the
20 light-transmittingmaterial quiteeasilyand apprepriately.
Also, intheapparatus forcuttingalight-transmitting

material in accordance with this aspect of the present
invention, dust-emitting powders hardly exist, s¢ that no
lubricating/cieaning water for preventing the dust-emitting

25 powders fromflying away is necessary, whereby dryprocessing

can he realized in the cutting step.
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preci sely. Though making the size in a predeterm ned direction relatively

| arge anong the sizes of a nodified region has 15 been explained in the
case of linear polarization, the same holds in elliptical polarization as
well. Nanmely, as shown in Fig. 39, the formng of the crack spot 90 is
accelerated in the direction of major axis b of an ellipse representing
elliptical polarization EP of l|aser light, whereby the crack 20 spot 90
having a relatively large size along this direction can be fornmed. Hence,
when a crack region is fornmed such that the major axis of an ellipse
indicative of the elthptheakpppebatkza&dronwaftinser Bldhptdcaldnyi iy i zed
with an ellipticity of other than 1 aligns with a |ine along which 25 the
obj ect is intendedrtgibenculcdorddiecobjrotl twibeappeeessed theelfmtdentsim|ar
to those in the case of linear polarization 135 occur. Here, the ellipticity
Is half the | engibnolon) NOmcaxhs Médat fed ho rengidh GfedBl Go@xdsntuctAs the
ellipticity is smaller, the size of the crack spot 90 along the direction
of major axis brbecosesggneatelsetingat| prRohamniszeddlirght1brisadldqdd cal ly
polarized light with an ellipticity of zero. GCircularly polarized light is
obt ai negl when theielkbpbicenbt f:%eduentl) chnganaati ykerhbeigizg @fudde crack
region relatively large in a predetermned direction. Therefore, this
enbodi ment doas%n@iaﬁ@ﬁ@wﬁefgewi:m_en&\beds@c@h&qgl 1h pEh&i donvedr i snall
Though making the size in a predeternmned direction 15 relatively large
anong the sizese®hnaqu®di figUss £gEOAcBashe modified part is formed by

non-ceontact processing with the laser light as mentioned
above, the apparatus for cuttihg a light-transmitting

10 material in accordance with this aspect of the present
invention can cut the light-transmitting material along a
cuttiné pattern which cuts out the light-transmitting
material without completely cutting the sane.

The apparatus for cutting a light-transmitting

[
N

material inaccordancewithanaspect of thepresent invention
comprises a laser light scurce; holding means for holding
the light-transmitting material; an optical device for
converging laser light emitted from the laser light source
such that a light-converging point thereof is positioned
20 within the light-transmitting material; and cutting means
for cutting the light-transmitting material by growing a
crack formed only at the light-converging point of laser
light within the 1light-transmitting material and its
vicinity.
25 In the apparatus for cutting a light-transmitting

material in accordance with this aspect of the present

127



been explained in the case of a crack region, the sane holds in nolten
processed regions and refractive index change regions as well. Also, though
pul se laser light is explained, the sanme holds in continuous wave | aser
light as well. The foregoing also hold in a fourth exanple which will be
explained later. The |l aser processing apparatus in accordance with the 20
third exanple of this enbodinent will now be explained. Fig. 40 is a
schematic diagramof this |aser processing apparatus. The |aser processing
apparatus 200 will be explained mainly in ternms of its differences fromthe
| aser processi ngveapRahat UpelBPribaaceovdanceomréhgédel 44511 axanplenshown
25 in Fig. 14. The laser processing apparatus 200 conprises an ellipticity
regul ator 201 tpetadidist Rg-tbavekhiptigdint 86 afe rppl @it 2atpan wiforleaser
light L emtted froma laser Iight source 101, and a 90 rotation regul ator
203 for adj ustingnhikhend atiafHton @fn polaringahb0Br 0811 N kaser thé ergyem tted
fromthe ellipticity regulator 201 by about 90. 5 The ellipticity regul ator
201 incl udes aggHakteroaygerplifre 207 HEhDWght Acdh Ger dilng PBenguaideidswave
plate 207 can adjust the ellipticity of elliptically polarized Iight by
changi ng the agglhg ehdideebhbencli dNaiRlyor whenchi Ghte 1wick i cli N€Aldown
polarization LP is made incident on the quarter wave 10 plate 207, the
transmtted |ightchallalms-€hdhphiceing petarizal o rEByw thaakprefieteidn ned
ellipticity. Theangle of direction is an angle fornmed between the nmajor
axis of the ebhipse and tdee X aXight ADRRHgioned above, awhumber tofeher
than 1 is enployed as the ellipticity in this enbodi nent.

light-transmitting material and its vicinity. Then, the

cuttingmeanscutsthelight-transmittingmaterial bygrowing
10 the crack formed only at the light-converging point within
the light-transmitting material and its vicinity, whereby
the light-transmitting material is reliably cut along the
crack fcrmed by an optical damage or optical dielectric

breakdewn of the light-transmitting material. As &

o

censegquence, the amount of dust emission is very small,

b

whereas the possibkility of dicing damages, chipping, cracks
on the material surface, and the like occurring also becomes
very low. Sincethelight—transmittingmaterialiscutalong
the crack, the directional stability of cutting improves,
20 SO that cutting direction can be controlled easily. Alsc,
the dicing width c¢an be made smaller than that attained in
the dicing with a2 diamond cutter, whereby the number of
light-transmitting materials cut cut from one
light-transmitting material can be increased. As a result
25 of these, the present invention can cut  the

light-transmittingmaterial quiteeasilyand appropriately.
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15 The ellipticity regul ator 201 can nmake the polarization of l|aser light L
becone elliptically polarized Iight EP having a desirable ellipticity. The
ellipticity is adjusted in view of the thickness and material of the object
to be processed 1, and the like. 20 Wen irradiating the object fif§lp&l49-00
processed 1 with laser Ilight L having linear polarization LP, the |aser
light L emtted fromthe laser light source 101 is linearly polarized

| ight LP, whereby the ellipticity regulator 201 adjusts the angle of
direction 0 of the quarter wave plate 207 such that 25 the laser light L
passes through theAdsar tiertwavppplatesvivizl @t tieiow libethHitmeashytpohari zed
light LP. Also, the laser light 137 source 101 emts linearly polarized

| aser |ight batelrerebyin theceldapte cwiyhr egubataere20l 95 thaepessany when
only laser light of linear polarization LP is utilized for irradiating the
obj ect to beiprvecesised wuth-kasering phed®0d hatdly o irsegulsat aha208ci ncl udes
a half wave plate 205 as shown in Fig. 42. The half wave plate 205 is a
wavel engt h plate ifart imakicig apdlngrvzatr 6nr grtehveganalg tloe duisheambiytpobari zed
incident light. Nanely, when linearly polarized |ight LP, with an angle of
di r ecti on of pébQecirs Afon Atiydentawary t hechabtaway el ratey 205 prboesexagpl e,
transmtted I|ight becones linearly polarized Iight LP2 rotated by 900 wth
respect to thken e deatlilzieghtinLPhe \Wern inot attiepg t he pol ari zati on of | aser
light L emtted fromthe ellipticity regulator 201 by 90', the 90" rotation
regul at or 203 oper areshe-apRyatapl Gee! cthelmal & Wagetpltates2@5tongo the
optical axis of laser light L. Wien not rotating the polarization of |aser

material in accordance with this aspect of the present
invention, since the crack is formed by non-contact
10 processingwith laser light, problems of durabilityof blades,
their replacement frequency, andthelikeinthedicing caused
by diamcnd cutters will not occur as in the conventional

techniques. Also, since the crack is fcrmed by ncn-contact

processingwiththe laser light asmentioned above, themetheod

b2
o

of cutting a light-transmitting material in accordance with
this aspect of the present inventicn «can cut the
light-transmitting materizl along a cutting pattern which
cuts out the light-transmittingmaterial withcut completely
cutting the same.
20 Preferably, the cutting means has a pressing member
for applying a stress to the light-transmitting material.
When the cutting means has a pressing member for applying
a stress tothe light-transmittingmaterial as such, a stress
can be applied to the light-transmitting material by using
25 the pressing member, so as to grow a crack, whereby the

light-transmitting material can further reliably be cut at
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light L emtted fromthe ellipticity regulator 201, the 90" rotation
regul at or 203 operates so as to place the half wave plate 205 outside the
optical path of laser light L (i.e., 20 at a site where the laser light L
does not pass through the half wave plate 205) The dichroic mrror 103 is
di sposed such that the laser |light L whose rotation of polarization is
regul ated by 90° or not by the 90' rotation regulator 203 is incident
thereon 25 and that the direction of optical axis of laser light L is
changed by 90'. The | aser processing apparatus 200 conprises 138 a 9-axis
stage 213 for ulod addig itdre of- ¥ i aneacdf ficenenounting table 107 about the
t hi ckness direction of the object to be processed 1. The stage controller
115 regul ates not orHnefetrhelypvenentl ightstagasmi@9ingldatrétBalbut ahso the
novenment 5 of stage 213. Wth reference to Figs. 40 and 43, the | aser
processi ng neitwek E0r agcondanscenad WAthhepl bt & Ui exafpd i afi 4 besteahedi nent

w Il now be explained. Fig. 43 is a flowhart for explaining this |aser
processi ng metiikesEhe ebppet cko Bevprocessedr dés kHes laseid ilcahtwatieh. Steps
S101 to SIIl are the sane as those of the first exanple shown in Fig. 15.

The el Isi pti ci thhFeaHatidgh20kcadjeustisidt e iekl iipt bektiyiontkdl aserihi ght L
havi ng |inear polarization LP emtted from the |aser |ight source 101
(S121) The | asergHd-ghtarsriawiing natdedidl PgarA Fapaharitzat | 9o EPovinkbl a
desirable ellipticity can be obtained when the angle of direction 8 of the
quarter wave jd@aleerd s ehpnged: | nciheuet! | peiceiiby st egul &tiarh 20duch  a

configuration, the light-transmittingmaterial canreliably

be cut at the position of the gap formed between adjacent

10 circuit sections.
Preferably, the optical device converges laser light
by an angle at which the circuit sections are not irradiated

with the laser light. When the optical device converges the

laser light by an angle at which the circuit sections are

[
n

not
nov

[

rradiated with the laser l1ight as such, it can prevent
the laser light fromenteringthecircuit sectionsandprotect

the circuit sections against the laser light.
Preferably, the apparatus further comprises
light-converging point moving means for moving the
20 light-converging pecint in a direction intersecting the
optical axis cf laser light. When the apparatus further
comprises light-converging point moving means for moving
the light-converging point in a direction intersecting the
cptical axis of laser light as such, a crack can continuously
25 be formed along themcving direction of the light-converging

point, sc that the directional stability of cutting further
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First, f or processing the object to be processed | along the Y-axis
direction, the major axis of an ellipse indicative 20 of the elliptical

pol ari zation EP of laser light L is adjusted so as to coincide with the
direction of the line along which the object is intended to be cut 5
extending in the Y-axis direction of the object to be processed 1 (S123)
This is achieved by rotating the E)-axis stage 213. Therefore, the 25

O axis stage 213 functions as major axis adjusting neans or |inear

pol ari zati on adjusting neans. 139 For processing the object I a lon g the
Y-axis directiQiprodd®, QPerkdlatnoOnirreauliatass %Q%t@ﬁ%rda@ﬁb@@orﬁ%dﬁ%@ﬁm _
whi ch does not rotate the polarization of laser light L (S125) - Nanely, it
operates so assioydace-dhe, half wave plate to 5 the outside of the optical
path of laser light L. The 1aser light source 101 generates |aser light L,
whereas the |ine al ong, whi gh tHe Opject is intended to be cut 5 extending
in the Y-axis dlrectlon In the surface 3 of the object to be processed | is

irradiated with the n Fig. |, 2RV heqabj ect
1. The object 1 is ﬁ%?ggﬁg%§ﬁ£ﬂ§t%<#%g las%ﬁﬁo?éﬁfhf‘@&%hﬁfﬁgﬁﬁfﬁé maj or

axi s il cat i ve, ofyd hey LT 3gnolcebhispti ok, ;o8] arisfatibounER ofithaser 1 ght

extends along the rightnost line along which the object Is intended to be

cut 5 in the Qiealired et | O -000vel Ol NG PN R g 1256l dddiieels | S

positioned within the object 1, nolten processed regions are formed only

W thin the objgcth 1.1 ;Ehe Ylf'i‘?ﬁh% stag8 lddat | sHOVEd-akongnt her | ing.ealong
whi ch the object is intended” to be cut 5, so as to forma nolten processed

region WIth'npolarlzatlonofllnearlypolarlzedlaserllghtextendsalong
a line along which the object is intended to be cut in the

10 object to be processed, whereby a modified region is formed

in the object to be processed. As a consequence, in the

modified spot formed with a single pulse of shot (i.e., a

single pulse of laser irradiation), thesize inthedirection

extending along the line along which the object 1s intended

+
to be cu

1t can be made relatively large when the laser light

[t
on

is pulse laser light. The inventor has confirmed it by an
experiment. Conditions for the experiment are as follows:
(A) Cbject tobeprocessed: Pyrexglasswafer (having
a2 thickness of 700 um and an outer cdiameter of 4 inches)
20 (B) Laser
Light source: semiconductor laser pumping
Nd:YAG laser
Wavelength: 1064 nm

Laser light spot cross-sectional area: 3.14 x

3

25 1078 cm?

Oscillation mode: Q-switch pulse
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20 the object to be processed 1 along the line along which the object is
intended to be cut 5. Then, the X-axis stage 109 is noved, so as to
irradiate the neighboring |ine along which the object is intended to be
cut 5 with laser light L, and a nolten processed region 25 is formed within
the object | along the neighboring line along which the Object is intended
to be cut 5 in a manner 140 simlar to that nentioned above. By repeating
this, a nolten processed region is forned within the object 1 along the
lines to be cut 5 successively fromthe right side (S127). Fig. 45 shows

t he case where the object LS LELadi Lt.h h aser light L having

| i near pol ari zati on. hbneﬁ%?é?hgg5ngg%§giH?g'i?9%d?g%ed with [aser |ight
such that the direction Ln ol api zation LP of laser |ight extends
along the 1line along mhigkl%heﬁggfgétgPSA?ntended to be cut 5 in the

object 1. 10 Next, the 90 Lo | at or rates so as to place
the hal f wave plate 205 (9?8@852)ngﬁggtﬁegoﬁg?égfggaxis of laser light L.

This carries out adjustne rqs ating.the ari zation of |aser |ight
enitted fromthe eIIipti2%?%9réééﬁgtépggigpbyP@%m(8219). 15 Subsequently,

the lager light 101 generggggrhggggohight dira t%%ﬁi%tgng line along, which

the object is intended to e cut extending In -axis direction of the
surface 3 of the qbj.gqt,,1 is irradiated with the laser light L. Fig. 46 is
a plan view of the ogjgcp 1. The object 1 is irradiated 20 with the | aser

i ght L such that th%)dirEEéBQDc8£v&?SiHBjQEnSaXiS of an ellipse indicative
of the elliptical polarizatron

Magnification: x50
NA: 0.55
10 Transmittance with respect to laser 1light
wavelength: 60%
(D) Moving speed of a mcunting table mounting the
object to be processed: 100 mm/sec
Eachof Samplesl, 2, whichwasanobject tobeprocessed,

wWas €xpose

9_..1
(4]
o

to 3 single pulse shot of pulse laser 1light while

the light-converging point is lccated within the cbject to

be processed, whereby a crack region caused by multiphoton

absorpticn is formed within the object to be processed.

Sample 1 was irradiated with linearly polarized pulse iaser

20 light, whereas Sample 2 was irradiated with circularly
peolarized pulse laser light.

Fig. 33 is 2 view showing a photograph of Sample 1 in

plan, whereas Fig. 34 is a view showing a photograph of Sample

2 in plan. These planes are an entrance face 209 of pulse

25 laserlight. LetterslPandCPschematicallyindicate linear

polarizationandcircularpolarization, respectively. Fig.

132



EP of laser light L extends along the I owest Iine along which the object is
intended to be cut 5 extending in the X-axis direction of the object I.
Since the light-converging point 25 P of laser light L is positioned within
the object 1, nolten processed regions are formed only within the object 1.
The 141 X-axis stage 109 is noved along the line along which the object is
intended to be cut 5, so as tof orma nolten processed region within the
object 1 extending along the Iine along which the object is intended to be
cut 5. 5 Then, the Y-axis stage is noved, such that the immediately upper
i ne al ong whi y ' 1S, -1 d - c I S.ddradiat iih the
| aser |ight L, §\?\hleép§bﬁpévg%n&et$n§r$qt§%gg ssé%%\g)lr]ggiaoggfgsf%dn% wb?hﬁn%e;
object 1 along, 4hg,) e aLongs Mclh LASHADLEED 1% LAbaNAed L0 PeqClls S 1N

10 a manner sim nentioned above. By Tepeating this, espective
| t j f.0; i int J t

ol en B PCPSSEd §oPLANS S IOIIBS AR D coBLECLed Ao e

ving 5 T b R TR e oL e ARl el

;
having 15 linear polariZation ent along t

obj at °1 i nt o 27 FI0oRE e B PRATE af 218 e e B DIbIT ST E AR

expl ai ned. 20, Accordi he third exanple, the object | is irradiated
wi th pul se Ias%$\$?gﬁ%8€e%%% “that the direction of the major ,axis of an

el l'ipse indicative oft Q?eelégsoé i ﬁﬁ‘ér@obﬂﬁiséatiao%r Efigﬁtpqlsselilrpgath ight L
extends along the lines to be cut
polarized light, as shown in Fig. 35, the size of crack spot
90 formed by a single pulse shot is relatively large in the
10 directionaligningwiththedirecticnoflinearpolarization.
This indicates that the forming of the crack spot 20 1is
accelerated in this direction. When the pulse laser light
is circularly peolarized light, by contrast, the size of the
crack spot 90 formed by a single pulse shot will not become
2

greater in any specific directicn as shown in Fig. 36. The

[
o

size of thecrackspot 90 inthedirection yielding the maximum
length is greater in Sample 1 than in Sample 2.
The fact that a crack region extending along a line
along which the object is intended to.be cut can be formed
20 efficiently will be explained £from these results of
experiment. Figs. 37 and 38 are plan views of crack regions
each formed along a line aiong which the obiect is intended
to be cut in an object to be processed. A number of crack
spots 90, each formed by a single pulse shot, are formed

25 along a line along which the object is intended to be cut

5, whereby a crack region 9 extending along the line along
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5 as shown in Figs. 44 and 46. As a consequence, the size 25 of crack spots
inthe direction of lines to be cut 5 becones relatively |arge, whereby
crack regions extending along lines 142 to be cut can-be fornmed by a snaller
nunber of shots. The third exanple can efficiently formcrack regions as
such, thus being able to inprove the processing speed of the object 1.

Al so, the crack spot fornmed at the shot does not extend 5 in directions
other than the direction aligning with the |Iine along which the object is
intended to be cut 5, whereby the object 1 can be cut precisely along the
| i ne al ong whi elhiathdhebpédecits isniahdedetotbeberus.5 Tredormesul tEigre
simlar to those of the fourth exanple which will be explained later. 10
[ Fourth Exanpl &7 Hievwsomhieh cexanplregabont Wi $oesmbddizment 1wkkHipelexpthtihed
mainly in terns of its differences fromthe third exanple. Fig. 48 is a
schemat i ¢ di agrarhsef LhEsr| dsierhtpr scessi tigat appar at useS0Don Avdnglihear
constituents of the |laser processing apparatus 300, those identical to
constituents ofoltshe Zaasen pf gedssi hgsappargttusl 2@0s iwil tactbe ddmeea Wptdh t he
third exanple shown in Fig. 40 will be referred to with nunerals identica
t her et 0 Swi t houtvhriepeatbiengbt heicr i sover bagpidnge éxplanati.on§he20oThénpaser
processi ng apparatus 300 is not equipped with the 90 rotation regul ator 203
of the third examplkespdes axiis astapr 218 ednnpothat itk tioY of ake dina
nmounting table 107 about the thickness direction of the object to be
processed 1. FRicoonelkesh tthe pof art Zat i oheonfied dsebe |dughb, Ivremigtyetdhérom 25
the ellipticity regulator 201 relatively rotate by 90.

size is relatively large in this direction. Therefore, the
crack region 9 extending alongthe line along which the object
10 is intended to be cut 5 can be formed by a smaller number
of shots. On the other hand, Fig. 38 shows the crack region
9 formed upon irradiaticn with pulse laser light such that

the directicn of linear polarization of pulse laser light

is orthogonal to the line along which the object is intended

=
o

to be cut 5. Since the size of crack spot 90 in the direction
of the line along which the cobject is intended to be cut
Sisrelativelysmall, the number of shotsrequiredfor forming
the crack region 9 becomes greater than that in the case
of Fig. 37. Therefore, the method of forming a crack region
20 in accordance with this embodiment shown in Fig. 37 can form
the crack region more efficiently than the method shown in

Fig. 38 does.
Also, since pulse laser light is irradiated while the
direction of linear polarization of pulse laser light is
25 orthogonal to the line along which the object is intended

toc be cut 5, the forming of the crack spot 90 formed at the
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The | aser processing nethod in accordance with the 143 fourth exanpl e of
this enbodinent wll be explained. Operations of step S101 to step S123 in
t he I aser processing nmethod in accordance with the third exanple shown in
Fig. 43 are carried out in the fourth exanple as well. The 5 operation of
subsequent step S125 is not carried out, since the fourth exanple is not
equi pped with the 90 rotation regulator 203. After step S123, the operation
of step 5127 is carried out. The operations carried out so far process the
object 10 1 as shown in Fig. 44 in a manner simlar to that in the third

~exanpl e. Thereakhet,id hecstagareantd elhleriddl qireautiatess tthe 61a%iSl iage
213 so as to rotate it by 90. The rotation of the e--axis stage 213 rotates

-the object 1 byn90niihd a6 RlsangrcGaasegdend Idhr 8S SPRMAFHr &l Qihedd, 15
the major axis of elliptical polarization EP can be caused to align with a

line al ong whi chnthe 0] gebri o idtandad Ko hbeeuh §nfersest igidchbe e
al ong which the obj ect is intended to be cut 5 having already conpl eted

the nodified reghgRy {RIALNGLStEP 20 ThettLikeystemaldst dheoest, 1 is
irradiated with the laser |ight, whereby nolten processed regions are

formed within the gbiect {9 B Processed dahopGtinesc1P he G adng
successively fromthe right side. Finally, as wth step °S133, the object 1

is cut, wherebyifbe)ohiegiodgiondiyi 0l o2Pe Pt 05 SihiLNEM Pe The third
and fourth exanples of this enbodi nent 144
By contrast, the crack spot 90 formed at the shot dgoes not
extend much in directions other than the direction aligning
with the line along which the object is intended to be cut
1ie 5 in the method in accordance with this embodiment shown
in Fig. 37, whereby the object to be processed can be cut
precisely.

Though making the size in a predetermined direction

relatively larye among the sizes of a modified region has

{n

been explained in the case of linear polarization, the same

[

heolds in elliptical polarization as well. Namely, as shown
in Fig. 32, the forming of the crack spot 90 is accelerated
in the direction ¢f major axis b of an ellipse representing
elliptical polarization EP of laser light, whereby the crack
20 spot 90 having a relatively large size along this direction
can be formed. Hence, when a crack region is formed such
that themajoraxisof anellipse indicativeof theelliptical
polarization of laser elliptically polarized with an
ellipticity of other than 1 aligns with a line along which
25 the object is intended to be cut in the object tobe'processed,

effects similar to those in the case of linear polarization
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explained in the foregoing relate to the formng of nodified regions by
mul ti phot on absorption. However, the present invention may cut the object
to be processed by irradiating it with laser light while locating its
| i ght-converging point 5 wthin the object so as to nake the major axis
direction of an ellipse indicative of elliptical polarization extend along
a line along which the object is intended to be cut 1in the object w thout
form ng nodified regions caused by nmultiphoton absorption. This can al so
cut the object along 10 the line along which the object is intended to be
cut efficiently. [Fifth Exanple] In a fifth exanple of this enbodi nent and
sixth and sevesmtduexamimes tiher edflipwhicdh wiikl hbéfexpkal aedchab Brmpindrs
sizes of nodified spots are controlled by regulating the magnitude of power
of pulse | aser 4:iphts//and ft heesizegoh ofhunBrcakiapert wsetbt @l DPpdiciady
systemincluding a I|ight-converging lens. The nodified spot refers to a
nmodi fied part foseediberg shagliecput sershebcafsgud 96 4asey t80 digdtildn e.,
one pul se |l aser irradiation), whereas an assenbly of nodified spots fornms a
nmodi fi ed regi onsf Te oNe&@sShted o ¥t dhe siizes rofy podkfieddspars Wil |
be explained with respect to crack spots by way of exanple. Wen a crack
spot is 300 |argeeltihetaeeungcyo dr Lakd i1NGh 251 N a0y ELipd Do by edtzalong a
| ine al ong which the object is intended to be cut decreases, and the
flatness of thecrosssd¥p peRelriieRddel @ht Orsabesaidbiswdrl the €xpd s neidywi th
reference to Figs. 50 to 55. Fig. 50 is a plan view of an object to

is 1, whichcannot make the size of the crackregionrelatively

large in a predetermined direction. Therefore, this
embodiment does not encompass the case where theellipticity

10 is 1.
Though making the size in a predetermined direction
relatively large among the sizes of a modified region has
been explained in the case of a crack region,'the same holds

in melten progessed regions and refractive index change

n

[}

regionsaswell. Also, thoughpulselaser light isexplained,

the same holds in continuous wave laser light as well. The

focregoingalsoholdina fourthexamplewhichwill beexplained
later.

The laser processing apparatus in accordance with the

20 third example of this embodiment will nowbe explained. Fig.

40 is a schematicdiagramof this laser processing apparatus.

The laser processing apparatus 200 will be explained mainly

in terms of its differences from the laser proccessing

apparatus 100 in accordance with the first example shown

25 in Fig. 14. The laser processing apparatus 200 comprises

an ellipticity regulator 201 for adjusting the ellipticity
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be processed 1 in the case where crack spots are fornmed relatively |arge by
using the | aser processing nethod in 5 accordance with this enbodinent. Fig.
51 is a sectional view taken along LI-LI on the Iine along which the object
is intended to be cut 5in Fig. 50. Figs. 52, 53, and 54 are sectional
views taken along lines LII-LIIl, Lill-LIll, and LIV-LIV orthogonal to the
line al ong which the object is intended 10 to be cut 5 in Fig. 50,
respectively. As can be seen from these drawings, the deviation in sizes of
crack spots 9 becomes greater when the crack spots 90 are too | arge.

Therefore, as gshgwnakR 2Bt 9onSSs _1%@_%@@@35@01\1 Ofi tad irRgmt he okirectghe al ong
the line along which the object is intended to be cut 15 5 becones [ ower.

Al'so, irregul arddi s 9l01Gr 988 S8l @B%a43onl Behheaobl LS k eganBssonharge
that the flatness of the <cross section 43 detéeriorates. Wen crack spots 90

are formed relald vely SR bﬁEoQari_@QtPHﬁ%f'ﬁ%)iabé’eﬂ%ii%%tt heehasekd
processi ng apparatus in accordance with this enbodi nent, 20 by contrast,

crack spots 90 Gap he d Qnmed R kor Mg and Gano1be f eslhai ped from wi deni ng
in directions deviating from that of the Iine along which the object is

intended to be cut _@’%esgpl"i‘p‘ifcﬁyg-re%@-la-lzw?@E’_ri%clarﬁje%hgv%)aiﬁé:ﬂ Yava’,
the accuracy of cutting the object”™| adalong the line along 25 which the

object is intendedd ophesdiin 3 Apdgt he1fl atness a0k Clo58 SELLL O 43ncan be
i nproved as shown in Fig. 57. 146 ahen crack spots are too |arge as such,

precise cuttingq alengna Linepakeng,yWptcdn the: ohi ec dsidrtanded re Be cut
and cutting for yielding a flat cross section cannot be carried out. If
crack spots aren@tlienetle IR le Wt Bireepesh 40 &Bmely, when light with
linear polarization LP is made incident on the guarter wave
10 plate 207, the transmitted light attains ellipticail
polarizaticn EPwith a predeterminedellipticity. Theangle
of direction is an angle formed between the major axis of
the ellipse and the X axis. As mentioned above, a number

otherthanlisemployedastheellipticityinthisembodiment.

he ellipticity regulator 201 can make the polarization of

-5
o)}

laser light L become elliptically polarized light EP having
adesirableellipticity. Theellipticityisadjustedinview
cf the thickness and material of the object to be processed
1, and the like.

20 When irradiatingtheobject tobeprocessedl with laser
light L having linearxr peclarization LP, the laser light L
emitted fromthe laser light source 101 is linearly polarized
light LP, whereby the ellipticity regulator 201 adjusts the
angle of direction € of the gquarter wave plate 207 such that

25 the1aserlightIJpasSesthroughthequarterwaveplatewhile

being the linearly polarizedlight LP. Also, thelaser light

)=
8]
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5 aobject to be processed having a | arge thickness, however, the object wll
be hard to cut. The f act that this enbodi nent can control sizes of crack
spots will be explained. As shown in Fig. 7, when the peak power density is
the sanme, the size of a crack spot in the 10 case where the |ight-converging
| ens has a magnification of x10 and an NA of 0.8 is smaller than that of a
crack spot in the case where the Iight-converging lens has a magnification
of x50 and an NA of 0. 55. The peak pomer density is proportional to the
energy of |aser light per pulse, i . ., the power of pulse |aser |ight,

as_expl ai ned ahQN@rc@hﬁTﬁ@%lt%h?lﬁéﬁ?lRe§§1£¥W%%dq%@%&Iilgﬁ@W§ hﬁ%r%%ggam

| aser |ight power Wien the | aser t" power Is the sane while the

spot = cross- 592&%%%%&1 E?@;Eg.%@@b%@@@xz%ﬂzP§u9F Eé@%grﬁlcéﬁugﬁf 1B8er

regul ated so a greater) as the nune 0 aperture of

a light- Convergiﬁgﬁ NS4S IF S?CIleéIrl( A ek is A5 2o Wy g?ratdIl%tEI'Igg” cal

aperture of th i ght “-conver gi ng ens I S the sane, sizes crac ots

b I t I wh th I i ght
can 00 requl Ut o, et o bogore, suplLer ond, | arger when Lhe | aser [1g
Therefore, as can be geeerbofcr Qu:the or aah, shown bpsFi 0. 147, 7, 18i17e5,9% o ack

spots can be regul ated SO0 as to becone snalle e nunerica aperture

of 3. Toht - conver s 0g.0d es.15,aede gfgat ef o FgadsgluLighi. pougy sis made

lower. On the ‘contrary, sizes cf crack spots can bBe regu ed so as to

becone great er yher,  he, umer cal gﬁpxerryrwfpmflglgt VNI aans ol S

made smal | er .
linearly polarized incident light. Namely, when linearly

polarized light LP; with an angle of direction of 45° is
10 incident onthe half wave plate 205, for example, transmitted
light becomes linearly polarized light LP, rotated by 90°
with respect to the incident light LP;. When rctating the
peolarization of laser light L emitted from the ellipticity

regulator 201 by 90°, the 90° rotation regulator 203 operates

[
t
n
O

as to place the half wave plate 205 onto the optical axis
of laser 1ight L. Whennot rotatingthepolarizationof laser
light L emitted from the ellipticity regulator 201, the 90°
rotation regulator 203 operates so as to place the half wave
plate 205 outside the coptical path of laser light L {i.e.,

20 at a site where the laser light L does not pass through the
half wave plate 205).

The dichroicmirror 103 is disposed such that the laser
light L whose rotation of polarization is regulated by %0°
or not by the 90° rotation regulator 203 is incident thereon

25 and that the direction of optical axis of laser light L is

changedby 90°. The laser processingapparatus 200 comprises
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power is made hi gher The crack spot size control will further be expl ai ned
with reference to the drawi ngs. The exanple shown in Fig. 10 58 is a
sectional view of an object to be processed 1 within which pulse |aser |ight
L is converged by use of a |I|ight-converging |ens having a predeterm ned
nunerical aperture. Regions 41 are those having yielded an electric field
intensity at a threshold for causing nultiphoton is absorption or higher by
this laser irradiation. Fig. 59 is a sectional view of a crack spot 9C
formed due to the nultiphoton absorption caused by irradiation with the
| aser |ight La cOndiesobber?itandr ddie tenanphe xstyophahé ofi ghe Gunitdna
sectional view of an object to be processed I within 20 which pul se | aser
light L is convepyediby sseuoftide thghkneonverngdigidrens hand regpjactureri cal
aperture greater than that in the exanple showmn in Fig. 58. Fig. 61 is a
sectional Vviewafpi@@aek spotTROst agaRG AU INQ 1t hes mddiiphetsonot absgrption
caused by irradiation with the laser light L. 25 The height h of crack spot
90 depends on the rsdZenedft g0k PAges 4hd nithe thi cknessidbresd miveaknthe
object 1, whereas the 148 width w of crack spot 90 depends on the size of
regionss4l incf gisgetr2op. orthogonal to the thickness direction of the
object 1. Nanely, when these sizes of regions 41 are nade snaller and
greater, the height i andetedbhcw of resack osped 45, dh<ansbe pratde sstalgl er and
greater, respectively. As can be seen when Figs. 59 and 61 are conpared
Wi th each ot hefiethbtdihheasendwer et beekased d:i gl Poreniserideliseme, the
sizes of height h and width w of crack spot 90 can be regul ated

will now be explained. Fig. 43 1is a flowchart for explaining

this laser processing methed. The cobject to be processed

10 1l is a silicon wafer. Steps $101 teo 35111 are the same as
those of the first example shown in Fig. 15.

The ellipticity regulator 201 adjusts the ellipticity

of laser light L having linear polarization LP emitted from

the laser light source 101 (5121). The laser 1light L having

[
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olarization EP with a desirable ellipticity can
ke obtained when the angle of directicon 9 of the quarter

wave plate is changed in the ellipticity regulator 201.
First, for processingtheobject tobeprocessedl along
the Y-axis direction, themajor axis of anellipse indicative
20 of theelliptical pclarizationEPcof laser 1ight L is adjusted
so as to coincide with the direction of the line along which
the object is intended to be cut 5 extending in the Y-axis
direction cf the object to be processed 1 (S123). This is
achieved by rotating the 8-axis stage 213. Therefore, the
25 B-axis stage 213 functions as major axis adjusting means

cr linear polarization adjusting means.
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so as to becone smaller (greater) when the nunerical aperture 10 of a
| i ght-converging lens is made greater (smaller). The exanple shown in Fig.
62 is a sectional view of an object to be processed 1 within which pulse
| aser light L having a power |ower than that in the exanple shown in Fig.
58 is converged. In the exanple shown in Fig. 62, since 15 the | aser |ight
power is nmade lower, the area of regions 41 is snmaller than that of regions
41 shown in Fig. 58. Fig. 63 is a sectional view of a crack spot 90 forned
due to the nultiphoton absorption caused by irradiation with the |aser
light L. As can be séem mwveressigs) t59 odndcé3l ai engamgar-eck 20dwk ¢ht eatch
other, in the case where the nunerical aperture of the |ight-converging
l ens is the sambe 202 itzdsiawf rhgihghtor@hdawirdel ovokdjuatkespovh8Ohcan be
regul ated so as to beconme snaller (greater) when the laser |ight power is
made | ower (hidgker hot2boTheeexaapt el shovat ion kifg.la64xi §ighsett { ®hab) vi ew of
an object to be processed 1 within which pulse laser light 149 L having a
power | ower thdameligt in bherexaspte showm plecditdhe GG lifsweonverged. té&ig. 65
is a sectional view of a crack spot 90 fornmed due to the nultiphoton
absor pt bon causeé bytsideadifathenopittihattheakasef Leght LigAs tan be seen
when Figs. 5 59 and 65 are conpared with each other, the sizes of height h
and width w of crackTspola9€rchighhe segutatidd senasattes hecemelspnkl br
(greater) when the nunerical aperture of the |I|ight-converging lens is nade
greater (small ehkrehisl ehthkinkaskeondightclpoer ds erade sl oweenfhidgheryse 10
Meanwhi | e, the regions 41 indicative of those yielding

cut 5 extending in the Y-axis direction in the surface 3

cf the object to be processed 1 is irradiated with the laser
10 light L. Fig. 44 is a plan view of the okject 1. The object
1 is irradiated with the laser light L such that the major
axis indicative of the ellipse of elliptical polarization
EP of laser light extends along the rightmost line along

which the cobject is intended to be cut 5 in the object 1.

ey
o
12
R
3
2]
1Y

______ the light-converging point P of laser light 1L 1is
positioned within the object 1, molten processed regions
are formed only within the object 1. The Y-axis stage 111
is moved alcong the line along which the object is intended
to be cut 5, so as to form a melten processed region within

20 the object to be processed 1 along the line along which the
object 1is intended tc be cut 5.

Then, the X-axis stage 109 is moved, so as to irradiate
the neighboring line along which the object is intended to
be cut 5 with laser light L, and a molten processed region

25 is formed within the object 1 along the neighboring line

along which the object is intended to be cut 5 in a manner
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an electric field intensity at a threshold for electric field intensity
capable of formng a crack spot or higher are restricted to the

| i ght-converging point P and its vicinity due to the follow ng reason:
Since a laser light source with 15 a high beamquality is utilized, this
enbodi nent achi eves a high convergence of |aser |ight and can converge
light up to about the wavel ength of | aser light. Asa consequence, the beam
profile of this laser light attains a Gaussian distribution, whereby the
electric field intensity is 20 distributed so as to becone the highest at
the center of simeldeamt@ned geadiahey abower.s By repe adiisigarites f eamitten cent er
i ncreases. The laser light is basically converged in the state of a

Gaussi an di st rpgibaté oved nrddiesprioc eanefd beitigin adrvengedtthyl along the

| i ght-converging lens in practice as well. 25 Therefore, the regions 41 are
restricted to ltiwes ldghte convergiawg gmivdl P fareth the vightidide ABA2A9 .in the
foregoing, this enbodi nent can control sizes of crack spots. Sizes of crack
spots are deterig nédd snovsawe obsa wiegtk neéreob ot d degi eeadf apeciiz
cutting, a requirement for a degree of flatness in cross sections, and the
magni t e 5 oftHdiladerassightthenawbjedtinka rbepopraotessedn. Sivase bf, atack
spots can be determned in view of the material of an object to be
processed as wl]eciThiis imzediaventw canl ssat rldlghsizesh tiodt nhdidireect ispot s,
thus making it possible to carry out precise cutting along a line along

whi ch the obj ect liisidaxt epdeditot1OnbkP cuff lawxkryilébttackawodad ordd atheess in
cross sections by mnmeking nodified spots smaller for objects to be processed
havi ng a rel atliivet yalsnmad IWhtibhckhesshj#tsol s bynreddary to be cut 5 in the

obiject 1.

10 Next, the 20° rotation regulator 203 operates so as
to place the half wave plate 205 (Fig. 42) onto the optical
axis of laser light L. This carries out adjustment for
rotating the polarization of laser light emitted from the

ellipticity regulator 219 by 90° (S219).

o
n

Subsequently, the laserlight 101l generateslaser light

L, whereas the line along which the object is intended to
be cut extending in the X-axis direction c¢f the surface 3
of the object 1 is irradiated with the laser light L. Fig.
46 is a plan view of the object 1. The object 1 is irradiated
20 with the laser light L such that the direction of the major
axis of anellipse indicative of the elliptical polarization

EP of laser 1light L extends along the lowest line along which

the object is intended tc be cut 5 extending in the X-axis
direction ¢f the object 1. Since the light-converging point

25 P of laser light L is positioned within the object 1, molten

processed regions are formed only within the object 1. The
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nmodi fi ed spots greater, it enables cutting of objects to be processed
having a relatively large thickness. There are cases where an object to be
processed has respective direct-ions easy and hard to cut due to the
crystal orientation of the object, for exanple. Wen cutting such an
object, the size of crack spots 90 forned in the easy-to-cut direction is
made greater as shown in Figs. 56 and 57, for 20 exanple. Wen the direction
of a line along which the object is intended to be cut orthogonal to the

|l ine along which the object is intended to be cut 5 is a hard-to-cut
direction, onXtheietherghahd? themsivezd alongatkespobs SDoriprwedch Mhehi s
direction is nade greater as shown in Figs. 57 and 66. Here, 25 Fig. 66 is a
sectional vi ewobfiethd obpeehdddshdvnciin 5Figp asED faken malldrg piXMeddd .
Hence, a flat cross section can 151 be obtained in the easy-to-cut

direction, whikegduhtwhghis tpesshidet iIn ebhterdvamd: tdotut tHer ecte anlcasy wel | ~
Though the fact that sizes of nodified spots are controllable has been
expl ai ned in theichsehef obrfiack spotiarenBetiheosasechol 8s in nelting spots and
refractive i ndex change spots. For exanple, the power of pulse |laser |ight
can be Sexpressed byTeaergyiperYpakse (sblageoriaveicagel ousptit (Wbt Wiheh is a
val ue obtained by nmultiplying the energy per pulse by the f requency of

| aser |ight. Themtdiegelrngubotdslime sd iy Wl c@ndhsevenehtexanphesnddd ch
will be explained |later. The | aser processing apparatus in accordance with
the fifth exanpleeofut hd sisenboddientedvdiltthbehexpbaeredigktgl, W7ersdia
schematic diagramof this | aser processing apparatus 400. The | aser

processi ng appamatiudsmpocerEbebe axipiral agdrmed within the object 1 along

the line along which the object is intended to be cut 5 in
10 amanner similar to that mentioned above. By repeatingthis,
respective molten processed regions are formed within the
object 1 along the individual lines to be cut successively
from the lower side (S131). Fig. 47 shows the case where
the object 1 is irradiated with the laser light L having
15 linear polarization LP.
| Then, the object 1 is bent aleng the lines to be cut
5, wherebytheobject liscut {5133). Thisdividestheobiect
1 into silicon chips.
Effects of the third example will be explained.
20 According to the third example, the object 1 is irradiated
with pulse laser light L such that the direction of the majoxr
axis of anellipse indicative of the elliptical polarization
EP of pulse laser light L extends along the lines to be cut
5 as shown in Figs. 44 and 46. As a consequence, the size
25 of crack spots in the direcﬁion'of lines to be cut 5 becomes

relativelylarge, wherebycrackregionsextendingalonglines
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15 mainlv in ternms of its differences fromthe |aser processing ébparatus
100 in accordance with the first exanple shown in Fi.g. 14. The | aser
processi ng apparatus 400 conprises a power regulator 401 for adjusting the
power of laser light L emtted 20 froma laser light source 101. The power
regul ator 401 conprises, for exanple, a plurality of ND (neutral density)
filters, and a nmechanism for noving the individual ND filters to positions
perpendi cular to the optical axis of the laser light L and to the outside
of the optical path of laser light 25 L. An ND filter is a filter which
reduces the i niensd ty:tokanl bghtowhéhaty changilrg theneel af i s spectrnal
distribution 152 of energy. A plurality of ND filters have respective
extinction factwfsd didfdrgenteafiy @%Q@Q@n@ﬂ@eﬁorﬁkﬂ§tﬂgré{{1€bnleasasﬁh|clbh_r,a| Ity
of ND filters or conbining sone of them the power regulator 401 adjusts
the power of |wasespkightadyeibtimgd &rd epmdhe-daselg bhabd oyotieenlets Here,
a plurality of ND filters may have the same extinction factor, and the
power regul ator 4Q%komaynehangex thetdekeaedost ND d ishiber §od & e mevesdq to
positions perpendicular to the optical axis of laser light L, so as to
adj ust 3 he powst Pfrdas@ind ided oAtk fd:0mcdd 4 R ilgaserg Might tseurce
101. The power regul ator 401 may conprise a polarization f ‘ilter disposed
per pendi cul ar 1:ond Bec@Rt hgakn aXieS 0Bl ek Al erpRlaat bzRdchase) Wheghbyl, and
a mechanismfor rotating the polarization filter about the optical axis of
laser |ight 15%He byjacdesidzabbe anglgedRetali AYohhe moh apkzat bon wiHildher
about the optical axis by a desirable angle in the power
theobject is intended tobe cut 5. These results are similar

to those of the fourth example which will be explained later.
10 [Fourth Example]
The fourth example of this embodiment will be explained
mainly in terms of its differences from the third example.
Fig. 48 is a schematic diagram of this laser processing

apparatus 300. Among the constituents of the laser

e
(9]

Nnrocagee i
Rrocessin

u

apparatus 300, those identical to constituents
of the laser processing apparatus 200 in accordance with
the third example shown in Fig. 40 will be referred to with
numerals identical thereto without repeating their
overlapping explanatiocons.

20 The laser preocessing apparatus 300 is not equipped with
the 90° rotation regulator 203 of the thirdexample. A8-axis
stage 213 can rctate the X-Y plane of a mounting table 107
about the thickness direction ¢f the object to be processed
1. Thismakes thepolarizationof laser light Lemitted from

23 the ellipticity-regulator 201 relatively rotate by 90°.

The laser processing method in accordance with the
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regul ator 401 adjusts the power of laser light L emtted fromthe |aser )
| i ght source 101. Here, the driving current for a punping sem conductor 20
| aser in the laser light source ICl can be regulated by a |aser |ight
source controller 102 which is an exanple of driving current control means,
so as to regulate the power of laser light L emtted fromthe | aser |ight
source 101. Therefore, the power of laser |ight L can be adjusted by 25 at

| east one of the power regulator 401 and | aser light source controller 102.
If the size of a nodified region can attain 153 a desirable value due to the
adj ust ment of {souEh ofxpEBee af ghblE bybeingdser wiildhtPSogree2éBhdrol | er
102 al one, the power regulator 401 is unnecessary. The power adjustnent

expl ai ned i n Re TGS A SieRPlodt ed SifenShA3 opeFAtokaAr BXORESFaRSr
processing apparatus inputs the nmagnitude of power into an overall

control | er 127ebiificchmwerelobeaagpl diihbdthat erird mrams gy sadkeybBdaFddor the

| i ke. The | aser processing apparatus 400 further conprises a dichroic
mrror 203 di dPosE strhritrat Ovhe ihaddre | ghith 1examphesespoet - i sTAE] ust ed
by the power regulator 401 is incident thereon whereas the orientation of
the opti cal awirereticasef sybhgpruent $ietafged by N90' casrfedsutseséBEEng
mechani sm 403 including a plurality of light - cqnver%in% | enses for
conver gi ng t héNeadeurtinglepampef [16cted WEwipeedi ehisi e Plor rp§210%03: and
a lens selecting nmechanismcontroller 405 for controlling the |lens

sel ecting nech&¥smt403.20Phe | ens sel ecting mechani sm 403 conprises |ight

-converging |l enses 1 05a, 105b, 105c, and a support plate i ,
After step S123, the operation of step S127 is carried

out. The operations carried out so far process the object

10 1 as shown in Fig. 44 in a manner similar tc that in the
third example. Thereafter, the stage controller 115
regulates the 8-axis stage 213 so as to rotate it by 90°.
The rctation of the 9-axis stage 213 rotates the object 1
by 80° in the X-Y plane. Consequently, as shown in Fig. 49,

15 the maior axis of ellipticsal polarization EP can be caused
to align with @ line along which the object is intended to
becutintersectingthelinealongwhichtheobkjectis intended
to be cut 5 having already completed the modified region
forming step.

20 Then, like step 5127, the object 1 is irradiated with
the laser light, whereby molten processed regions are formed
within the object to be processed 1 along lines to be cut
5 successively from the right sicde. Finally, as with step
S133, the object 1 is cut, whereby the cbiject 1 is divided

25 into silicon chips.

The third and fourth examples of this embodiment
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407 for supporting them The nunerical apertures of 20 respective opti cal
systens including the light -converging |enses 105a, 105b, 105c differ from
each other. According to a signal fromthe | ens selecting mechani sm
controller 405, the |lens selecting nechanism 403 rotates the support plate
4 07, thereby causing a desirable |ight-converging | ens 25 anong the
| i ght-converging | enses 105a, 105b, 105c to be placed onto the optical axis
of laser light L. Namely, the 154 | ens sel ecting nmechani sm 403 is of
revol ver type. The nunber of |ight -converging |l enses attached to the |ens
sel ecti ng nmecharp3ai 463 irsthetf gesidiiret edl 8 oe I dthe nfyrmibey of hesd niidxer s.
When the operator of the | aser processing apparatus inputs a size of
nuneri cal apertegeons Bnp mihstpHctoonabotrchoesi ngicnereaf, titee present
| i ght-converging | enses 105a, 103b, 105c into the overall controller 127,
which will beigxphaisechdater, - by disjiarg aokseyheacedseedibhe 14 kejidtheg | |
ght -converging lens is chosen, nanely, the nunerical 10 aperture is
chosen. Munt edt @A thhe 8Dl §RE whabkel ddkt i0fg 1 he 1iasercopreegssignepaapar at us
400 is an object to be processed 1 -irradiated with the laser light L
converged by ometpinttiee dibPbitt conves gidignd lensese bt @xlidbad Wwhi ethi dis
di sposed on is the optical axis of laser light L. The overall controller
127 is el ectricaldryetanpeet edditotithe qoeen ipegubatpsl fAr 0z4t i &h gexdehdoes
not depict it. Wien the magnitude of power is fed into the overal
controll er 12¥]ctdies | Jatricera leoni molisht heepoeectegsl attoendOd, o hes ey 20
adj usting the power.

in the object without forming modified regions caused by

multiphoton absorption. This can also cut the object along
10 the line along which the object is intended to be cut
efficiently.
[Fifth Example]
In a fifth example of this embodiment and sixth and
seventh examples thereof, which will be explained later,

sizes of medified spots are contrelled by regulating the

[
(81

magnitude of power cof pulse laser light and the size of
numerical aperture of an optical system including a
light-converging lens. The modified spet refers to a
modified part formed by a single pulse shot of pulse laser

20 light (i.e., one pulse laser irradiation}, whereas an
assembly of modified spots forms a modified region. The
necessity to control the sizes c¢f modified spots will be
explained with respect to crack spots by way of example.

When a crack spot is too large, the accuracy of cutting

25 an object to be cut along a line along which the object is

intended to be cut decreases, and the flatness of the cross
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Fig. 68 is a block diagramshowing a part of an exanple of the overal
controller 127. The overall controller 127 conprises a size selector 413, a
correlation storing section 413, and an inage preparing section 415. The
operator of 25 the |aser processing apparatus inputs the magnitude of power
of p~ulse laser light or the size of nunerical aperture of 153 the optical
systemincluding the light -converging lens to the size selector 411 by
using a keyboard or the like. In this exanple, the input nay choose one of
the light-converging |enses 105a, 105b, 105c instead of the nunerical
aperture 5 sizeedbeingddteetblrytenputTleds wihl it sxghsened hethesgfectane

nuneri cal apertures of the |ight-converging | enses 105a, 105b, 105c are
regi stered i n tdeimeer l0l toohtrol Feg. 127 ief plehandewanfl shata ofctt he
nunerical aperture of the optical systemincluding the chosen

| i ght-conver gilng pefnsedsed 11 Oiauthratieal kjjetedciratd tshetsi zeesdlosrotear 411.
The correlation storing section 413 has stored the correlation between the
set of pul se |askest peyier Inmagn tiugdensiang Theerd cal m@perddEiendines hand itrthe si ze
of nodified spot beforehand. Fig. 69 is an exanple of table showing this 15
correl d@ion. lacddddarexanpte thiespeicddveemuneriical 51dpes tacescobltiiewpti ca
systens including the 1|ight -converging | enses 105a, 105b, 105c are

regi stered in tdlhen eobugmIFDE annes i £ak sapegturiesh 4line bhee colivnm tfeord egower
magni t udes of power attained by the power regulator 401 are 20 registered.
In the col um tfobestcre, > sirzas of Stodi Fiegs. spot $3,f enned4 byr € gewtiamiadns  of
powers of their corresponding sets and nunerical apertures are registered.
For exanple, thews taken aleng lines LII-LII, LIII-LIII, and LIV-LIV

orthogonal to the line alcong which the cobject is intended
10 to be cut 5 in Fig. 50, respectively. As can be seen from
thesedrawings, thedeviationinsizesof crackspots 9becomes
greater when the crack spots 20 are too large. Therefore,
as shown in Fig. 55, the accuracy of cutting the object 1

along the line along which the object is intended to be cut

=
{n

5 becomes lower. Also, irregularities of cross sections 43
in the cbject 1 become so large that the flatness cf the
crosssecticn43deteriorates. Whencrackspots 90are formed
relatively small (e.g., 20 puym or less) by using the laser
processing apparatus in accordance with this embodiment,
20 by contrast, crack spots 20 can be formed uniformly and can
be restrained from widening in directions deviating from
that ¢f the line along which the object is intended to be
cut as shown in Fig. 56. Therefore, as shown in Fig. 57,
the accuracy of cutting the object 1 along the line along
25 which the object is intended to be cut 5 and the flatness

of cross sections 43 can be improved as shown in Fig. 57.
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nodi fi ed spot formed when the power is 1.24 x 1011 (WCM2) while the
nunerical aperture is 0.55 has a size of 120 pm 25 The data of this
correlation can be obtained by carrying out experinments explained in Figs.
58 to 65 before | aser 156 processing, for exanple. Wen the nagnitude of
power and nunerical aperture size are fed into the size selector 411, the
| atter chooses the set having their correspondi ng values fromthe
correlation 5 storing section 423, and sends data of size corresponding to
this set to the nonitor 129. As a consequence, the size of a nodified spot
formed at thus inputted magni tude of power and nunerical aperture size is
di spl ayed on the noniben cI2gk spdts here 9® lAOYSES Soth eppendiswgct o trtese
val ues, size data 10 corresponding to a set having the closest values is
sent to the nahbtoralldne Thecrdatwniofh ditwe adboEmgspendinhgndedt he setcuwhosen
by the size selector 411 is sent fromthe size selector 411 to the inmage
preparing secté&od c4t5.inActor gi ald g & Hils tsizes 4 5edat an ceheok inegea prieggar i ng
section 415 prepares image data of a nodified spot in this size, and sends
t hus prepared odata 10 dreekrepbt srade? @x tAsre lgoasefliencH; ra&sperageoain t he
nodi fied spot is also displayed on the nonitor 129. Hence, the size and
form of 5nodi fiedjspot tcare he sesrsdiehare rigased argdd phdckesssang Hheesize of
nunerical aperture may be nade variable while the nmagnitude of power is
fixed. The tabtleei nbfhcs wthsebai hdrdetascshown in Fig. 70. For exanple, the
nodi fied spot forned when the nunerical aperture is 0.55 while the

The fact that thisembodiment cancontrol sizesof crack

spots will be explained. As shown in Fig. 7, when the peak
power density is the same, the size of a crack spot in the
10 case where the light-converging lens has a magnification
of 210 and an NA of 0.8 is smaller than that of a crack spot
in the case where the light-converging lens has a
magnificationofx50andanNAof 0.55. Thepeakpowerdensity

is proportional to the energy of laser light per pulse, i.e.,

1=
o

the power of pulse laser light, as explained above, whereby
the same peak power density means the same laser 1ight power.
When the laser light power is the same while the beam spot
cross-sectional area is the same, sizes ¢f crack spots can
beregulatedsocastobeccomesmaller (greater) as thenumerical
20 aperture of a light-converging lens is greater {smaller).
Also, even when the numerical aperture of the
light-converging lens is the same, sizes of ¢crack spots can
be regulated so as to become smaller and larger when the
laser light power (peak power density) is made lower and

25 higher, respectively.

Therefore, as can be seen from the graph shown in Fig.
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25 power is fixed at 1.49 - 10" (WCM ) has a size of 150 pm

Al ternatively, the magni tude of power nay be made vari able 157 while the
size of nunerical aperture is fixed. The table in this case will be as
shown in Fig. 71. For exanple, the nodified spot forned when the power is .
fixed at 1. 19 x 1011 (W/ CMR) while the nunerical aperture is fixed at O.
8 has a 5 size of 30 pm The | aser processing nethod in accordance with the
fifth exanple of this enbodinment will now be explained with reference to
Fig. 67. The object to be processed | is a silicon wafer. In the fifth
exanpl e, operaftof326f 8fep5aSi0IPeos 1095128 BE@UbAFTE et 01 BB P4-FMe | aser
processing nethod in accordance with the first exanple showmn in Fig. IS
After step S113maihernelgem tiute rofmegowerl amerivrer PEad bRt e serE dre fed
into the overall controller 127 as explained above. According to the data
of power inputieds islBackespotesr ofr rheekas¢yhtioghti Bowel ust sddbyl eurs -powner
regul ator 401. According to the data of nunerical aperture inputted, the

| ens sel ecti ngOnethant s 403y choioses of Idrgiak cpaver gengbel edgubytedysof t he
| ens sel ecting mechani smcontroller 405, thereby adjusting the nunerical
apertur®e. Thesasdara @) atsatéedvwhato tiwe simersetkceperjtieofolt e
overall controller 127 (Fig. 68) . Asa consequence, the size and formof a
mel ting spot Ioghtdcanvaralnddeobjesnafdeuponl iar adiviteinonheof acee pidise of

| aser light L are displayed on the nonitor 129. Then, operations of steps
S113 to S115 apewenrisedadatnia@Bens in the | aser processing nethod in

accordance with the first exanple shown in Fig. 15. This divides the object
I The crack spot size control will further be explained

with reference to the drawings. The example shown in Fig.
10 58 is a sectiocnal view of an object to be processed 1 within
which pulse laser light L 1is converged by use of a
light-converging lens having a predetermined numerical
aperture. Regiocons 41 are those having yielded an electric
field intensity at & threshold for causing multiphoton
15 abscorption cr higher by this laser irradiation. Fig. 59 is
a sectional view of a crack spot 9C formed due to the
multiphoton absorption caused by irradiaticn with the laser
light L. On the other hand, the example shown in Fig. 60
is a sectional view of an object tc be processed 1 within
20 which pulse laser 1light L 1is converged by use of a
light~converging lens having a numerical aperture greater
than that in the example shown in Fig. 58. Fig. 61 is &
sectional viewof acrackspot 90 formeddue tothemultiphoton
absorption caused by irradiation with the laser licght L.
25 The height h of crack spot 90 depends on the size of regions

41 in the thickness direction c¢f the cobject 1, whereas the
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158 into silicon chips.
now be explained nainly in terns of

wi |

exanpl e. _
apparatus 500. Anong the constituents of the |aser

500,

in accordance with

5 Fig. 72 is a schematic diagramof this |aser processing

[ Si xth Exanple] A sixth exanple of this enbodi nent
its differences fromthe fifth

processi ng appar at us

those identical to constituents of the |aser processing apparatus 400

nunerals 10 identical thereto w thout repeating their overl apping

expl anations. In the | aser pr ocessig{g apparatus 500, a beam expander
di sposed on t ke Bpt ivc&lf 8XPSKotPrPhs

and a dichroic mrror 103. The beam 15 expander 501 has a variable
magni fi cat i on,iragddise¢egn arad0annahé chblaen tdxdsandes 901esbias 3% tibder ease
t he beam di aneter of laser light L. The beam expander 502 is an exanpl e of
nuneri cal apertiract dgul Heiragy neanen Tivese asigresprbcessi ags hpparatf@sieso0 i s
equi pped with a single |light-converging 20 | ens 105 instead of the |ens

sel ecting neclsar s E3d gThetepertatd drssigdft hhend asiett proeéssti Ak SPPar at us

500 differ fromthose of the | aser processing apparatus of the

the fifth exanple shown in Fig. 67 are ref erred to with

SO01 is

FeRdL deteenlza pbViESEFultdt or 401

fifth

exanpl & i n t héhdjarstrrengdef smamdeircahdapeetuee, bagedecohvehe. mégnicttde of

nuneri cal

aperture fed into the overall 25 controller 127. This w |

be

expl ai ned in tiee sfesinl sWwengtf 1gTheSdwerdildl eart rohpered27itls ed@dctatineal | y

connected to the 159 beam expander 501. Fig. 72 does not depict this.

t he

10

15

20

25

When

in the case where the laser light power is the same, the

sizes of height handwidth wof crack spot 90 can be regulated

SO as tobecome smaller (greater) when the numerical aperture

of a light-converging lens is made greater (smaller).

The example shown in Fig. 62 is a sectional view of

an object to be processed 1 within which pulse laser light

L having a power lower than that in the example shown in

Fig. 58 is converged. 1In the example shown in Fig. 62, since

the laser light power 1s made lower, the area of regions

41 is smaller than that cof regions 41 shown in Fig. 58. Fig.

63 is a secticnal view of a crack spot 90 formed due to the

multiphoton absorption caused by irradiaticn with the laser

light .. As can be seen when Figs. 59 and 63 are compared

with each cther, in the case where the numerical aperture

of the light-converging lens is the same, the sizes of height

h and width w of crack spot 90 can be regulated so as to

become smaller (greater) when the laser light power is made

lower (higher).

The example shown in Fig. 64 is a sectional view of

an object to be processed 1 within which pulse laser light
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size of nunerical aperture is fed into the overall controller 127, the
| atter carries out control for changing the magni tude of beam expander 501.
This regul ates the nagnification of 5 beam dianeter of the laser light L

incident on the |light-converging |lens 105. Therefore, with only one
| i ght-converging | ens 105, adjustment for increasing the nunerical aperture
of the optical systemincluding the |I|ight-converging lens 105 is possible.

This will be 10 explained with reference to Figs. 73 and 74. Fig. 73 is a
vi ew showi ng the convergence of laser light L effected by the
| i ght - conver gi hghéeinsg 195 when 1dweebedmn epander S0l dxammte phowinded. On
the other hand, Fig. 74 1is a view showi ng the convergence of |aser |ight L
ef fected 15 byFide d0 ghtccooreeeregl .ngFlignsed05 abenr ttilvesieairexiandenck0l s
provi ded. As can be seen when Figs. 73 and 74 are conpared wth each other,
t he sixth exanppet cah fachicelduadiusiimentul tS@phas choabacrpasen tdrwe sudreri cal
aperture with reference to the nunerical aperture of the optical system
including the 20rédght :econvergiangakbend i05 i n tAwecsade et ehth&ibeam
expander 501 is not provided. [Seventh Exanple] A seventh exanple of this
enbodi nént wi | $9 now 86 2 ex ptaipwete draiinlhy eknht@riesr OftHet sidebfef eérdestf rom
the fifth 25 and sixth exanples. Fig. 75 is a schematic diagramof this
| aser processimngzappatétiuse 680.c Aoingspde TONsin tikentsyofa G dchesl aser
processi ng apparatus 600, those identical to constituents of the |aser
processi ng appasa@dus snmaldecorf danseerwivternt heefndmdyr ardl sipetrit vexaopltés ar e
referred to with nunerals

light-converging lens is made greater (smaller) while the

laser light power is made lower (higher).

10 Meanwhile, the regions 41 indicative of those yielding
anelectricfield intensity at a threshold for electric field
intensity capable of forming a crack spot or higher are
restricted to the light-converging point P and its vicinity

due to the following reason: Since a2 laser light scurcewith

s
L

a high beam quality is utilized, this embodiment achieves
2 high convergence of laser light and can converge light
up to about the wavelength of laser light. As a consequence,
the beam profile of this laser 1light attains a Gaussian
distribution, whereby the electric field intensity is
20 distributed so as to become the highest at the center of
the beam and gradually lowers as the distance from the center
increases. The laser light is basically converged in the
state of a Gaussian distribution in the process cf being
converged by a light-converging lens in practice as well.
25 Therefore, the regions 41 are restricted to the

light-~converging point P and 1ts vicinity.
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identical thereto without repeating their overlapping 5 explanations. In
the | aser processing apparatus 600, an iris diaphragm 601 is di sposed on
the optical axis of laser light L instead of the beam expander 501 between
a dichroic mrror 103 and a light-converging | ens 105. Changing the
aperture size of 10 the iris diaphragm 601 adjusts the effective dianeter of
the light-converging lens 105. The iris diaphragm 601 is an exanple of
nunerical aperture regul ating nmeans. Thel aser processing apparatus 600
further conprises an iris diaphragm controller 603 for changing the
aperture size of theabrirsthd fthapiviagm 681s ehtevdinies: tdt aphreagmecdont 1ed | er
603 is controlled by an overall controller 127. The operations of the |aser
processi ng appafattiscB@@otdi.ffeizEEa thase ffotdearkasereprocasdinngiew
apparatus of the fifth and sixth exanples in the adjustnent of nunerical 20
aperture basedo@n tégusi&e=9f fpURRIdNale apeituieeied timlQ a thguoyenatd
controller 127. According to the inputted size of nunerical aperture, the
| aser processi Agrappaabss0600at68a806s ckhesY4a idfnApertiune pghheuddi s
di aphragm 601, thereby carrying out adjustnent for decreasing the effective
di ametep 25 of othenltghdsswengi vgjtenscd @ pFbesetone, idds el yrane
| i ght-converging | ens 105, adjustnent for decreasing the 161 nuneri cal
aperture of thepepti €l peyatearhnsbyding ileheof itght mEeBYREQI Y alnedsdO5 i s
possible. This will be explained with reference to Figs. 76 and 77. Fig. 76
is a view showt8gréd heeenweidlgence=Df . | asars bingbtimbnt &fd eehedolysihes
| i ght-converging I ens 105 when no iris

ofmodified spots, thusmakingitpossibletocarryout precise

cutting along a line along which the object is intended to
10 be cut and yield a favorable flatness in cross sections by
making modified spots smaller for objects to be processed
having a relatively small thickness. Also, by making
modified spots greater, it enables cutting of objects to

be processed having a relatively large thickness.

(8]

There are cases where an object to be processed has

=

respective directions easy and hard to cut due to the crystal
orientation of the object, for example. When cutting such
anobject, thesizeof crack spots 90 formed inthe easy-to~cut
direction is made greater as shown in Figs. 56 and 57, for
2C example. When the directicnof a line along which the ocbject
is intended to be cut orthogonal tc the line along which
the object is intended to be cut 5 is a hard-to-cut direction,
on the other hand, the size of crack spots 90 formed in this
direction is made greater as shown in Figs. 57 and 66. Here,
25 Fig. 66 1s a sectional view of the object 1 shown in Fig.

57 taken along LXVI-LXVI. Hence, a flat cross section can
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di aphragmis provided. On the other hand, Fig. 77 is a view show ng the
convergence of laser light L effected by the |I|ight-converging |Iens 105 when
the iris diaphragm 601 is provided. As can be seen when Figs. 76 and 77 are
conpared 10 with each other, the seventh exanple can achi eve adjustnent so
as to increase the nunerical aperture with reference to the nuneri cal
aperture of the optical systemincluding the |I|ight-converging lens 105 in
the case where the iris diaphragm is not provided. 15 Mdified exanpl es of
the fifth to seventh exanples of this enbodinent will now be expl ai ned.

Fig. 78 is a bbeckotadiregt am ohetdms ovier-atut damecelioar, #271lprovidet iis a

nodi fied exanple of the | aser processing apparatus in accordance with this
enbodi mnent. Thecevepht | ixorte ohded- 17 conpirisasian 205 povier. sel ector 417 and
a correlation storing section 413- The correlation storing section 413 has
al ready stored the Torugt athenfdatatdhawsiized-igt mMadiAnedpepater aafe t he

| aser processing apparatus inputs a desirable size of a nodified spot to

t he power sel ectdotrdPlalbye hasepboarakmrairteel inkehe 2% skhe fs¢ zac ofs poadi,f | ed
spot is determned in view of the thickness and material of the object to
be nodiFi ed anthé¢ hanld keldi6h Aedaridigngpd 0s tadrids refpatt itvhel pdeverchselgect or
417 chooses a power corresponding to the value of size identical to thus

i nputted size $§potst hecrorkehatleontlsé growryr odcbivdnedldseantiglsends iite to t he
power regulator 401. Therefore, when the 5 | aser processing apparatus

regul ated to tdunsremged tindeerofrgypagweer sl asseld if,orol aserr gEreocessiuty, (Ve

nodi fi ed spot having a desirable size can be fornmed. The data concerning
this which is a value obtained by multiplying the energy per pulse

by the frequency of laser light. The foregoingholdsinsixth
10 and seventh examples which will be explained later.
The laser processing apparatus in accordance with the
fifth example of this embodiment will be explained. Fig.
67 is a schematic diagram of this laser processing apparatus
40Q0. The laser processing apparatus 400 will be explained
15 mainly in terms of its differences from the laser processing
apparatus 100 in accordance with the first example shown
in Fig. 14.
The laser processing apparatus 400 comprises a power
regulator 401 for adjusting the power of laser light Lemitted
20 from a laser light source 101. The power regulator 401
comprises, for example, a plurality of ND {neutral density)
filters, and a mechanism formoving the individual ND filters
to positions perpendiculér to the optical axis of the laser
light L and to the outside of the optical path of laser light

25 L. 2An ND filter is a filter which reduces the intensity of

light without changing the relative spectral distribution
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magni t ude of power is also sent to the nonitor 129, whereby the magnitude
of power is displayed. In this exanple, the 10 nunerical aperture is fixed
while power is variable. If no size at the value identical to that of thus
inputted value is stored in the correlation storing section 413, power data
corresponding to a size having the closest value is sent to the power

regul ator 401 and the nonitor 129. This is the 15 sane in the nodified
exanpl es explained in the followwng. Fig- 79 is a block diagramof the
overall controller 127 provided in another nodified exanple of the |aser
processi ng appar a€li§rPH - ac Forpiaweal Wk Y hofhiNP efbblf iienhaveTHe shastdMe
controller 127 conprises a nunerical aperture 20 selector 419 and a

correl ati on st®ttyecsewt fonters. diffeyent &ron eommtdHd gibdi Piyeds exampie of
Fig 78 in that the nunerical aperture is chosen instead of the power. The
correl ati on stdfienglscelion 4i3'thds lalersady srdrigtnheadet af heywn ting Fi g.
70_ An operator of the |aser processing 25 apparatus inputs a desirable size
of a nodified mpotr regthetondiverddals apsneyreseb édese r4lgy iy Luesi ing esl
keyboard or the 163 |ike. As a consequence, the nunerical aperture selector
419 cHooses o mumerticadlasgredtighd csomrespdhdi-ngleve a 3ipitmld g ofa Nal ue
identical to that of the inputted size fromthe <correlation.storing section
413, and sends iddater iayhhevs huaesdealedperaturos fecthe, | end Hed armialy
mechani sm control |l er 405, beam expander 501, or iris diaphragmcontroller
603. Ther ef orewhairt HE lleme chpracesie mympsga® AiNPsT | &gef attedbetistveds si ze
of nunerical aperture is usedfor |aser processing, _a nodified spot having a
desirabl e si z&xBASbelppEmEFreTEcular to the optical axis of laser light

L, so as to adjust the power of laser light L emitted from
10 the laser light source 101.

The power regulator 401 may comprise a polarization
filterdisposedperpendicular tothe optical axis of linearly
polarized laser light L, and a mechanism for rotating the
polarization filter about the optical axis of laser light

15 L by a desirable angle. Rotating the polarization filter
about the optical axis by a desirable angle in the power
regulator 401 adjusts the power of laser light L emitfed
from the laser light source 101.

Here, the driving current for a pumping semiconductor

20 laser in the laser light scurce 101 can be regulated by a
laser light source contrcller 102 which is an example of
driving current control means, so as to regulate the power
of laser light L emitted from the lasef light source 101.
Therefore, the power of laser light L can be adjusted by

25 at least one of the power regulator 401 and laser light source

controller 102. If the size of a modified regicn can attain
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10 data concerning this nunerical aperture is also sent to the nonitor 129,
whereby the size of nunerical aperture is displayed. In this exanple, the
power is fixed while numerical aperture is variable. Fig. 80 is a bl ock
di agram of the overall controller 15 127 provided in still another nodified
exanple of the |laser processing apparatus in accordance with this
enbodi nent. The overall controller 127 conprises a set selector 421 and a
correlation storing section 413. It differs fromthe exanples of Figs. 78
and 79 in that both power and nunerical 20 aperture are chosen. The
correl ati on stoodazg reddtd or 14E3dukasost be edld i hetroart ed fatrcore rbettweencethe set
of power and nunerical aperture and the size in Fig. 69 beforehand. An
operator of thHedresérbpridcedsisky appat adausrdnponsraldesi t@bledorsdi,zehef a
nodi fied spot to the set selector 421 by using 25 a keyboard or the |ike. As
a consequence pdue sefgudeltect ditl 42lunheosesaaysetTof power zandsnmeeti ca
aperture 164 corresponding to thus inputted size fromthe correlation
storing secti expAkdindaatia ohepdesgding hits eCieserdsehehsan SgRirattert hé power
regul ator 401. On the other hand, data of nunerical aperture in the chosen
set isssent taltheabenpraaisciy agpaeehaniismueent iohaenhi40be depowexpander
501, or iris diaphragmcontroller 603. Therefore, when the |aser
processi ng appartat atsovegull dtceth thra Itlke powerhaod willesd €ablz apedturerepf this
set is used for |aser processing, a nodified spot having a desirable size
can be fornmedbyTheidat & M Geeer imgHehd irkegni t ude of power and size of
nunmerical aperture is also sent to the nonitor 129, whereby the nmagnitude
The laser processing apparatus 400 further comprises

a dichroic mirror 103 disposed such that the laser light

10 Lwhosepower isadjustedby thepowerregulator40l isincident

thereon whereas the orientation of the optical éxis of laser

light L is changed by 90°; a lens selecting mechanism 403

including a plurality of light-converging 1lenses for

converging the laser light Lreflected by the dichroicmirror

15 103; and a lens selecting mechanism controller 405 for
controlling the lens selecting mechanism 403.

The lens selecting mechanism 403 comprises

light-converging lenses 105a, 105b, 105¢, and a support plate

407 for supporting them. The numerical apertures of

20 respective optical systems including the light-converging

lenses 105a, 105b, 105c differ from each other. According

to a signal from the lens selecting mechanism controller

405, the lens selecting mechanism 403 rotates the support

piatedO?,therebycausingeadesirablelight-converginglens

25 among the light-converging lenses 105a, 105b, 105c to be

placed onto the optical axis of laser light L. WNamely, the
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of power and size of nunerical aperture is displayed. These nodified
exanpl es can control sizes of nodified spots. Therefore, when the size of a

nodi fi ed spot

is made 15 smaller, the object to be processed can precisely

be cut along a line along which the object is intended to be cut therein,
and a flat cross section can be obtained. Wien the object to be cut has a

| ar ge thi ckness,
obj ect can be cut.
controls the

the size of nodified spot can be enhanced, whereby the

20 [ Ei ghth Exanpl e] An eighth exanple of this enbodi nent

di stance between a nodified spot fornmed by one pul se of |aser

i ght and a nodifisededpot inar meghisy icHe 19éxt soré parseéver tpbfse | aser |ight
by regul ating the magni tude of a repetition 25 frequency of pulse | aser

| i ght and the nagnit Goe rofmiyed atfi vedhrovdmee shieed Lefi seheat tapihed davieryi ng
poi nt of pulse laser 165 |light- Nanely, it controls the di stance between

adj acent
assuned to be a pitch p. The control of pitch p wll be explained in terns
of a crack regkerctyemaymokrexaniphen the epefa{éi o fbehe He seeppt Pt dning
frequency of pulse laser light, and v (mmi sec) be the noving speed of the

X-axi s 8tage

nodi leed spbtst ing maveh drol rovildgl expitanasionctedet disbanorayi s

eprr¥rakiis sirgget of a heiobj ext tombeipedcessed: uiThe opvdng

speeds of these stages are exanples of relative noving speed of the
| i ght - conver gi hgspoibatiof fnut sboloaseg digl, tThddgack chovgacti nfcok eege by one
shot of pulse laser light is referred to as crack spot- Therefore, the

nunber n of crafkaspdts, L8Preth pethgnpverahpionstrotlier] 1aé, albdidg whlth t he
is intended to be cut 5 is as foll ows:

obj ect

10

15

20

25

be explained later, by using a keyboard or the 1like, the
light-converging lens is chosen, namely, the numerical
aperture 1s chosen.

Mcunted on the mounting table 107 of the laser
processing apparztus 400 is an object to be processed 1
irradiated with the laser light L converged by one of the-
light-converging lenses 105a to 105¢c which is disposed on
the optical axis of laser light L.

The overall controller 127 is electrically connected
to the power regulator 401. Fig. 67 does not depict it. When
the magnitude of power is fed into the overall contrcller
127, the latter contrcls the power regulator 401, thereby
adjusting the power.

Fig. 68 is a block diagram showing a part of an example
of the overall controller 127. The overall controller 127
comprises a size selector 411, a correlation storing section
413, and an image preparing section 415. The cperator of

the laser processing apparatus inputs the magnitude of power

of pulse laser light or the size of numerical aperture of
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n = f/v. 15 The reciprocal of the nunber n of crack spots fornmed per unit
| ength corresponds to the pitch p: p = 1/n. Hence, the pitch p can be
controll ed when at | east one of the magnitude of repetition frequency of
pul se laser light 20 and the magnitude of relative noving speed of the
| i ght-converging point is regulated. Nanely, the pitch p can be controlled
so as to becone smaller when the repetition frequency f (Hz) is’increased
or when the stage noving speed v (misec) is decreased. By contrast, the
pitch p can be 25 controlled so as to beconme greater when the repetition
frequency f (H2e icptdeerieasetcor inhéndihe Stage. giovdiamneparidhgleeng temi sec)
is increased. Meanwhile, there are three ways of relationship between the
pitch p and crtack sspet ssizeton 4 he gy necitricoon 8Eybbaed akonge whikeh t he obj ect
is intended to be cut 5 as showmn in 5 Figs. 81 to 83. Figs. 81 to 83 are
pl an views of tan sChyagtle t ohbd npracessedoabengetdfethe Aa ghltongnwhirghnthe
object is intended to be cut 5 which is formed with a crack region by the
| aser processilmgdas d0cer,danée, W0 bct tim st eadodi mérd nunk drcadk appotubd i s
formed by one pul se of pulse laser light. 10 Form ng a plurality of crack
spots 90 al i griing bachgaiiheyct lal anguthed.i nEn alhdgewhiech:lidhecabpecives
intended to be cut 5 yields a crack region 9. Fig. 81 shows a case where
the pitch p i ssugreedtear]l hartutres sifzehe. 1Théterackeredinan 1@nisesf o0 bed
di scontinuously 15 along the Iine along which the object is intended to be
cut 105b, 105c¢c are registered in the overall contrcller 127
beforehand, anddata of the numerical aperture of the optical
system including the chosen 1light-converging lens 1is
10 autcmatically fed into the size selector 411.
The correlation storing section 413 has stored the
correlation between the set of pulse laser power magnitude
and numerical aperture size and the size of modified spot
beforehand. Fig. 69 is an example of table showing this
15 correlation. In this example, respective numerical
apertures of the optical systems including the
light-converging lenses 105a, 105b, 105c are registefed in
the column for numerical aperture. In the column for power,
magnitudes of power attained by the power regulator 401 are
20 registered. In the column for size, sizes of modified spots
formed by combinations of powers of their corresponding sets
and numerical apertures are registered. Fcr example, the
modified spot formed when the power is 1.24 x 10! (W/cm?)
while the numerical aperture is 0.55 has a size of 120 pm.
25 The data cf this correlation can be obtained by carrying

ocut experiments explained in Figs. 58 to 65 before laser
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5 wthin the object to be processed. Fig. 82 shows a case where the pitch p
substantially equals the size d. The crack region 9 is forned continuously
along the line along which the object is intended to be cut 5 within the
object to be 20 processed- Fig. 83 shows a case where -the pitch pis

smal ler than the size d. The crack region 9 is formed continuously al ong
the line along which the object is intended to be cut 5 within the object
to be processed. In Fig. 81, the crack region 9 is not continuous along 25

the line alonqﬂﬂ?%%yﬁtﬁg Oﬁéfcéxéﬁpi tended to be cut 5, whereby the part

of line along he ‘object 1S intended 167 to be cut 5 keeps a strength

to some extent. Therslar enc S : «SHI Y1 G, 0UL A SLER of, PULLLOA, LG ab) ect

to be processed after |asér processing, ect “becones

easier. In Figs. 82 and 8 the_crack reqgj 9 is_continuo forned 5

al ong the Iinég% 3%§jﬁﬂg8h§F_es%ﬁfé%%l?%Ugaggédeéafo?%ék%gtéﬁéggﬁﬁﬁgﬁ makes
A S e ML B G B s e
substantial ly ual s the .size in_Fig, reb 10 regions generating
nultipR%ton aﬁgih?ﬁq%n?%ﬁ§ ﬁﬂiﬁg diéPFoﬁeaﬁFh§%5?5%¥|%§%ﬁ qé%ﬁ159é%¢%§§
prevented from being super ed on.cra spots 90 which_have eady. been
formed. As a H%% Pﬁ, Sagv%gﬁﬁgh?qnﬁtgfzgggofq%?é% OgﬁgﬁgeﬁgECaﬁ%%é%%EHe

smal Lor - Naelyy ctheyd AMSLor Nas T ok00 BIAL s then A Jegl.an, densrating 19

mul ti phot on absorption upon‘rrradiati on w

super posed on gragk sots 900w Gh, have AL 1RAMY o RReB. LUIITRdn: dgYI A1g ons i1

si zes of crack spots
If there is no set corresponding to these values, size data

10 corresponding to a set having the closest values is sent
to the monitor 129.

The data of size corresponding tc the set chosen by
the size selector 411 is sent from the size selector 411
to the image preparing section 415. According to this size

15 data, the image preparing section 415 prepares image data
of a modified spot in this size, and sends thus prepared
data to the monitor 129. As a consequence, an image of the
modified spot is also displayed on the monitor 129. Hence,
the size and form ¢f modified spot can be seen before laser

20 processing.

The size of numerical aperture may be made varizble
while the magnitude of power is fixed. The table in this
case will be as shown in Fig. 70. For example, the modified
spot formed when the numerical zperture is 0.55 while the

25 power is fixed at 1.49 x 10*! (W/cm?®} has a size of 150 pm.

Alternatively, the magnitude of power may be made variable
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in this region become greater. Wien deviations in sizes of crack spots 90
becone greater, it becones harder to cut the 20 object along a line al ong
which the object is intended to be cut precisely, and the flatness of cross
section deteriorates. In Figs. 81 and 82, deviations in sizes of crack
spots can be nmade smaller, whereby the object to be processed can be cut
along the Iine along which the object 25 is intended to be cut precisely,
while cross sections can be made flat. 268 As explained in the foregoing,
the eighth exanple of this enbodi ment can control the pitch p by regulating
the nagnitudsheéfer Epat pizdnof reyidney? bfagri ke ¢ dserf ikeght e Wy t ude of
relative noving speed of the Iight-convergin%'S poi nt of pulse_laser |ight.
This enabl es LBsEriprenessilng bEnaeorformiy Fie -t he- O5joscexeBPrhe, prleRessed
by changing the pitch p in view of the thickness and naterial of the object
and the |ike. "PH&GERCt RO alcrr et hee thiet BRWET chh biesesbatr bl 18 ild 10
explained in the case of crackspots, the sane holds in nelting spots and
refractive i nd8xcBhangel spdots nHewevee! eheréuspels ol yrdbbiteRs Bellen ahen
nelting spots and refractive index change spots are superposed on those

whi ch Rave al FéadycbeéA bf-ormed. Therel ative novement of the

| i ght-converging point 13 of pulse laser |light may be realized by a case
where the object tEhﬁéaﬁﬁé@é§§é§ﬁkﬁgﬁﬁﬁﬁpghhB@CpﬁéaPFgWﬂih&mﬁ/ Bihg

poi nt of pulse laser light is fixed, a case where the |ight -converging

poi nt of pul seXpEseE I9fghthis rovedimkite vitlhe BBy ebe ixxdliaie®d athle where

t he object and the . ) . .
referencetoFig. 67. Thecbjecttobeprocessedlisasilicon

wafer. 1In the fifth example, operations of steps S101 to
10 S111 are carried out as in the laser processing method in
accordance with the first example shown in Fig. 15.
After step S111, the magnitude of power and numerical
aperture size are fed into the overall contrecller 127 as
explained above. According to the data of power inputted,
15 the power of laser light L is adjusted by the power regulator
401. According to the data of numerical aperture inputted,
the lens selecting mechanism 403 chooses a light-converging
lens by way of the lens selecting mechanism controller 4053,
thereby adjusting the numerical aperture. These data are
20 alsoc fed into the size selector 411 of the overall controller
127 (Fig. 68). Asaconsequence, thesizeandformofamelting
spot formed within the object 1 upon irradiation of one pulse
of laser light L are displayed on the monitor 129.
Then, operations of steps 5113 to 5115 are carriecd out

25 as in the laser processing method in accordaence with the

first example shown in Fig. 15. This divides the object 1
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20 light-converging point of pulse laser light are noved in directions
opposite fromeach other, and a case where the object and the

| i ght -convergi ng point of pulse laser light are noved in the sane direction
with their respective speeds different fromeach other. 25 Wth reference
to Fig. 14, the laser processing apparatus in accordance with the eighth
exanple of this 169 enbodi nent WII| be explained mainly in terns of its
differences fromthe | aser processing apparatus 1COin accordance with the
f irst exanple shown in Fig. 14. The laser light source 101 is a Qswtch

| aser. Fig. 84 is a schematic 5 diagramof the Qswitch laser provided in a
| aser |ight sdGF@eSlinP”Tﬁ@léfkmﬁtch | aser conprises mirrors 51, 53 which
are disposed with a predeterm ned gap therebetween, a |l aser nedium 55

di sposed between t héSarfPoF€e8P 8Ad 53, a punping source 57 for applying a
punpi ng input to the |aser nedium 20 55, and a Q swi tch 59 di sposed between
the | aser nedi um 557 Sdrd 't feapte 6F 84S TReOFRTRY T dit 1 M OPHE PREERIPRAI um 55
is Nd: YAG for exanple. A punping input is applied fromthe punping source
57 to the | aB@ilA¥dilnt®5"$ Pl 1$tafélWREFECERITHB I Ta T EsBRAFRES- i s made
hi gh ngutiIiang the Q@ swtch 59, whereby the Eopulation i nversion of the
| aser Redi um 5539 s Paiifed tF N Pricdet b3 i edoVal ks ThereaPreresehed
Qswitch 59 is wutilized for placing the resonator into a state with a | ow

| oss, so as t 8P88ErRIMEt eo¥he acRUPRf atldtf ef@P§Y 12021 RSt dit atéSust §Sahd

generate pulse laser light L. A signal S (e.g. , a change in a repetition
frequency of BRCGEEEad&neEraratus 500, those identical to constituents

of the laser processing apparatus 400 in accordance with
thefifthexampleshocwnin¥ig. 67arereferredtowithnumerals
10 identical thereto without repeating their overlapping
explanations.
In the laser processing apparatus 500, a beam expander
501 is disposed on the optical axis of laser light L between
& power regulator 401 and a dichroic mirror 103. The beam
15 expander 501 has a variable magnification, and is regulated
by the beam expander 501 s0 as to increase the beam dliameter
of laser light L. The beam expander 501 is an example of
numerical aperture regulating means. The laser processing
apparatus 500 is equipped with a single light-converging
20 lens 105 instead of the lens selecting mechanism 403.
The operations of the laser processing apparatus 500
differ from those of the laser processing apparatus of the
fifth example in the adjustment of numerical aperture based
on the magnitude of numerical aperture fed into the overall
25 controller 127. This will be explained in the following.

The overall controller 127 is electrically connected to the
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pul se) froma laser |light source controller 102 controls the Q5witch 59 so
as to nake'it attain a high state. Therefore, - the signal S fromthe |aser

| i ght source controller 102 can 25 regulate the repetition frequency of
pul se laser light L emtted fromthe |laser |ight source 101. The | aser

| ight 170 source controller 102 is an exanple of frequency adjusting neans.
The repetition frequency is regul ated when an operator of the |aser
processi ng apparatus inputs the nmagnitude of repetition frequency to an

overall controller 5 127, which will be explained |ater, by using a keyboar d
or the Iike. “fRé& ﬁ%ﬁ%@%ﬁg@]are?d@t ai’ Esdof s i fﬂa@é?tm*@rﬁ sHhrEetn901.
During the | aser processing, the object to be processed is noved in the

X- or Y-axis Gir&ct} BHMEEHCAd ARF FIOHR &S LG v ? iteg Q‘éﬁ;}laénl aPBhEC BT ne

al ong which the object is intended to be cut. Theref ore, when formng a
modi fied regi 6/ 7 i tehea t Se xRS rdsantt 6pnt Fhb fopade nefi ol g Nee" hovefent of
the |ight-converging point of |aser |ight can be adjusted by regulatlng

t he nmovi ng spéédbeemtenracdsd 9 kt-agéhigoreyheatas tor meggidimsdirnedl r egi on
inthe Y-axis direction, on the other hand, the speed of relative novenent
of thed Iightb§©ﬁwe¢g$m@ﬁ$%nrﬂf oﬁhﬁasbﬁsergﬁﬂiﬁﬁh be Hujifardd By Flgul ating
the nmoving speed of the Y-axis stage 111. The adjustnment of the respective
movi ng speedsléBlthesevsragas 2bens éﬂMﬁrolF@@rﬁigﬂﬁe stage eodtr oprer 115.
The stage controller 115 is an exanpl e of speed adjusting neans. The speed
i s regul ated wWAGhtrKengpepaner 1ens| asén ﬁﬁaéé§§ﬁﬁ§ fappararasdsinputset he

magni t ude of speed to_the overal
numerical aperture of the optical system including the

light-converging lens 105 1is possible. This will be
10 explained with reference to Figs. 73 and 74.
Fig. 73 is a view showing the convergence of laser light
L effected by the light-converging lens 105 when the beam
expander 501 is not provided. On the other hand, Fig. 74
is a view shewing the convergence ¢f laser light L effected
15 by the light-converging lens 105 when the beam expander 501
is provided. As can be seenwhen Figs. 73 and 74 are compared
with each other, the sixth example can achieve adjustment
SO as to increase the numerical aperture with reference to
the numerical aperture of the optical system including the
20 light-converging lens 105 in the case where the beam expander
501 is not provided.
[Seventh Example]
A seventh example of this embecdiment will now be
explained mainly in terms of its differences from the fifth

25 and sixth examples. Fig. 75 is a schematic diagram of this

laser processing apparatus 600. Among the constituents of
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controller 127, which will be explained |later, by using a 25 keyboard or the

| i ke. The speed of relative novenent of the |ight-converging point of pulse
| aser |ight can be adjusted 1~1 when, while the |ight-converging point Pis
made novable, its noving speed is regulated. The overall controller 127 of

the | aser processing apparatus in accordance with the eighth exanple
further adds 5 other functions to the overall controller 127 of the |aser
processi ng apparatus in accordance with the first exanple. Fig. 85 is a
bl ock di agram showi ng a part of an exanple of the overall controller 127 of
the | aser processi hgsapparacessing acperdanse oWl h thwsei ghent exahpte. The
overal | 10 controller 127 conprises a distance cal culating section 141, a
_size storing suvtstortusts,s ahdhenl d segerprepai hngrpechitas 1r195coToanhe
di stance cal cul ating section 141, the magnitude of repetition frequency of
pul se | aser | ivwghth &inel £ éspectisie:t maganp leesr efrefevireg tspeedsnofetaks st ages
109, 111 are inputted. 15 These inputs are effected by the operator of |aser
processi ng appglratiusalusthgratkeybiodrahtor reheatike. thHed i svamdéeppahgul ati ng
section 141 calculates the distance (pitch) between adjacent spots by
utilizing the exgbicrestmienis.oned expressions (n = f/v, and p = 1/n). The 20
di stance cal cul ating section 141 sends this distance data to the nonitor
129. As a consequende,thishk: shispancesbéhgeeparabdsfticéd spot ssfoepkdaan t he
i nputted magni tudes of frequency and speed is displayed on the nonitor 129.
The di stance ddtlaissdbaimmsatnt tlhetdye ligqrigexpeepadlbngr 250sedt ionted8. The
size storing section 143 has already stored
of the beam expander 501 between a dichroic mirrcr 103 and
a light~converging lens 105. Changing the aperture size of
10 the iris diaphragm 601 adjusts the effective diameter of
the light~converging lens 105. The iris diaphragm 601 is
anexample of numerical apertureregulatingmeans. Thelaser
processing apparatus 600 further comprises an iris diaphragm
controller 603 for changing the aperture size of the iris
15 diaphragm 601. The iris diaphragm controller 603 is
controlled by an overall controller 127.
The operations of the laser processing apparatus 6CC
differ from those cf the laser processing apparatus of the
fifth and sixth examples in the adjustment of numerical
20 aperture based on the size of numerical aperture fed into
the overall controller 127. Acccrding to the inputted size
of numerical aperture, the laser processing apparatus 600
changesthesizeof aperturecftheirisdiaphragmé01, thereby
carryingoutadjustment for decreasingtheeffectivediameter

25 of the light-converging lens 105. Therefore, with only one

light-converging lens 105, adjustment for decreasing the
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therein sizes of nodified spots fornmed in this |laser 172 processing
apparatus. According to the distance data and the size data stored in the
size storing section 143, the inage preparing section 145 prepares inage
data of a nodified -region formed by the distance and size, and sends thus
prepared 5 image data to the nonitor 129. As a consequence, an inage of the
nodi fied region is also displayed on the nonitor 129. Hence, the distance
bet ween adj acent nodified spots and the formof nodified region can be seen
before | aser processing. Though the di stance cal cul ati ng section 141
cal cul ates 10U igiadt arier Patsweeh fDEi fArdd csdotsy Wherut i1 ¢ Fpdpng hehe
expressions (n =f /v, and p =1/n) , the follow ng procedure may also be
~taken. First, ldahdblconvaviodgar egens erldd t he paslsdatilenshi phbet weighl t he
magni tude of repetition frequency, the noving speeds of stages109, 111, and
t he di stance eteemets widi fricd@ repotes tseffdgehand iesdpriépar ed, and t he
di stance calculating section 141 is caused to store data of this table.
When t he magni t ude &figreffet k& ohed shequencyhandnvhegenghictfubdes=r éf ghbvi ng
speeds of stages 109, 111 are fed into the distance «calculating section
141, tBe | attér aefdadsedubyf tom tthgh26 caboeegiengt ilened 10ablvbetheodisiance
bet ween nodi fied spots in the nodified spots forned under the condition of
these nmagnit ydephHee, i s he qwighdd.udes offe sttadge nevidngispeddsi sy vbewnade
vari abl e while the nmagnitude of repetition frequency is fixed. 25 On the
contrary, the shegriinoudécoftorggegienicen offr dgaency ighy beeffidetedr Pabkeewhil e
t he magni tudes of stage noving speeds 173

light-converging lens 105 when the iris diaphragm 601 is

provided. As can be seen when Figs. 76 and 77 are compared

10 with each other, the seventh example can achieve adjustment
S0 as to increase the numericzl aperture with reference to
the numerical aperture of the optical system including the
light-converging lens 105inthecasewheretheirisdiaphragm
is not provided.

15 Modified examples of the fifth to seventh examples of
this embodiment will now be explained. Fig. 78 is a block
diagram of the overall contreller 127 provided in a medified
example of the laser processing apparatus in accordance with
this embediment. The overall controller 127 ccmprises a

20 power selector 417 and a correlation storing section 413.
The correlation storing section 413 has already stored the
correlation data shown in Fig. 71. An operator of the laser
processing apparatus inputs a desirable size of a modified
spot to the power selector 417 by a keyboard or the like.

25 Thesizeofmodifiedspot isdeterminedinviewof thethickness

and material of the object to be modified and the like.
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are f ixed, Also, in these cases, the above-nentioned expressions and table
are used in the distance calculating section 141 for carrying out
processing for causing the nonitor 129 to display the distance between

nodi fied spots 5 and an inmage of the nodified region.” As in the foregoing,
the overall controller 127 shown in Fig. 85 inputs the nagnitude of )
repetition frequency and the stage noving speeds, thereby calculating the
di stance between adjacent nodified spots. Alternatively, a 10 desirable

di stance between adj acent nodified spots may be inputted, and the nagnitude
of repetition_frequency and  magnitudes of stage noving speeds may be
control | ed. TRFS§OLPraEetbr B W I FNBE" extidlibted ﬁeﬂﬁétpélﬁgJAHGQO r9.286 is a
bl ock di agram showi ng a part of another is exanple of the overal

control | er 12POpESVFEBHCFRCRAENE| ghtthe dRAHBI ef e dverdlicadopPriotter 127
conprises a frequency calculating section 147. The operator of |aser
processing apparatas §hputis heh e teidd ioh afsraneesoet vwed 1adj #eént

nmodi fied spots to the frequency cal cul ating section 147 by 20 using a
keyboard or tRE&NFEkét ThethRghetede &Fu i starfde -i 5Thgseépirneden tS‘I'Féw of
the thickness and material of the object to be processed and the |ike. Upon
this iaput, tRéskPrepueseysigal epPakihgs seaylatauzcahds apesinuee eduency
for attaining this magnitude of distance according to the above-nentioned
25 expressi onBoafd taplel flor dRissreRanpresitite &iagd i@ AGOtsheedsd are
fixed. The frequency cal cul ating section 147 174 sends thus cal cul ated data
to the |aser PigRfisebteesiedneeblderfageEd WhWdhet Hetabfereecrbine pPhdbtessed

i s subjected , _
magnitude of power is also sent to the monitor 129, whereby

the magnitude of power is displayed. 1In this example, the

10 numerical aperture is fixed while power is variable. 1If no
size at the value identical to that of thus inputted value

is stored in the correlation storing section 413, power data
corresponding tc a size having the closest value is sent

to the power regulator 401 and the monitor 129. This is the

15 same in the modified examples explained in the following.
Fig. 79 1s a block diagram of the overall controller

127 provided in another modified example of the laser
processing apparatus in accordance with this embodiment.

The overall contreller 127 comprises a numerical aperture

20 selector 419 and a correlation storing secticen 413. It
differs from the modified example of Fig. 78 in that the
numerical aperture is chosen instead of the power. The
correlation storing section 413 has already stored the data

shewn in Fig. 70. An operator of the laser processing

25 apparatus inputs a desirable size of a modified spot to the

numerical aperture selector 419 by using a keyboard or the
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to | aser processing by the |l aser processing apparatus regulated to this
magni t ude of frequency, the distance 5 between adjacent nodified spots can
attain a desirable magnitude. Data of this magnitude of frequency is also
sent to the nonitor 129, whereby this magnitude of frequency is displayed.
Fig. 87 is a block diagram showi ng apart of still another 10 exanple the
overall controller 127 provided in the eighth exanple. The overal
controller 127 conprises a speed calculating section 149. In a manner
simlar to that mentioned above, the nmagnitude of distance between adjacent
nmodi fi ed spot 31ike .-f edsihcontheuspeed té@ cunariagl seertonelB s orpbh this

i nput, the speed cal cul ating section 149 calculates a stage novi ng speed
for attai ni ngchiios eagridngiel cof agiestaneecacrespldmdind tohe sdlzsveawend i oned
expressions and tables. In this exanple, the repetition frequency is

fixed. The speedadaisculdarinigslectd orma4osends 1hpst 203 cal zel Ated daga to
the stage controller 115. Wien the object to be processed is subjected to

| aser processicrg rigy atther aserr iny csessiary Abparatdisseedul dted ¢O this

magni tude of stage noving speed, the distance between adjacent nodified
spots Scan at haimera cadsipani @ araghhtude.s Daltecofng i shamgem tader@blef st age
novi ng speed is also sent to the nonitor 129, whereby this nagnitude of

st age novi ng 4Péedbiesmdiegpbayed. 54Y5 & giri88 dispd elyockdnagradeshoWs ng a
part of still another exanple of the overall controller 127 provided in the
ei ghth exanpleergfiereverdlen ¢cort Lekker pI27esonpri sppaaatoabiragilaned

cal cul ating section 151. It differs fromthe cases of Figs.

tothissizeofnumerical apertureisusedfor laserprocessing,

a modified spot having & desirable size can be formed. The

10 data concerning this numerical aperture is also sent to the

monitor 129, whereby the size of numerical aperture 1is

displayed. In this example, the power is fixed while
numerical aperture is variable.

Fig. 8C is 2 bleck diagram cf the overall controller

15 127 provided in still another modified example of the laser

processing apparatus in accordance with this embodiment.

The overall contreller 127 comprises a set selector 421 and

a correlation storing section 413. It differs from the

examples of Figs. 78 and 7% in that both power and numerical

20 aperture are chosen. The correlation storing section 413

has stored the correlation between the set of power and

numerical aperture and the size in Fig. 69 bheforehand. An

operator cfthe laser processingapparatus inputs adesirable

size of a modified spot to the set selector 421 by using

25 a keyboard or the 1ike. As a conseguence, the set selector

421 chcocoses a set of power and numerical aperture
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5 86 and 87 in that both repetition frequency and stage noving speed are
calculated. In a manner simlar to that nmenti oned above, the distance
bet ween adj acent nodified spots is fed into the conbination calculating
section 151. According to the above-nentioned expressions and tables, the
conmbi nation 10 cal cul ati ng section 151 cal cul ates a repetition frequency
and a stage noving speed for attaining this magnitude of distance. The
conbi nati on cal cul ati ng section 151 sends thus calculated data to the stage
controller 115. Thel aserlight 15 source controller 102 adjusts the |aser
| i ght source t@Irsspasdtogatpaithushénpakcatatédenfigomt e ofrrebetiai on
frequency. The stage controller 115 adjusts the stages 109, 111 so as to
attain the cabtwlrargdsragnibtudélof Btagempdweg igpebds Whemebhesobject to
be processed is subjected to | aser 20 processing by thus regul ated | aser
processi ng appanat us, theheodé st aegel Hetwethl adCaceht obdefieangpatataan
attain a desirable magnitude. Data of thus cal cul ated nagnitude of
repetition freduennyranal reggrtwde iof thbagecsmyvisey $spestht aretheskersent to
the nonitor 129, whereby thus calculated 25 values are displayed. The |aser
procesSi ng netkddcicnnacoecdantsmw diht t bkl 47 6 & ghtchmexapphecof 50 hj sor
enbodi nent will now be expl ai ned. The object tobe processed | is a silicon
wafer. In theieightihapkxagpl ecnopet a¢ i ofid3 f r Omestedps eS10tehot Sk | lasae
carried out in a manner simlar to that of the |aser processing nethod 5 in
accordance w phothesfingséppxaaple stmwhated Fiqg.thkS powaft endstepeSiddl t he
di stance between adjacent nelting

aperture of this set is used for laser processing, a modified

spot having a desirable size can be formed. The data

10 concerning the magnitude of power and size of numerical
apertureisalsosent tothemeonitor 129, whereby themagnitude
of power and size of numerical aperture is displayed.

These modified examples can control sizes of modified
spots. Therefore, when the size of a2 modified spot is made

15 smaller, the cbject to be processed can precisely be cut
alcng a line along which the cobject is intended to be cut
therein, and a flat crcoss section can be obtained. When the
object to be cut has a large thickness, the size of modified
spoct c¢an be enhanced, whereby the obhject can be cut.

20 [Eighth Example]

An eighth example of this embodiment controls the
distancebetwemnanmdifiedspotformedknionepuiseoflaser
light and a modified spot formed by the next one pulse of
pulse laser light by regulating themagnitude of a repetition

25 frequency of pulse laser light and the magnitude of relative

moving speed of the light-converging point of pulse laser
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spots in -the nelting spots formed by one pul se of pulse laser, 1i.e., the
magni tude of pitch p, is determned. The pitch p is determned in view of
the thickness and material of 10 the object | and the |ike. The magnitude of
pitch pis fed into the overall controller 127 shown in Fig. 88. Then, in a
manner simlar to that of the |laser processing nethod in accordance with
the first exanple shown in Fig. 15, operations of step S113 to S115 are
carried out. This is divides the object | into silicon chips. As expl ai ned
in the foregoing, the eighth exanple can control the distance between

adj acent nel t ilnghspot Bamylyr egulcatritng tshé heagnstadecobetepetn i ad prcdirtequency
of pulse Ilaser light, and reqgulating the magnitudes of noving speeds 20 of
X-axi s stage #09idnedYsmxis. stlagehd Ib.llOwamgi evgoldves t mynichedgl sfamist ance
in view of the thickness and nmaterial of the object | and the |ike enabl es
processi ng i nieoateumetyto the theiaches. pdhgosent 3dil nih phtaripleli25b #e ninth
exanpl e of this enbodi nent changes the position of the |ight-converging
poi nt of | aseexpilghthedr iadicatimagoi7Z thecebpegiotobbewpy octsseamphet he
direction of incidence to the object, thereby formng a plurality of
nodi fi éd regi ons aLegni ngizi)nbe hehadiregetiancof £ raguatencef Polsenaser
plurality of nodified regions will be 5 explained in terns of a crack

regi on by waylofhexanmd &. (i gsed0b8X hes mavperspesdd vé MieW-akianstoigect to
be processed | forned wth two crack regions 9 within the object 1 by using
t he or Y-axis stage cf the object to be processed. The moving

speeds of these stages are examples of relative moving speed
of the light-convergingpoint of pulse laser light. Thecrack
10 part formed by one shot of pulse laser light is referred
to as crack spot. Therefcre, the number n of crack spots
formed per unit length of the line along which the object
is intended to ke cut 5 is as follows:
n=£f/v.
15 The reciprocal of the number n cf crack spots formed
per unit length correspends to the pitch p:
p = 1/n.
Hence, the pitch p can be controlled when at least one
of themagnitude of repetition freguency of pulse laser light
20 and the magnitude of relative moving sﬁéed of the
light-converging peoint is regulated. Namely, the pitch p
can be contrclled so as to become smaller when the repetition
frequency £ (Hz) is increased cxr when the stage moving speed
v {mm/sec) is decreased. By contrast, the pitch.p can be
25 controlled sc as to become greater when the repetition

freguency £ [(Hz) 1s decreased or when the stage moving speed
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| Aser processing nmethod in accordance with the ninth exanple of this

enbodi nent. A nethod of formng two crack regions 9 will be explained in
brief. First, the object | is irradiated with pulse laser light L, while
the |ight-converging point of pulse laser light L is |ocated within the

object 1 near its rear face 21 and is noved along a |line along which the
object is intended 15 to be cut 5. This fornms a crack region 9 (9A) al ong
the line along which the object is intended to be cut 5 within the object
| near the rear face 21- Subsequently, the object 1 is irradiated with the
pul se | aser | VgHf™/Sewhi L6 £RELSESGRt- convergi ng point of pul se laser |ight
L is located 20 within the_ object | near its surface 3 and is noved al ong 25
the |ine al ong whi cHegRBhébpedtars 3 g bhaed wposkE tetablongnigbebY#E  a crack
region 9 (9B) along the line alon% which the object is intended to be cut 5
within the objtbét PRtr8ap atHecsackaceod. stAeninashshdwnerhirngofobingracks
91 naturally grow fromthe crack regions 9A, 9B. Specifically, the cracks
92 :7 8 naturabppagronchroie tdel e¢lacdks ridgicon sgAtpopar @t he a%egnofEcEn 21,
fromthe crack region 9A (9B) toward the crack region 9B (9A), and fromthe
crack region 9BIBowAEd-q He -suFface 83.taH X aggnplenkeaekst 9repbigated in
the thickness 5 direction of the object in the surface of object 1 extending
al ong the |iné&cakengrareehethaleppech e sinpt ended vbipe &0e ©Bjeftels the
surface to becone a cross section. Hence, the object 1 can be cut along the
| i ne al ong whitehepHedobpelf cut 5, which is formed with a crack region
by the laser processing in accordance with this embodiment.
A crack spot 90 is formed by one pulse of pulse laser light.
10 Forming a plurality of crack spots 90 aligning each other
along the line along which the object is intended to be cut
5 yvields a crack region 9.
Fig. Bl shows a2 case where the pitch p is greater than
the size d. The c¢rack region 9 is formed discontinucusly
15 along the line along which the cbject is intended to be cut
5 within the okject to be processed. Fig. 82 shows a case
where the pitch p substantiallyequals the sized. Thecrack
region 9 is formed continuously alcong the line along which
the object is intended to be cut 5 within the object to be
20 processed. Fig. B3 shows a case where the pitchp is smaller
than the size d. The crack region 9 is formed continuously
along the line along which the object is intended to be cut
5 within the cbject to be prccessed.
In Fig. 81, the crack region 9§ is not continuous along

25 the line along which the cbject is intended to be cut 5,

whereby the part of line along which the cbject is intended
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is intended to be cut 5 by artificially applying a relatively 10 snall
thereto or naturally w thout applying such a force. As in the foregoing,
nple fornms a plurality of crack regions 9, thereby increasing

the ninth exa
t he nunber of
1. As a 15 co
obj ect 1 even
t hi ckness, th
to grow after
difficult by
formed. For e
bet ween t he
achieved in a
object 1 as |
shown in Fig.
.a plurality
farther from
processed on
Fig. 89, the
is formed. |
closer to the
formng the c
crack region

10

20

22

| ocations to becone starting points when cutting the object

nsequence, the ninth exanple makes it possible to cut the

in the cases where the object 1 has a relatively |large

force

e object 1 is nade of a material in which cracks 91 are hard
formng the crack regions 9, and so forth. 20 Wen cutting is

two, crack. r,egi_ons | o t e o re.crack. reagi 9 are
o b cuctafé K a raﬁ._riggc% &f ggr?e exl’cﬁrq?. .I%elgeléfolrseqf@?%éd

) )
xanpl e, snown 1 n , a Crack reglon
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The pitch p is made greater than the size d in Fig.
81, and substantially equals the size d in Fig. 82, whereby
regions generating multiphoton absorption upon irradiation
withpulse laser light canbe prevented frombeing superposed
oncrackspots 90 whichhavealreadybeen formed. Asaresult,
deviations in sizes of crack spots 20 can be made smaller.
Namely, the inventor has found that, when a region generating
multiphoton absorption upen irradiation with pulse laser
light is superposed on crack spots 90 which have already
been formed, deviaticons in sizes of crack spots 90 formed
in this region become greatexr. When deviaticons in sizes of
crack spots 90 become greater, it becomes harder to cut the
cbhbject along a-line along which the object is intended to
be cut precisely, and the flatness of c¢ross section
deteriorates. In Figs. 81 and 82, deviations in sizes of
crack spots can be made smaller, whereby the object to be
processed can be cut along the line alcng which the object

is intended to be cut precisely, while cross secticns can

be made flat.
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a consequence, deviations occur in sizes of the crack part (crack spot)
formed by one shot of pulse laser light L constituting the crack region 9
formed |l ater. Hence, the <crack region 9 fornmed | ater cannot be forned
uniformy. 15 Formng the crack regions 9 successively fromthe side farther
fromthe entrance face does not generate the above-nentioned scattering,
whereby the crack region 9 forned |ater can be forned uniformy. However,
the order of formng a plurality of crack 20 regions 9 in the ninth exanple
of this enbodinent is not restricted to that nentioned above. They may be
formed successively fromthe side closer to the entrance face of the

obj ect to be proces$€de*BiatBrRed rEtRIGATEINAI hen e anbiith feaeiPAg, O or
exanple in Fig. 91, the crack region 9Cis fornmed 25 first, then the crack
region 9B, and D fisnambpoiRentr ek cegisnl Ohe|Biter ned by coaterinagtife
direction of incidence of |laser 180 light. Though the formng of a plurality
of nodified re&gidergudes oéxprariiéd iion thegoaseyodt arakie rlegicons 1obheoBane
holds in nolten processed regions and refractive i ndex change 5 regions.
Though the explegmattiveie pélae bat i ve pudsiend apered pfHthe thghsarennerdsné or
continuous wave | aser light. The | aser processing apparatus in accordance
with tRe ninbliexanplpubse tlhiseenboditenThhasemaiobhs ilpaeat popcskaitar to
that of the | aser processing apparatus 100 in accordance 10 with the first
exanpl e shownibncPhgornaty|we tte nibnelstexams roceheegosy tdhemasig the

| i ght-converging point Pin the thickness direction of the object to be
processed 1 i ®iadjustied viyew of the thickness and material of the object

and the like.
Though the fact that the pitch p can be controlled is
10 explainedinthe caseof crack spots, the same holds inmelting
spots and refractive index change spots. However, there are
no problems even when melting spots and refractive index
change spots are superposed on those which have already been
formed. Therelativemovement of the light-convergingpoint
15 of pulse laser light may be realized by a case where the
object tc be processed is moved while the‘light—converging
point of pulse laser light 1s fixed, a case where the
light-converging point of pulse laser light is moved while
the object is fixed, a case where the object and the
20 light-converging peint of pulse laser light are moved in
directions opposite froem each other, and a case where the
object and the light-converging point of pulse laser light
are moved in the same directicn with their respective speeds
different from each cther.
25 With reference to Fig. 14, the laser processing

apparatus in acccrdance with the eighth example of this
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the Z-axis stage 113. This can adjust the light-converging point P so as to
| ocate it at a position closer to or farther 15 fromthe entrance face
(surface 3) than is a half thickness position in the thickness direction of
the object to be processed 1, and at a substantially half thickness
position. Here, adjustnment of the position of |ight-converging point Pin
the thickness direction of the object to be processed 20 caused by the
Z-axis stage will be explained with reference to Figs. 93 and 94. In the
ninth exanple of this enbodinment, the position of |ight-converging point of
| aser light in the thickness direction of the object to be processed is
adj usted so asnttwdiendrocatvédlatha degildbkee posinioniwn tbenm25 dfheiobj ect
with reference to the surface (entrance face) of the object. Fig. 93 shows
t he state whera fitherelfiled | ghdm convelgisrg paicatesRiol |laserrddghtl®Oi $n
positioned at the surface 3 of the object 1. Wen the Z-axis stage is noved
by z toward thedd@hirconves ghad ilrense &byl & BRowhiight r€onver grngl poent P
noves fromthe surface 3 to the 5 inside of the object 1 as shown in Fig.
94. The anpuntliefht FBMERBNt;10f sld ghtwcoanargieny ppiet R Wethikbhthe: obj ect 1
is Nz (where Nis the refractive index of the object 1 with respect to the
| aser Is ght LHiadgiences tween dhe: of BXESr plrage debs n@vedelrn Miewsofirtbe
refractive index of the object 1 10 with respect to the laser light L, the
posi tion of lipght - caBVEF i e PQiaRe rPcbfpt Dee & Miicknass sdi reTtinarhob rthe
object 1 can be controlled. Nanely, a desirable position of the
| i ght - conver gidiggeaigat Wi 4 herddd cknedsedli §oct t 0orelpériden pbhethsdri s
defined as the distance (Nz) fromthe

medium 55 disposed between the mirrors 51 and 53, a pumping

source 57 for applying a pumping input to the laser medium
10 55, and a Q-switch 59 disposed between the laser medium 55
and the mirror 51. The material of the laser medium 55 is
Nd:YAG, for example.
A pumping input is applied from the pumping source 357

to the lasermedium 55 in a state where the loss in a resonator

L

is made high by utilizing the Q-switch 59, whereby the
populaticn inversion of the laser medium 55 is raised to
2 predetermined value. Thereafter, the QC-switch 5% is
utilized for placing the resonator into a state with a low
loss, sc as to oscillate the accumulated enexgy
20 instantaneously and generate pulse laser light L. A signal
5 {e.g., a change in a repetition frequency ¢of an ultrasonic
pulse} from a laser light scurce contrcller 102 controls
theQ~-switchS9soastomakeitattainahighstate. Therefore,
“the signal S from the laser light source contrcller 102 can
25 requlate the repetition freguency of pulse laser light L

emitted from the laser light source 101. The laser light
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15 surface 3 to the inside of the object 1. The object 1 is noved in the
t hi ckness direction by the anmount of novenent (z) obtained by dividing the
di stance (Nz) by the above-nentioned refractive index (N) . This can |ocate
the |light-converging point P at the desirable position. 20 As explained in
the first exanple, the stage controller 115 controls the novenent of the
Z-axis stage 113 according to focal point data, such that the focal point
of visible light is |located at the surface 3. The | aser processing
apparatus 1 is adjusted such that the |ight-converging point 25 P of |aser
light L is positiuonedatttdidesuidfdces ZrakexeheleposiiromafcZadyiuststhagge 113
where the focal point of visible 182 light is located at the surface 3. Data
of the anmpunt mofansovemdpt (Hetexplai nédegneftysis9¥and B4d swhied &nto and
stored in the overall controller 127. Wth reference to Fig. 95, the |aser
processi ng netdwerator ncdcadredabeseW tiroickee siingt hegxargues ofnpint s ehbodi ment
will now be explained. Fig. 95 is a flowhart for explaining this |aser
processi ng netgh i ke alf] eepetdtbenpf oegssedy Lo sn aveidlilcepnwabelerSt ep
5101 is the same as step S101 of the first exanple 10 shown in Fig. 15.
Subsequent |y, 1he, thiickneisiobet digoDbjeed laltds, mRaspied.a Aeghrodimgoto the
result of nmeasurenent of thickness and the refractive index of object 1,
t he anount oftheverent Tizg fotegbjirgtark ddrd hes Zf akieSl aidreti g0t sbsrce
determ ned (S103) . This is the amount of novenent of object 15 1 in the
Z-axis directiiomiwith reference to the |I|ight-converging point of |aser
light L positioned at the

During the laser processing, the object tobe prccessed

1 is moved in the X- or Y-axis direction, so as to form a
10 modifiedregionalcngalinealongwhichtheobject is intended
to be cut. Therefore, when forming a medified region in the
X-axis direction, the speed of rxelative movement of the
light-converging point c¢f laser light can be adjusted by
regulating the moving speed of the X~-axis stage 109. When
15 forming a modified regicn in the Y-axis direction, on the
other hand, the speed of relative movement of the
light-converging point of laser light can be adjusted by
regulating the moving speed of the Y-axis stage 111. The
adjustment of the respective moving speeds of these stages
20 is controlled by the stage contreller 115. The stage
contreoller 115 is an example of speed adjusting means. The
speed 1s regulated when the operator of laser processing
apparatus inputs the magnitude o©of speed to the overall
controller 127, which will be explained later, by using a
25 keyboard or the like. The speed of relative movement cf the

light-converging point of pulse laser light can be adjusted
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surface 3 of object 1 in order for the |light-converging point P of |aser
light L to be located within the object 1. Nanely, the position of

| i ght-converging point Pin the thickness 20 direction of object 1 is
determ ned. The position of |light-converging point Pis determned in view
of the thickness and material of object 1 and the like. In this

enbodi nent, data of a first novenent anount for positioning the

| i ght -converging point P near the rear face within the 25 object | and data
of a second novenent anount for positionin t he |.ight-convergin oint P
near the surfZYET WAEn hel 188CobPBEEEP AT PGist - AS PGP HBPLene:
processed regi.on to he f orned is f grneg by using the data of f irst
movement amourttS MoK 188 RGeSl e S5Pocé§Sed region to be formed is formed
by wusing the data of second novenent _anount. Data of _these 5 novenent
anounts are fed intdEheVEev¥aral FORGAPLRFel 21291 tBEep&SSIOBF 4RASEIDBT are
the sanme as steps S105 and S107 in the first exanple shown in Fig. 15. The
focal point d&tHR2IEdNEul ARES OB ASCEr S0 hee KEHth £82PRe Sthge CoRErSI | er
115. According to the focal point data, the stage controller 115 10 noves
the Z-axis st&gecK13UPRLERBSZA axiie divrectlilopoptundyer Fhi £iGder L8AsTt he
focal point of visible |ight of the observation |ight source 117 at the
surface 3. At PEKICESS3iNGt 2PBRrZLER| i SI4ge Ip1ge vheh foralf I5Sitne*pmBL pul se

|l aser light L -is positioned at the surface 3. Here, according to inaging
15 data, the friggi §g 88t & PriodesSGOTEss sSBaRat 632 Bhl A Géd ©*PRRgE Bata of
the surface of object 1 including the |ine | ong which the object is
i ntended to béh@u?‘»’%?alr%éfﬂ@ﬁrf&rlégdr 1%&5&%335?5 RRRE 10 ThEPROAPEL?

way of the overall :
y ?n accordance with the eighth example. The overall

129 by

10 ‘controller 127 comprises a distance calculating section 141,
a size storing section 143, and an image preparing section
145. Tothedistance calculating section 141, the magnitude
of repetition frequency of pulse laser light and respective
magnitudes of moving speedscfthestages 109, 111 areinputted.
15 These inputs are effected by the cperatcr of laser processing
apparatus using & keyboard or the like.
The distance calculating section 141 calculates the
distance {pitch) between adjacent spots by utilizing the

1/n).  The

above-mentioned expressicns (n = f/v, and p
20 distance calculating section 141 sends this distance data
to the monitor 129. As a consequence, the distance between
modified spots formedat the inputtedmagnitudes of freguency

and speed is displayed on the monitor 129.
The distance data is also sent to the image preparing
25 section 145. Thesizestoriﬁgsectionlchasalréadystored

therein sizes of modified spots formed in this laser
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controller 127, whereby an enlarged image in the vicinity 20 of the line
al ong which the object is intended to be cut 5 is displayed on the nonitor
129. The data of first novenent anount determ ned by step S103 has al ready
been inputted to the overall controller 127, and is sent to the stage
controller 115, According to 25 this data of novenent anmount, the stage
controller 215 noves the object | in the Z-axis direction by using the
Z-axis 284 stage 113 to a position where the |ight-converging point P of
laser light L is |located within the object 1 (S111). This inside position
is near the rearodeacaingf apherelijusct BcdOrdindexe ,thes dirststrere $813 ofidt he
first exanple shown in Fig. 15 a nolten processed region is forned within
t he object 1 tWe as Acodexbentioakdngnttieel e al tong whisshottimen dHj3ecthis
intended to be cut 5 (S113). The nolten processed region is forned near the
rear face w thimedehprebiettg secthen, l @t porgbengstionddeweddat @ fof medddndd
novenment anmount as in step S111, the object 1 is noved in the Z-axis
direction by rnshp ofr fxiredhageelliFtan e posslzon addesendhehub pgkbacedver gi ng
point P of laser light L is |ocated within the object 1 (5115) .
Subsequent | y, iamdendsteptS51tlI3: nomioddren 205 phecassmtse@girore, srf amagd within
the object 1 (S117) . In this step, the nolten processed region is forned
near the surfefceh8 madifiirad hegabjpect alsoFinapl yyedver obpendnitdrs 1Bént al ong
the Iine al ong which
Hence, the distance between adjacent modified spots and the
form of modified region can be seen before laser processing.
Though the distance calculatingsection 14l calculates
10 the distance between modified spots by utilizing the
expressions {n = £/v, and p = 1/n), the following procedure
may also be taken. First, a table having registered the
relationship between the magnitude ¢f repetition frequency,
themoving speeds of stages 108, 111, andthe distance between
15 modified spots beforehand is prepared, and the distance
calculating section 141 is caused to store data of this table.
When themagnitude of repetition frequency and themagnitudes
of moving speeds of stages 109, 111 are fed intc the distance
calculating section 141, the latter reads out from the
20 above-mentioned table the distance between modified spots
in the modified spots formed under the condition cf these
magnitude.
Here, the magnitudes of stage moving speeds may be made
variablewhile themagnitude of repetition frequency is fixed.
25 On the contrary, the magnitude of repetition fregquency may

be made variable while the magnitudes of stage moving speeds
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t he obj ect
t he obj ect

enbodi nent will

is intended to be cut 5, and thus is cut (5119) 20 This divides
| into silicon chips. Effects of the ninth exanple of this

be explained . The ninth exanple forns a plurality of

nodified regions aligning in the direction of incidence, thereby
i ncreasi ng the nunber of |ocations to becone starting points 25 when cutting
1. In the case where the size of object 1 in the direction of

t he obj ect

i nci dence of | aser
made of a materi al

for exanpl e,

light is 185 relatively large or where the object 1 is
in which cracks are hard to grow froma nodified region

blte dofj>eei. 1 RSsbar dirt otceatewraseen! ytlome avodiet-med t ipegtion

exists along the line along which the obj ect is intended 5 to be cut 5. In

such a case,

eapmresgiangl analt dlyl ©fa moodiskdedn tlegidins aas-d patlkiud aedbodi ment

can easily cut the object 1. [Tenth Exanple] A tenth exanple of this

enbodi ment costralisnt he 1pairt i ryofing sodifiecesepghonfbn thesthyckhess
direction of an object 10 to be processed by adjusting the |ight-converging
poi nt of |asemohiigbht 19 the dikipdknessediif ecahon afthden alyjcectied Thbss

posi ti onal

control

will be explained in terns of a crack region by way of

exanpl 6. Fig. 296 bs ampgespe&ctiheemoviiewedl ragiehj.ect to be processed 1 in
which a crack region 15 9 is formed within the object 1 by using the | aser
processing nethod Rp iacecoedaseceqwi hl, tiree beetrh 1@xaopt ecbiet iy enboedi nent .
The |ight-converging point of pulse laser L is located within the object 1
t hrough the sunface. @Entranee flaeejaghiofudehef obpecit it If reeppenty todt he
light L. The 20 light-converging point is adjusted so as to be

pul se | aser

| ocat ed at

10

15

20

25

the stage moving speeds, thereby calculating the distance
between adjacent mcdified spots. Alternatively, a
desirable distance between adjacent modified spots may be
inputted, and the magnitude of repetition frequency and
magnitudes of stage moving speeds may be controlled. This
procedure will be explained in the following.

Fig. 86 is a block diagram showing a part of another
example of the overall controller 127 provided in the eighth
example. The overall controller 127 comprises a frequency
calculating section 147. The operator of laser processing
apparatus inputs the magnitude of distance between adjacent
modified spots to the fregquency calculating section 147 by
using a keyboard or the like. The magnitude of distance is
determined inviewof the thickness andmaterial of the object
to be processed and the like. Upon this input, the frequency
calculating section 147 calculates a frequency for attaining
this magnitude of distance according to the above-mentioned

expressions and tables. In this example, the stage moving

speeds are fixed. The freguency calculating section 147
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a substantially half thickness position in the thickness direction of the
object 1. Wien the object to be processed 1 is irradiated with the |line

al ong which the object is intended to be cut 5 under these conditions, a
crack region 9 is forned 25 along a |ine along which the object is intended
to be cut 5 at a half thickness position of the object 1 and its vicinity.
186 Fig. 97 is a partly sectional view of the object I shown in Fig. 96.
After the crack region 9 is formed, cracks 91 are naturally grown toward
the surface 3 and rear face 21. When the crack region 9 is forned at the
hal f thickness position 5 and its vicinity in the thickness direction of the
object 1, theé&edicst ahties beadean atis ndd b altiy Yrowlageer ddledl apdrce he
surface 3 (rear face 21) can be nade relatively long, for exanple, in the
case where thecotjredtler has. aWl“eqrathwwecrtatrcgéeﬂmO@Ie@éggl.isrﬁ@béefét@ei a part
to be cut extending along 10 the line along which the object is intended to
be cut 5 in 15a hk2obi eprotesgilmiairis ahst rlesgirth pPooce TEYMAI APRRE2NES
Therefore, when carrying out the step of cutting the object 1 after

term nating thedudséedprioteskiagmasandbidag ctthef wbjwntcy beonedieasnes. Fig.
98 is a perspective view of an object to be processed 1 including a crack
regi on 59 for mecthyeensiaty adrnt asedifpedcepsing aset lod dim axcdedangelai th the
tenth exanple of this enbodinment as with Fig. 96. The crack region 9 shown
in Fig. 98 ism@meddghenDehe 4§ §ht scmorargidyyopo] regqusihquui se 120 sager |i ght
L is adjusted so as to be located at a position closer to the surface
(entrance facép 8hehapnison had f whezskyeshis magnitude of frequency is

displayed.
Fig. 87 isablockdiagramshowingapartofstill another
10 example the overall controller 127 provided in the eighth
example. The overall controller 127 comprises a speed
Calcuiating section 149. In a manner similar to that
mentioned akbove, the magnitude of distance between adjacent
modified spots is fed into the speed calculating section
15 145. Upon this input, the speed calculating section 149
calculates a stage moving speed for attaining this magnitude
of distance according tc the above-mentioned expressions
and tables. 1In this example, the repetition frequency is
fixed. The speed calculating section 145 sends thus
20 calculateddata to the stage controller 115. When the ocbject
to be processed is subjected to laser processingby the laser
processing apparatus regulated to this magnitude of étage
moving speed, the distance between adjacent modified spots
can attain a desirable magnitude. Data of this magnitude
25 of stagemoving speed is also sent to themonitor 129, whereby

this magnitude cf stage moving speed is displavyed.
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position in the thickness direction of the object 1. The <crack region 9 is
formed on the surface 3 side within the object 1. Fig. 99 is a partly
sectional view of the object 25 1 shown in Fig. 98. Since the crack region 9
is formed on the surface 3 side, naturally growi ng cracks 91 reach the 187
surface 3 or its vicinity. Hence, fractures extending along the line along
whi ch the object is intended to be cut 5 are likely to occur in the surface
3, whereby the object 1 can be cut easily. 5 In the case where the surface
3 of the object 1 is formed wth electronic devices and el ectrode patterns
in particular, forrHing gthes erdck kaippre®sheaingheamurdasei Bl eantprevent
the el ectronic devices and the |Iike from bei ng damaged when cutting the
object 1. Nanmelxgmpdrowfngiebaeksl 9k dmtomiher 107cracki dediant e edgacd t he
surface 3 and rear face 21 of the object 1 cuts the object |I. Cutting may

be achi eved by:dngleanat thalowgnemihc oft £620&s 19T @dngne (s byoabtinkicdbal |y
growing cracks 91 in addition to the natural growh of crack 91. Wen the

di stance bet weeil duietGimcketegb0n 59 .andttdief Sanrd deemlthScksesad AFiyely | ong,
the deviation in the growing direction of cracks 91 on the surface 3 side

becones$ great &6 zAS & ieofiseguenterebbei el asks Hugmyy rracdt Jrghonsnior ned
with electronic devices and the |ike, thereby damaging the electronic

devi ces and t heddkere\Wigtulhae r.acknreg:onc® 2hi saf apmathmeanttbaesgur f ace
3, the distance between the crack region 9 and the surface 3 is relatively
short, wherebwpiidve, deei atsoandca growag adijeehitonodl feedcksotdd icamiede nade
smal ler. Therefore, cutting can be effected w thout danagi ng the
into the combination calculating section 151. Accerding to
the above-mentioned expressions and tables, the combination
19 calculating section 151 calculates a repetition frequency
and a stage moving speed for attaining this magnitude of
distance.
The combination calculating section 151 sends thus
calculateddata tothe stagecontroller 115. The laser light
15 source contreller 102 adjusts the laser light source 101
SO0 as to attain the calculated magnitude of repetition
frequency. The stage contreller 115 adjusts the stages 109,
111 so as to attain the calculated magnitude of stage moving
speed. When the cbject to be processed is.subjected to laser
20 processing by thus regulated laser processing apparatus,
the distance between adjacent modified spots can attain a
desirable magnitude. Data of thus calculated magnitude of
repetition frequency and magnitude of stage moving speed
are also sent to the monitor 129, whereby thus calculated

25 values are displayed.

The laser processing method in accordance with the
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el ectronic devices and the Iike. When the crack region 9 25 is forned at a

| ocation too close to the surface 3, the crack region 9 is forned at the
surface 3. As a consequence, the 188 random form of the crack region 9
itself appears at the surface 3, which causes chipping, thereby
deteriorating the accuracy in breaking and cutting. The crack region 9 can
al so be forned while the 5 light-converging point of pulse laser light L is
adjusted so as to be located at a position farther fromthe surface 3 than
is a half thickness position in the thickness direction of the object 1. In
this case, theigladk eeygimhe 9f stiigr medbodametiie widdr nacée2 Bxgildeé nict-hi n t he
object 1. 10 As with Fig. 96, Fig. 100 is a perspective view of the object
1 includi ng crokobegtons hepmedebyedsl hy atdiel lasevafpr ocelssihg engtiidd i n
accordance with the tenth exanple of this enbodiment. The crack region 9 in
t he X-axis di reectnmie, shewstiionB froM Gl dess Bobiredh Wiéd &he dd ghitedonvwer gi ng
point 15 of pulse laser light L is adjusted so as to be located at a
position farthar &f memmeless$uifacer § entatrancethack)s&r tdhraredssiray malthod

t hi ckness position in the thickness direction of the object 1. The crack
region® in the Ybeaodisdgdheeotitdn thes fiorared»strenl & edichinglits gdanrverldi.ng poi nt
of pulse laser 20 light L is adjusted so as to be |located at a position
closer to the surfade<y shap 514 1t hehddl bt thoekraseeposd | 2 oant metlhdng

t hi ckness direction of the object 1. The crack region 9 in the X-axis

di rection and dfhe ctackhea egilonng siptishEorakbg ordi pets¢ of prbss leaelr, ot her
three-di nensionally. 25 Wen the object 1 is a sem conductor wafer, for
exanpl e, i.e., the magnitude of pitch p, is determined. The pitch

p is determined in view of the thickness and material of
10 the object 1 and the like. The magnitude of pitch p is fed
into the overall controller 127 shown in Fig. B8.

Then, inamanner similartothatofthe laser processing
method in accordance with the first example shown in Fig.
15, operations of step S113 to 3115 are carried out. This

15 divides the object 1 into silicon chips.

As explained in the feregeing, the eighth example can
contrcl the distance between adjacent melting spots by
regulating the magnitude of repetition frequency of pulse
laser light, and regulating the magnitudes of moving speeds

20 of X-axis stage 109 and Y-axis stage 111. Changing the
magnitude of distance in view of the thickness and material
of the object 1 and the like enables processing in conformity
to the aimed purpose.

[Ninth Example]

25 Aninthexample of this embodiment changes the position

of the light-converging point of laser light irradiating
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a plurality of crack regions 9 are fornmed in parallel in 189 each of the X-
and Y-axis directions. This forns the crack regions 9 |ike a lattice in the
sem conductor wafer, whereas the latter is divided into individual chips
while using the lattice-like crack regions as starting points. Wen the 5
crack region 9 in the X-axis direction and the crack region 9 in the
Y--axis direction are |ocated at the sanme position in the thickness
direction of the object 1, there occurs a |ocation where the crack region 9
in the X-axis direction and the crack region 9 in the Y-axis direction
intersect 10 eabh obhettatcrightrarngtesd M tHee diaeattiom vderindieraaack
regions 9 intersect each other at right angles, they are superposed on each
ot her, which nakeseidbdidtf,i cidtehpfothéngarpdss slacty ofimon itfhe déaxicns
direction and the cross section in the Y-axis direction to intersect each
other at rightalbganghesnwid @i heghiagcaf ayiddtce i nhibits the object 1
from being cut precisely at the intersection. Wen the position of the
crack region 9 in theorfmiaxd Sa dinactliiay anfl thbaipesut iodyoind heigtadk region
9 inthe Y-axis direction differ fromeach other in the thickness direction

20 of the obj eeipladseshoweims Bifda ckRQk e &f BGked €Qifoax Smpla. t IRl gX- axi s
direction and the crack region 9 in the Y-axis direction can be prevented

from bei ng supgg Eesegeanrpeath veolher o fTin sheBablesHpae s £ad tingnefd t he
object 1. In the crack region 9 in the X-axis direction and the 25 crack

region 9 in thei¥haxs chaactrie@iontsh® @Liadknr egéoshOct ol bey fwsimg diat er i s
preferably fornmed closer to the surface 190

laser processing method in accordance with the ninth example

cf this embodiment.

10 Amethodof forming twocrackregicons 9will beexplained
inbrief. First, theobjectl isirradiatedwith pulse laser
light 1L, while the light-converging point of pulse laser
light L is located within the object 1 near its rear face
21l and ismovedalong a line alongwhich the cbject is intended

15 tobe cut 5. This forms a crack region @ (9A) along the line
along which the object is intended tc ke cut 5 within the
object 1 near the rear face 21. Subsequently, the cbject
1l is irradiated with the pulse laser light L, while the
light-converging point of pulse laser light L is located

20 within the object 1 near its surface 3 and is moved along
the line along which the object is intended to ke cut 5.
This forms a crack region 9 (9B) along the line along which
the object is intended to be cut 5 within the cbject 1 near
the surface 3.

25 Then, as shown in Fig. 80, cracks 91 naturally grow

from the crack regions SA, 8B. Specifically, the cracks 91
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(entrance face) 3 than is the crack region 9 fornmed earlier. |If the crack
region 9 to be forned later is formed closer to the rear face 21 than is
the crack region 9 f orned earlier, the pulse laser light L irradi ated when
forming the crack 5 region 9 to be fornmed later is scattered by the crack
region 9 formed earlier at the |location where the cross section in the
X-axis direction and the cross section in the Y-axis direction intersect
each other at right angles. This forns deviations between the size of a
part fornmed at a position 10 to becone the above-nentioned intersecting

| ocation and t het\8i=2€ yofrawFadm tBEeE: G ragabResn ReSIsliOhe N ddhef geack
region 9 to be fornmed later. Therefore, the crack region 9 to be forned

| ater cannot be if orseeh wREf eraty. rdesnt e oIRCk JeGIPRNR te:zke kogmed | ater
is formed 15 closer to the surface 3 than is the crack region 9 forned

earlier, by conty astr) sealt erbhdr®k thacRulsgibasers kbghtq kndogsrhgteoccur
at a position to becone the above-nentioned "intersecting |ocation, whereby

the crack region 9 10 becknoraRe d.aiefs canehenbarrd iunif198 My : cRAe 48
expl ained in the foregoing, the tenth exanple of this enbodi ment adjusts

the posigtion ofy;ldghti-coAYen@ B PRI 0k d@sescd ightphact rleekhieﬁhi‘ﬁ?s
direction of an object to be processed, thereby being able to control the

position of azmgified Iﬁ%%@dn@ Lhechhigkngss i ri%_c;h@@?@édtt@b@bh@et- 25

Changi ng the position of |ight-converging point in viewo t he thickness

and material ofs thecobj@gd i@ hePrgoeSSHe 19LraBd sherldke erabklesthaser
processing in conformty to the object.

object 1 can be cut along the line along which the cbject
is intended to be cut S5by artificially applying a relatively

10 small force thereto or naturally without applying such a
Iorce. |

As inthe foregoing, theninthexample formsaplurality
of crackregions 9, therebyincreasingthenumber of locations
to become starting points when cutting the cbject 1. As a

15 consequence, the ninth example makes it possible to cut the
object 1 even in the cases where the object 1 has a relatively
large thickness, the object 1 is made of a material in which
cracks 91 are hard to grow after forming the crack regiocns
9, and so forth.

20 Whencutting isdifficult by two crack regions 2 alone,
three or more crack regions 9 are formed. For example, as
shown in Fig. %1, a crack region 9C is formed between the
crack region 98 and crack regicn 9B. Cutting can alsc be
achievedinadirectionorthogonal tothe thicknessdirection

25 of the object 1 as lcng as it is the direction of incidence

of laser light as shown in Fig. 92.
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Though the fact that the position of a nod fied region can be controlled is
explained in the case of a crack region, 5 the sane holds in nolten
processed regions and refractive i ndex change regi ons. Though the
explanation relates to pulse laser light, the sane holds for continuous
wave |laser light. The | aser processing apparatus in accordance with the 10
tenth exanple of this enbodinent has a configuration simlar to the | aser
processi ng apparatus 100 in accordance with the first exanple shown in Fig.
14. In the tenth exanple, the Z-axis stage 113 adjusts the position of |

i ght -converging poipkrRriaBithe; hhikknassrdekesbl 8o ot ol eabodimdpt s can
is adjust the light -converging point P so as to locate it at a position

closer to or fariphersftegihe gnianeg;ohaCe a(eUEhacessBel Pat ik s bkt
t hi ckness position in the thickness direction of the object | or at a

substantially hald J&ihiCkReEReROSbAOMe £9F SXAIM £ TESE adhyshiRNE)

operations and the placenent 20 of the light- converging "poi nt of |aser

jpant wthin -Ue QB GelecicaR BL % DG AL KO I HRY PALLDG aser 1ight

l'i ght-converging lens 7105 in th xi's direction. ce there are”cases

where the obj gCt; d i%\i%\%nitr.‘ LRy LAl chesS H-Lrﬁelfgt.i oy t hereef .and uhgpe the

| i ght- converging | éns 105 noves in the thickness 25 ‘direction of the object

| In the preseniy Lavent)on.s Le anput o DV 1861 LA Phj ek helin the
t hi ckness direction of 192 the object 1 is defined as™a first relative

novenent amounty £ Ohe&,5RG0PA oK 8hAtd W JTBY RN s AN v e £ adi USidT8 b Of
| i ght-converging point Pin the thickness direction of the object to be
processed caused pser to the entrance face, the pulse laser L irradiated
at the time of forming the crack region 9 to be formed later
10 will be scattered by the crack region ¢ formed earlier. As
a conseguence, deviations occur in sizes of the crack part
(crack spot) formed by cne shot of pulse laser light L

constituting the crack region 9 formed later. Hence, the

crack region 9 formed later cannct be formed uniformly.

[
[®a}

Formingthecrack regions 9 successively fromthe side farther

fromthe entrance face does not generate the above-mentioned

scattering, whereby the crack regicn 9 formed later can be
formed uniformly.

However, the order of forming a plurality of crack

20 regions 9 in the ninth example cf this embodiment 1s not

restricted to that mentioned above. They may be formed

successively from the side closer to the entrance face of

the object tobe processed, or formed randomly. Inthe random

forming, for example in Fig. 21, the crack region 9C is formed

25 first, then the crack region 9B, and finally the crack region

94 is formed by reversing the direction of incidence of laser
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5 by the Z-axis stage is the sane as that in the ninth exanple expl ained
with reference to Figs. 93 and Fig. 94. The inagi ng data processor 125

cal cul ates focal point data for |ocating the focal point of visible Iight
generated by the observation |ight source 117 on the surface 3 according 10
to the imaging data in the tenth exanple as well. According to this focal
point data, the stage controller 115 controls the novenent of the Z-axis
stage 113, so as to locate the focal point of visible light at the surface
3. The laser processing apparatus 1 is adjusted such that the 15

| i ght-convergi nggpei.nt P of laser light L is |located at the surface 3 at
the position of Z-axis stage 113 where the focal point of visible light is

located at the surfacrod3ghHene€orntiteg becablpeiant tgas A nicd 13N cexpaPl enof
second rel ative novenment anount of the object 1 in the thickness direction

thereof 20 reqyisredpfiginkacahi pget bgsdi @hterRV efgjiRthsPOkRE Fapé hdBds
surface (entrance face) 3. The inmaging data processor 125 has a function of

cal cul ating thenseeondnr ¢lrafdaiss JDVEd®ns affuinter DR @ 9 1 Mee MOVRIREE
anount (z) explained with reference 5to Figs. 93 and 94 is fed into and

stored isn the ewgrahk. coRbLEGhkek .z MR Yrel e Y8Rl CQMEL0l | @it 127

has a 193 function of storing data of the relative novenent anount ~of the

obj ect to be proeesspd holBst Fert Roeknessud ek @Rseef 1t hBcObj ect 1. The
overall controller 127, stage controller 115, and Z-axis stage 113 adj ust

the position of 5 I ighé-mﬁﬁgb&@s@,@h@ta@gﬁamﬁg ihasekotighde aanverged by
the light-converging lens within the range of thickness of
ninth example of this embodiment has a configuration similar
tc that of the laser processing apparatus 100 in accordance
10 withthe first example showninFig. 14. Intheninthexample,
the position of light-converging pecint P in the thickness
direction of the object to be processed 1 is adjusted by
the Z~axis stage 113. This can adjust the light-ceonverging
point P so as to locate it at a position closer to or farther
15 from the entrance face (surface 3) than is a half thickness
position in the thickness direction of the object to ke
processed 1, and at a substantially half thickness position.
Here, adjustment of the position of light-converging
pointPinthethicknessdirectionoftheobjecttobeprocessed
20 caused by the Z~-axis stage will be explained with reference
to Figs. 93 and 84. 1In the ninth example of this embodiment,
the position of light-converging point of laser light in
the thickness direction of the object to be processed is
adjusted sc as to be located at a desirable position within

25 the object with reference to the surface (entrance fzace)

cf the object. Fig. 93 shows the state where the
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the object 1. The |l aser processing nethod in accordance with the tenth
exanple will be explained with reference to the laser 10 processing
apparatus in accordance with the first exanple shown in Fig. 14 and the
flowchart for the |laser processing nethod in accordance with the first
exanpl e shown in Fig. 15. The object to be processed 1 is a silicon wafer.
Step S101 is the sane as step 5101 of the first exanple 15 shown in Fig.
15. Subsequently, as in step 5103 of the first exanple shown in Fig. 15,

t he thickness of object 1 is neasured. According to the result of

measur enent of 1§ hheknesseandnyhgoifefr agt lueekndeynt tthe sappynt i @hedramenent
(z) inthe Z-axis direction of object 1 is determned (S103). This is the

20 anount of memenBNtfNfe ghjeehebyyrdhe. Z-whd st HereGhiians vhdd i smefesence to
the light-converging point of laser light L positioned at the surface 3 of

object 1 requiped for t@Q§EHi0@H§Jtiﬁﬁﬁﬁéﬁﬁnﬁéﬁﬁﬁﬁﬁingeﬁ@!nﬁogﬁﬁ draser
light L within"the object 1. Nanely, the position of 25 |ight-converging

poi nt Pin the_&hbﬁ'&“@éﬁv@&@%ﬁgi pRiAt obhecks krbs dsbtesmipede The amaunt of
novenent (z) in the Z--axis 194 direction is _one exanple of data of relative

movenent of thgs9Bke6E dnéNolfiecd hi gkngss.di LgCEipn dherepk. adhenQs tion
of light-converging point Pis determned in view of the thickness and

material of thgoobihept L efifgetechlcPHO68SEENALSP(RitWin, t@ASIRASS t0
handl e and cut the object) , "and the ITke.” This data of novenment anount is

fed into the overgtl puitd & hercnd 2% £ r3 @RS, SifReands SHY e ctl Md@am to
steps S105 and 5107

respect to the laser light L}). Hence, when the Z-axis stage
is moved in view of the refractive index of the object 1

10 with respect to the 1laser light L, the position of
light-converging point P in the thickness direction of the
object 1 can be contreolled. Namely, a desirable position
of the light-converging point P in the thickness directien
of the object 1 is defined as the distance {Nz) from the

15 surface 3 to the inside of the object 1. The object 1 is
moved in the thickness direction by the amount of movement
(z) obtained by dividing the distance (Nz} by the
above-mentioned refractive index (N). This can locate the
light-converging point P at the desirable position.

20 Asexplainedinthe first example, the stage controller
115 controls the movement of the Z-axis stage 113 according
to focal point data, such that the focal point of visible
light is located at the surface 3. The laser processing
apparatus 1 1s adjusted such that the light-converging point

25 P of laser light L is positioned at the surface 3 at the

position of Z-axis stage 113 where the focal point of visible
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of the first exanple shown in Fig. 15. The focal point-data 10 cal cul ated by
step S107 is data of a second novenent anount in the Z-axis direction of
object 1. This focal point data is sent to the stage controller 115.
According to this focal point data, the stage controller 115 noves the
Z-axis stage 113 in the Z-axis direction (5109) . 15 This positions the
focal point of visible Iight of the observation |light source 117 at the
surface 3. At this position of Z-axis stage 113, the |ight-convergi ng point
P of pulse laser light L is positioned at the surface 3. According to

i magi ng data, thehtnmgi hycatadd qur adessorr 2% 30 cadcul af esheerdmanged of mage
data of the surface of object 1 including the |line along which the object
i's intended tonobement bz) T sleinlead ged Hingge Sdakadi 84 sentfdd iriter wmdi t or
129 by way of the overall controller 127, whereby an enlarged inage near

the line al ongswhieh ihetlob] ecérabl i vdendetlso 126 be cut 5 is displayed on
the nonitor 127. Data of the relative novenent anount determ ned by step 195

S103 has al ready beemitmpeteednte tdeiguesdn) khedndged petced2Vngardhiosl sent
to the stage controller 115.. According to this data of novenent anount,

the stage contiwldcyorbbkhyceanses theheiAr Bxdfangilagef Ih3 st emived enéhe wabjlect 1
inthe Z-axis 5 direction at a position where the |ight-converging point P

of laser |ightndbleosat et méd hi ribhesdhjsegtt 1bwebelrk)for SkppsiS1Ag taid S115
are simlar to steps 5113 and S115 shown in Fig. 15. The foregoing divides

the object 1 iMd®er Shideoss Dby pset H Ef Teet shokct heotientdr @xargad @ 1ofist hi s
enbodi nent wi | |
a silicon wafer.
Step S101 is the same as step 5101 of the first example
10 shown in Fig. 15. Subsequently, the thickness of the object
1 is measured. According to the result of measurement of
thickness and the refractive index of object 1, the amount
of movement {z) of obiect 1 in the Z-axis direction is
determined (S103). This is the amount of movement of object
15 1 in the 2Z-axis direction with reference to the
light-converging point of laser light L pesitioned at the
surface 3 of okject 1 in crdexr for the light-converging point
P of laser light L to be located within the object 1. Namely,
the position of light-converging point P in the thickness
20 direction of cobject 1 is determined. The position of
light-converging peoint P is determined in view of the
thickness and material of object 1 and the like. In this
embodiment, data of a first movement amount for positioning
the light-~converging point P near the rear face within the

25 object 1 and data of a second movement amount for positioning

the light-ceonverging point P near the surface 3 within the
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be explained. The tenth exanple irradiates the object to be processed 1
with pulse laser light L while adjusting the position of |ight-converging
point P in the thickness direction of object 1, thereby formng a nodified
region. 15 This can control the position of a nodified region in the
t hi ckness direction of object 1. Therefore, changing the position of a
nodi fied region in the thickness direction of object 1 according to the
mat erial and thickness of object 1, effects of processing, and the |ike
enables cutting in 20 conformty to the object 1. Industrial Applicability
The | aser proces3tny hettodisand appdfastsnent ae qoraaweed wiadi arhéopbesent
i nvention can cut an object to be processed w thout generating nelt or
fractures devi bvimgdfisofetnaddy28stogbehcdeteom b fsustatevafetthemobjéct .
Therefore, the yield and productivity of products (e.g., sem conductor
chi ps, 196 pi ezosteotd moldewvi pcecchibpsd aagich spl &g deviredsisuchrmes! bli qui d
crystal) prepared by cutting objects to be processed can be inproved. 19~
Clains: 1. A laseng ptioeedsiang hetdodnd anpyésemy ansirgp oaiter adi abhieag an
object to be processed with laser light with a |ight-converging point
| ocat edt t her ewndements@rasirtte afrer mea nodif fled oegian. cawsewd Iye miki. phot on
absorption within said object along a line along which the object is
intended to be cut iStega 810bjagct S127 #Ar¢ asersproeessigmys PBChosha SAPri sing a
step of irradiating an object to be processed with laser light with a
| i ght - conver gi fig thei bt rbocataed ltishehewnt i Wignded . a TheoAdiceil are it Waaapeak
power density of at least 1 x 108 (WenR) at the |ight-converging
calculated by step 3107 is sent to the stage controller 115.

Accerding te the focal point data, the stage controllier 115

10 moves the Z-axis stage 113 in the Z-axis direction {S5109).

This positions the focal point of visible light of the

observaticn light source 117 at the surface 3. At thispeoint

of Z-axis stage 113, the focal peoint P of pulse laser light

Lispositionedat the surface 3. Herxe, according to imaging

15 data, the imaging data processor 125 calculates enlarged

image data cof the surface of object 1 including the line

along which the object is intended tobe cut 5. The enlarged

image data is sent to the monitor 12% by way of the overall

controller 127, whereby an enlarged image in the vicinity

20 cf the line along which the cobject is intended to be cut
5 is displayed on the monitor 129.

The data of first movement amount determined by step

5103 heas already been inputted to the overall controller

127, and is sent to the stage controller 115. According to

25 this data of movement amount, the stage controller 115 moves

the object 1 in the Z-axis direction by using the Z-axis
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point and a pulse width of 1 gs or Iesé, so as to forma nodified region
including a crack region within said object along a |ine along which the
object is intended to be cut in said obj ect. 3. A laser processing nethod
conprising a step of irradiating an object to be processed with |aser [|ight
with a light-converging point |located therewithin under a condition with a ~
peak power density of at least 1 x 108 (WcnR) at the |ight-converging
point and a pulse width of 1 s or less, so as to forma nodified region
including a nolten processed region within said object along a line along
whi ch the objegkahs 118t epdgdpbaibecaulinkResSahl 0PhRELcodve fyl @S 8oint
processing nmethod conprising a step of irradiating an object to be o
processed withpl gserbbght; g i hy, & 4 hdH-GRNVERGIHAD tRei Bhjkecal egsltmr.ew thin
under a condition with a peak power density of at least”1 x 108 (WcnR) at
the |ight-converging, E’gbngogﬁgié1p955ﬁe%fj£ﬂe°{fe%rn§a5’é bESEhe SO 0 form
a nodi fied region |ncfu Ing a re%ractlve i ndex change region which is a
region with a ghanged refractive index within said object along a line
al ong which the object is intended to be cut in said object. 5. A |aser
processkng net hod acgoydi ng. t cgﬁ% focl aigm bt @4 ereine the,l aser
light emtted fronlga?%g1a§%rfﬁig ﬁgé%uf%éﬂ?ncﬁugéssﬁn?se ager ight. 6. A
laser processi pggmathodaeeandi Nordosane.gf o£lial d 1 Pninhelelgk . sai d
irradiating an o%jepf tg ge pg%cessed m?f% ?aéérﬁ§ﬁéﬁn ﬁﬁth a_e 65% _
i ght - conver gi ngs ol e o LGERNEA L BRECHHL N Dok S 1CAHY 180 AUk nBYob £adli At i ng
said object with [aser light emtted from one laser |ight sourcte while
conver ging sai dntasgéql t ghte and | ocaiing a hh@hhoeeBMEr Bb08ssPY! Adg Md hi n
said object. 7. A laser processing nethod according to one of clains 1 to 5,
wherein said igsragdigbbngeap Phkectatorbeepi9cgsnednyi bhjbaser light with a
l'i ght-converging point located therewithin is carried out by irradiating
said obpect with a prued) idocfdimser thgltatHearte &ifd ket eheam swspact i ve
| aser light sources fromdifferent directions while |ocating respective
| i ght - conver gi ag ipos bés it théakd el eGts md98d 8 n Hhé Esarx iR OTOSS ingh et hod
according to claim7, wherein said plurality

by the Z-axis stage 113 to &a position where the

light-converging pocint P of laser light L is located within

the object 1 (5115). Subseguently, as in step 8113, amclten

1=
in
o)

rocessed region is formed within the object 1 (5117). 1In
this step, the molten processed region is formed near the
surface 3 within the object 1.

Finally, theobject 1 is bent along the line alongwhich

the object is intended to be cut 5, and thus is cut (511%}.
20 This divides the object 1 into silicen chips.

Effects of the ninth example of this embodiment will
beexplained. Theninthexampleformsapluralityofmodified
regions aligning in the direction of incidence, thereby
increasing the number of locations to become starting peints

25 when cutting the object 1. 1In the case where the size of

object 1 in the direction of incidence of laser light is
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of laser light beans emtted fromrespective |aser |ight sources enter said
object from said surface thereof. 9. A |aser processing nethod according to
claim7, wherein said plurality of |aser light sources include a |aser
light source for emtting a | aser |light beamentering said object fromsaid
surface thereof, and a | aser |light source for emtting a |laser light beam
entering said object fromthe rear face thereof. 10. A laser processing

nmet hod according to one of clains 7 to 9, wherein said plurality of |aser

| i ght sources include a |ight source section having |laser light sources
arranged i n anc@rseyval pnaryei dr ideraak pagpmieh 1t he nojeetf & snddyrenrded to
be cut. 11. A laser processing nethod according to one of clains 1 to 10,
wherein said mpdified segion 45 frrmed DYy dsl atrcrelay roeMi Mg & aidd; iel)j, ect
with respect to the |I|ight-converging point of laser light |ocated within

sai d object. 1Zr AxhApEE, BIRCESSEAE 1MES Redaaccordivigntsh Openefnddiaing 1 to
11, further conprising a cutting step of cutting said object along said

line al ong whigdyidiecQbiest 1bsig it eried1 bAg e jeuty 1Af b8 e Ehe sSitifeRfedf Or m ng
said nodified region. 13. A |aser processing nethod according to one of

clainms sl to 1%, paergi m. sahd i ectaddckudrsngl 83 urbdith bas®iqiieeessi ng
nmet hod according to one of clains 1 to 12, wherein said oObject includes a

pi ezoel ectric yafedidlas 18 AL basRoPIREEs Harg BB hgdcaecondidig 4@ ane of
claims 1 to 12, wherein said object includes a sem conductor material. 16.
A | aser processing netding, ascofdialg to one of claims 1 to 15 wherein said
object is transparent to laser light irradiated. 17. A laser processing

met hod accor di ng t o 20nenH e£b@p 6 oF tiHa sléib i icosat 61 § hbaess iafi csai d
object is formed with an electronic device or electrode pattern. 18. A | aser

processi ng nmetdod wedpfisd i@ od oSt ep tofe thi adhakb ndi Be ctSieth ednshciioiecrat eri al
with laser light with a |ight-converging point |ocated therewithin under a
condi tlilon wi t t @ bpepkopewseddensidijjusafirat theast git xcdf$e M ngr)oatt tolfe
| i ght-converging point and a pulse width of 1 s or less, so as to forma
nodi fi ed regi dreser light in the thickness direction of the object.
| This positional control will be explained in terms of
a crack regiocn by way of example. Fig. 26 is a perspective
view of an object to be processed 1 in which a crack region
15 8 is formed within the object 1 by using the laser processing
method inaccordancewith thetenth example of thisembodiment.
The light-converging point of pulse laser Lis located within
the object 1 through the surface {(entrance face) 3 of the
object with respect to the pulse laser light L. The
20 light~-converging point is adjusted so as to be located at
2 substantially half thickness positicn in the thickness
direction of the object 1. When the object to be processed
lisirradiatedwiththelinealongwhichtheobject isintended
to be cut 5 under these conditions, acrack region 9is formed

25 along a line along which the cobject is intended to be cut

Satahalfthicknesspositionoftheobjectlanditsvicinity.
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Wi thin said sem conductor material along a line along which the object is
intended to be cut in said sem conductor material. 19. A | aser processing
met hod conprising a step of irradiating a piezoelectric material with |aser
light wwth a |light-converging point |ocated therewithin under a condition
with a peak power density of at least 1 x 10s (Wcne) at the
| i ght-converging point and a pulse wwdth of 1 gs or less, so as to forma
nodi fied region 199 within said piezoelectric naterial along a line along
which the object is intended to be cut in said piezoelectric material. 20.
A | aser processing retdof? decapairng yt 9= onieodl clakvng dhé @okbi@ctvihehevn said
obj ect has a surface fornmed with a plurality of circuit sections; and
wher ei n the |iightriganeer gi RgLpoithe ofrddserglioght is fooaidd omathhisndsai d
object so as to face a gap formed between adjacent circuit sections anong
said plurality®f neiciguiltly geelihonswa2d. the |lsasehacer 9Ces5§| Mg netzhed2accor di ng
to claim 20, wherein laser light is converged by an angl e keeping said
| aser |ight fnomadfiadiatkiegsain® ptdeahebutofhcidCithicRREEERBSit23n A
| aser processing nmethod conprising a step of irradiating a sem conductor
materia wthdasard iv@htinwithhia thghthcoryesgidg e n locatedobhecew thin,
so as to forma nolten processed region only within said sem conduct or
materi al al ong ,athki Agsakang wWht Gt hehOBj2@elralg yi ﬁieﬁdﬁg ¢oadie quenin said
sem conductor material. 23. A laser processing nethod conprising a step of
irradiating anmbjsegtfdce 3be rprecessed? W tdad asemddghte 1eldiivpticabhy,
polarized with an ellipticity of other than 1 such that a |ight-converging
poi nt of said fl(asekahbgbt, i:5 Hhecakted widdd mheadish ©bf dchawhi Irelbhevelgj or
axis of an ellipse indicative of the elliptical polarization of |aser |ight
extends al ond s dd neiakoagswhi et o) @phritsto htendeelxt enddengatllpngo as to
forma nodified region caused by multiphoton absorption along said |ine
al ong Whi ch t HéreoBBjieet ailsnpgnkendedth® obgee cuti swiihhiendsdi doobf entt, 524n A
| aser processing nmethod conprising a step of irradiating an object to

the object 1 maintains a strength to a certain extent.

Therefore, when carrying out the step ¢of cutting the object
lafter terminating the laser processing, handling the object
becomes easier.

15 Fig. 98isaperspectiveviewcfanobject tobeprocessed
1 including a crack region 9 formed by using the laser
processing method in acccrdance with the tenth example of
this embodiment as with Fig. 96. The crack region 9 shown
inFig. 98 is fermed when the light-converging point of pulse

20 iaser light L is adjusted so as to ke located at s position
closertothesurface (entrance face) 3thanisahalfthickness
position in the thickness direction of the cbject 1. The
crack regicn 9 is formed on the surface 3 side within the
object 1. Fig. 99 i1s a partly sectional view of the object

25 1 shown in Fig. 98. Since the crack regicn 9 is formed con

the surface 3 side, naturally growing cracks 91 reach the
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be processed with laser light elliptically polarized with an ellipticity of
other than 1 such that a |light-converging point of said |laser light is

| ocated within said object while the major axis of an ellipse indicative of
the elliptical polarization of |laser |light extends along a |ine along which
the object is intended to be out under a condition with a peak power
density of at least 1 x 108 (WcnR) at the |Iight-converging point and a

pul se width of 1 gs or less, so as to forma nodified region including a
crack region along said line along which the object is intended to be cut
W thin said objecfac®B.0AikasarcipriagyessHagcaptihed taarpré st ergd angtépnof
irradiating an object to be processed with laser light elliptically

pol ari zed wi t htian leldd plliceigt whdéh atleephtjikan is siudtenddht cabéight Scenger gi ng
point of said laser light is |ocated within said object while the nmajor

axi s of an el lipselynd eattueeinfrideseidfdqd iGalbhpokayiZed iom «aft llasen |1 ght
extends along a line along which the object is intended to be cut under a
condition wthha peakeapoer density of at least 1 X 108 (WcecnR) at the

| i ght-converging point and a pulse width of 1 s or less, so as to forma
nmodi fi ed region i ncliidtng caseolliert precessedd Bgifahabongc2Q0i sdbdmbine

al ong which the object is intended to be cut within said object. 26. A |aser
processi ng nmethoch 608ptkshngdavstep aok d rdadicatd gt 9 robj b rtdcuber,
processed with laser light elliptically polarized with an ellipticity of

ot her than 1 stueimirddiathea ddaght reghver gi ngapotind Ofr Saicd I aser pieghhti s

| ocated within said object while the major axis of an ellipse indicative of
the el lipticaltipoledriczatondn oé¢vlaserard ght EXterddesm aéong dendgeed aheng whi ch
the object is intended to be cut under a condition with a peak power
density of at dwastnd 0d®jEdtcaR) wmehe, | gghtircpnuerginglpdimm ahd a
pulse width of 1 ns or less, so as to forma nodified region including a
refracid ve i ndese dharege aregi oowa whitdte bardacegd (Hnd/\/lrtenrafehan@bdﬁfr sheactive
index within said object along said line along which the object is intended
to be cut in sHiEbjlecutszrhe AMIgsar 1pr deestimy meet hek eetor el iy £deone of
clains 23 to 26, wherein said elliptical polarization is |inear

pol ari zation VA& & gFPrphI el t:ya@fisz%]r 81028. oDV a1 by ey /g oéiFod
according to one of clains 23 tq 27, wherein said elli Rtl city of eI I i ptical

pol ari zati on |Csraa‘"dj%s?]ed“bfdcﬂ’?&r’ré’i“n§°t f&cafgGitedséf GirrEct| 6h GFagk

When the distance between the crack region 9 and the surface
13 3 is relatively long, the deviation in the growing direction
of cracks 91 on the surface 3 side becomes greater. As a
conseguence, the cracks 91 may reach regions formed with
electronic devices and the like, thereby damaging the
electronic devices and the like. When the crack region 9
20 is formed near the surface 3, the distance between the crack
regiocn 2 and the surface 3 is relatively short, whereby the
deviationingrowingdirecticnofcracks 91 canbemadesmaller.
Therefore, cutting can be effected without damaging the
electronic devices and the like. When the crack region 9
25 is focrmed at a location too close to the surface 3, the crack

region 2 is formed at the surface 3. As a conseqguence, the
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guarter-wave plate. 29. A laser processing nethod according to one of clains
23 to 28, conprising a step of irradiating said object with |aser |ight
while rotating the polarization of laser |ight by about 90 by a hal f-wave
plate after the step of formng said nodified region. 30. A laser
processing nethod according to one of clains 23 to 28, conprising a step of
irradiating said object with laser light while rotating the polarization of
| aser |ight by about 90 about a thickness direction of said object by a

hal f-wave plate after the step of formng said nodified region. 31. A |aser
processi ng et hvddendpeinsihghacseep wioiay aditaeldgrarast eethesudace
processed with laser light elliptically polarized with an ellipticity of
other than 1 sBicwhitchatzwsds ghi ppongertdiergyodeteniorat thg aberaddyycyi s

| ocated within said object while the major axis of an ellipse indicative of
the ellipticalipobegdkangomadfcltsiergl i ght extends along a |ine along which
the object is intended to be cut, so as to cut said object along said |ine
al ong whi ch the obj ethe i srankemdgdono beceant 2132. & | Aserepr sbessi Ade
apparatus conprising: a laser light source for emtting pulse | aser |ight
havi ng @ pul sel wildt heofivdrginsg groiressf elullispt lesey adgubtl nigs reshnss tegr
maki ng the pulse laser light emtted fromsaid I|aser |light source attain

el liptical polsrizatticobhewl.thabadedt igppiosiitti cof fetrhbert haom 1therejuorfaand s

adj usting neans for meking the major axis of an ellipse indicative of the
el liptical polakhzatisoahefl fpuilsekriesepobighonaddj Ust ¢dibynsasdliglddtptdrei ty
adj usting neans 201 extend along a |ine along which the object is intended
to be cut in anf dbjcecbieotble pgrotkssarhsd, ghe- coavkragrigmeans famed
converging the pulse laser light adjusted by said nmjor axis adjusting
means such than sadl priasefdeset] 154 wiikimstie plalePower density of at

| east 1 x 108 (VVcn%%hat a light-convergi ng point thereof; neans for

| ocat i ¥y the |ight-denvéili s pditnt FoE - ptil Eé 5| asea I0H L toNvENgell Bhe

object 1 including crack regions formed by using the laser
processing method in accordance with the tenth example of
this embodiment. The crack region 9 in the X-axis direction
shown in Fig. 100 is formed when the light-converging point

15 of pulse laser light L is adjusted sc as to ke lccated at
a position farther from the surface (entrance face) 3 than
is & half thickness position in the thickness direction of
the object 1. The crack region 9 in the Y-axis direction
is formed when the light-converging point of pulse laser

20 light L is adjusted so as to be located at a position closer
to the surface 3 than is the half thickness position in the
thickness direction of the object 1. The crack region 9 in
the X-axis directicon and the crack region 9 in the Y-axis:
direction cross each other three-dimensicnally.

25 Whentheobijectlisasemiconductorwafer, for example,

a plurality of crack regions 9 are formed in parallel in
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said light-converging point within said object; and novi.ng neans for
relatively noving the |ight-converging point of pulse |aser |ight along
said line along which the object is intended to be cut. 33. A |aser
processi ng apparatus according to claim32, conprising 90 rotation
adj usting neans adapted to rotate the polarization of pulse |aser |ight
adjusted by said ellipticity adjusting nmeans by about 90. 34. A | aser
processi ng apparatus according to claim 32, conprising rotating nmeans for
rotating a table for nmounting said object by about 90 about a thickness
direction of $&d 6Bj Bet X 38NN tasks PrivEsisingg apparat esMedift CEPAY: a
| aser |ight source for emtting pulse |aser light having a pulse width of 1
s or |ess and9diedr 2 polkar p Zattitorte Lnnidye spoiapndacton s ekt WhGIARANS for
maki ng the direction of |inear polarization of the pulse |aser |ight
emtted from ddiedlraser 19 ghvidedr tetalinhiwiduplachipe val oagsichhiehe
object is intended to be cut in an object to be processed; |ight-converging
means for convertdiimg-tli&epgireekl as@idnygtas adjarstied ppisdisd Wheeaithe
pol ari zati on adj usting neans such that said pul se laser light attains a peak
power 3densityrefckarepéast? InxtihoS (I eaR)imicta dn ght- donvaragi hgegopnt
thereof; nmeans for locating the |ight-converging point of the pulse | aser
| i ght conver gédinbyheal thAigtirecorivaryieng poratedi 2thithssahobjosdtiocand
novi ng neans for relatively noving the |ight-convergi ng point of pulse |aser
| i ght al ong saind thiend halcéng swhidd i echid osbjodetthies obrieetidéd tbee OgLLrs6. A
| aser processing appar at us coqgrising: a laser |light source for emtting

12 I

pul se | aser |iaghechaiPagliepuitde ardech voior Sin|tdes X1woidey dadjegsiPRg means
for adjusting the magnitude of power of the pulse laser light emtted from
said laser |i@ghd $b6r c828kcELEiiRG o ian thepdr 2ot st RérREGACPUAS L6 SE6Rer  Of
pul se | aser light; |ight-converging nmeans for converging the pul se | aser

Iightlgdjuste&aﬁy Qhjigr at right anéﬁes. At the location where the crack
regions 9 intersect each other at right angles, they are
superpecsed on each other, which makes it difficult for the
cross section in the X-axis direction and the cross section
in the Y-axis direction to intersect each other at right

15 angles with a high accuracy. This inhibits the object 1 from
being cut precisely at the intersection.

When the position of the crack region 2 in the X-axis
direction and the position of the crackregion 9 in the Y-axis
direction differ from each other in the thickness direction

20 of the object 1 as shown in Fig. 100, the crack region 9
in the X-axis direction and the crack region ¢ in the Y-axis
direction can be prevented from being superposed on each
other. This enables precise cutting of the object 1.

In the crack region 9 in the X-axis direction and the

25 crack region 9 in the Y-axis direction, the crack regicn

9tobe formed laterispreferably formedcloser tothe surface
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| i near pol arization adjusting nmeans such that said pul se |aser light attains
a peak power 202 density of at least 1 x 108 (WcnR) at a |light-converging
poi nt thereof; means for locating the |ight-converging point of the pulse

| aser |ight converged by said |light-converging neans within an object to be
processed; and noving neans for relatively noving the |ight-converging point
of pulse laser |ight along a |line along which the object is intended to be
cut in said object; wherein one nodified spot is forned within said object
by irradiating said object with one pulse of pulse laser |ight while

| ocati ng the |ightraoorwdéagengs gdian iw the orasa deobjredt fosaed ehadeer.
processi ng apparatus further conprising: correlation storing neans havi ng
stored thereinfa tder reedzatk ardietween ot be foagadt Latee of i padwemeaf cpukse | aser
adj usted by said power adjusting nmeans and the size of nodified spot; size
sel ecting neanss tae wdwoseng,? actandi nghkeocari npyibved fagnet wde lakrpower

of pulse laser light, a size of said nodified spot fornmed at said magnitude
of power fromtisaipdilee relsatr dn gsittoli Agraeansedandesi Zermispltaye oeang for

di spl aying the size of nodified spot chosen by said size selecting nmeans.
37. A laser progeissi 8gtappafatruedcbapet Sisngradtbasarby itglht csatk cegiion
emtting pulse laser light having a pulse width of 1 ps or less; a

| i ght - conver ging dersd fearr Iciorw extgi ttge t hee pud e Waser dHeghircers tskedibnom sai d
| aser |ight source such that said pulse laser |ight attains a peak power
density of at idrease 2-axid0Bi N Ti®) aatd ahki ghts<eeerigingnpohiaty -tkeseof ;
nuneri cal aperture adjusting neans for adjusting the size of nunerical
aperture of ahoptiical isystremcitned adiohesabd Tigit acoiver.gi DigL $ €ogms
according to an inputted size of nunerical aperture; neans for |ocating the
| i ght - conver giday isdiimnobethegyultbe bBagercfiglparcofivemgddat a pesition

190 to become the above-mentioned intersecting location and the
size of a part formed at another position in the crack region
9 to be formed later. Therefore, the crack region 9 to be
formed later cannot be formed uniformly.

When the crack region 9 to be formed later is formed

15 clcser to the surface 3 than is the crack region 9 formed
earlier, by contrast, scattering of the pulse laser light
L does not occur at a position te become the above-menticned
intersectinglccation, wherebythecrackregion Stobe formed
later can be formed uniformly.

20 As explained in the foregoing, the tenth example of
this embodiment adjusts the position of light-converging
point of laser light in the thickness direction ¢of an object
to be processed, thereby being able to control the position
of amodified region in the thickness directionof the object.

25 Changing the position ¢f light-converging point in view of

the thickness and material of the object toc be processed
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by said light-converging lens within an object to be processed; and noving

means for rel
along a line

wherein one nodified spot

object- with o
| i ght-converg
further conpr
correlation b

choosi ng, acc
light, a size

aperture fromsaid correlation storing neans;

atively noving the |Iight-converging point of pulse |aser

al ong which the object is intended to be cut in said object;
is formed within said object by irradiating said

ne pul se of pulse laser light while locating the

i ght

ing point within said object; said | aser processing apparatus

ising: correlation storing neans having stored therein a

etween the size of numerical aperture adjusted by said power
adj usti ng neadaidet heksi 92t okl ¢ P 203 5spHE; 131 IaEEY /g BRns for

ording to said inputted magni tude of power of pulse | aser

Gflade nodified spot formed at said size of nunerical

and size display neans for

di spl ayi ng the size Tdousbdi ¢ dd Gpdhachoserobytsandispzeodidalescr fagoPeans.

38. Alaser p

rocessi ng apparatus conprising: a |laser |ight source for

em tting pul sedrabercdritghnl ke il e e pad vec whdihe 6B s afsacirde@ssegand. | ens
sel ecti ng neans includingﬂa plurality of |ight-converging |enses for

converging th
that said pul

108 (WcnR) atirgday ghianesnvieadiaits - pdineuahhé

bei ng adapt ed

plurality of optliscalasgstehsht ndnrdisagesae s ifght cevhiev e hy2Vceh388Y havi ng -
merical apertures different fromeach other; neans for |ocating

respective nu
the light-con

& hsulss@d &9

S| ighmoehint eHoteoIRGaiay Joaasernd ghtraetik e such

se laser light attains a peak gomer density of at least 1 X

to select anong a plurality of [|ight-converging |enses,

vérSditng point of the pulse laser |ight converged by a

gofxpsandtiensrsépeesdi hg neans

a

| i ght-converging | ens chosen by said | ens selecting neans within an object

to be proces
Iightl%onverg

15

20

25

sed; andenb¥Fhp FFRELRS Fd19 PRPAER VP ThBGFAGIERES with the

ing point of pulse, |laser , ) ,
tenth example of this embodiment has a configuration similar

to the laser processing apparatus 100 in accordance with
the first example shown in Fig. 14. 1In the tenth example,
the Z-axisstage 113 adjusts thepositionof light-converging
point P in the thickness direction of object 1. This can
adjust the light-converging point P so as to locate it at
apositicnclosertocer fartherfromtheentrance face (surface
3) thanisahalfthicknesspositioninthethicknessdirection
of the object 1 or at a substantiallyhalf thickness position,
for example. These adjustment operations and the placement
of the light-convergingpointcflaser light withinthe object
can alsc be achieved by moving the light-converging lens
105 in the Z-axis direction. Since there are cases where
the object 1 moves in the thickness direction thereof and
where the light-converging lens 105 moves in the thickness

direction of theobject 1lin the present invention, the amount

of movement of the object 1 in the thickness direction of
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light along a |ine along which the object is intended to be cut in said

obj ect; wherein one nodified spot is formed within said object by
irradiating said object with one pulse of pulse |aser Iight while |ocating
the light-converging point within said object; said |aser processing
apparatus further conprising: correlation storing neans having stored
therein a correlation between sizes of nunerical apertures of a plurality
of optical systens including said |ight-converging |enses and the size of
modi fi ed spot; size selecting neans for choosing, according to a size of
numeri cal apertig ©ofectad bptdafdinesy seemnfilf@tudrhagt 5aF datsdsat amount

| i ght-converging lens, a size of the nodified spot forned at said size of
nuneri cal aper®¥ire $eemdarel Tbrveleayormrst At treans; and size displ ay
means for displaying the size of nodified spot chosen by said size

sel ecting neans. 39.Th® | adevs protesst nyiappatatverebnprisinig: P aihatke |ight
source for emtting pulse laser |light having a pulse width of 1 s or |ess;
power adj usti righhelansss$ oflxelf uben myf tiee migkiatude df poweesetdpakseeflaser
light 204 emtted fromsaid | aser |light source according to an inputted
magni t Ude of powwdheof-apabserdasdrs thghameaalki gt donvee giimgH engmpoe
converging the pulse laser light emtted fromsaid |aser |ight source such
that said pul ssxplsired ighth atefd rence peakl jmsnverd densd Figef %4t least 1 x
108 (WcnR) at a light-converging point thereof; nunerical aperture

adj usting nmeans for W dsepagotdetasprecessaunet callcaperearieocadf paandpt i cal
systemincluding said |ight-converging | ens according to an inputted size of
nuneri cal aperdafrefoFebpeat by [toeat Paay! tied Nt ghtvicdiver ki Hy- penatrasect he
pul se laser light converged by said |light-converging |ens within an object
to be processety taﬁ@hﬁﬁﬁwgtwawsglf%usopépaﬂi%wt%ﬁxﬁwjfatq@e?a PEgRESEBAVer gi ng

poi nt fg DU|S%xg%i%rimaging data in the tenth example as well. According
to this focal point data, the stage controller 115 controls

the movement of the Z-axis stage 113, so as to locate the

focal point of visible light at the surface 3. The laser
processing apparatus 1 is adjusted such that the

15 light-converging point P ¢f laser light L 1s located at the
surface 3 at the position of Z-axis stage 113 where the focal

peint of visible light is lccated at the surface 3. Hence,

the focal point data is an example of second relative movement

amount of the object 1 in the thickness directicn thereof

20 required for locating the light-converging peint P at the
surface (entrance face) 3. The imaging data processor 125

has a function cf calculating the second relative mecvement

amount.
Data of themovement amount (z) explainedwithreference
25 to Figs. 93 and 94 is fed into and stored in the overall

controller 127. Namely, the coverall controller 127 has a
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light along a |ine along which the object is intended to be cut in said

obj ect; wherein one nodified spot is forned within said object by
irradiating said object with one pulse of pulse |aser Iight while |ocating
the light-converging point within said object; said |aser processing
apparatus further conprising: correlation storing neans having stored
therein a correlation between a set of the nagnitude of power of pul se

| aser |ight adjusted by said power adjusting neans and the size of
nunerical aperture adjusted by said nunerical aperture adjusting nmeans and
the size of nodirfdteicbrspot ;stizengelact oy treans lfaad vehoesiengntaeoonditng t o
said inputted magnitude of power of pulse laser light and said inputted
size of nuneric@lthapertiece, ta is¢ zerafeddwd Inddi fhed spdindr nedeat isai d

i nputted nmagni tude and size; and size display nmeans for displaying the size
of nodified spof tichobenchy .saltesivaa aldel@ctdaid avebh's, s48geAchaserl ler
processi ng apparatus conprising: a laser light source for emtting pul se

| aser |ight havifng arpul se-amidt h saafadle s 10r3 | esSjuspoweheadjpestiitignmearts f or
adj usting the nmagnitude of power of pulse laser light emtted fromsaid

| aser 5 ght sdurgte -acoorglidichd amt nputdedargnictrudd ooft pawerrakd pyl se

| aser light; lens selecting neans including a plurality of Iight-converging
| enses for cameldighg-theveulgdieg asas ighin emet redqgbromtdaickleasentl i ght
source such that said pulse laser light attains a peak power density of at
| east 1 x 108 thW a)ett 1a | i ght-converging point, said |lens selecting
nmeans bei ng adapted to select anong a plurality of [|ight-converging |enses,
a plurality of opti Gale systensocastudgngtsardd nldgidrdomeey gimgh2@sniténses
havi ng respective nunerical apertures different fromeach other; neans for

| ocati ng the lexgimeleconvet §i bg poimita bfed helpol sefkasecel ight thenvdesged by
said |light-converging | ens chosen by said | ens selecting nmeans within an
objecﬂoto be processing apparatus in accordance with the first example

shown in Fig. 14 and the flowchart for the laser processing
method in accordance with the first example shown in Fig.

15. The object to be processed 1 is a silicon wafer.
Step 5101 is the same as step S101 of the first example
15 shown in Fig. 15. 5Subsequently, as in step S103 of the first
exampie showninFig. 15, thethicknessof object 1l ismeasured.
Bccording to the result of measurement of thickness and the
refractive index, the amount of movement (z) in the Z-axis
direction of object 1 is determined (S103}. This is the
20 amount cof movement of object 1 in the Z-axis direction with
reference to the light-converging pcint of laser light L
positioned at the surface 3 cf object 1 required for
positioning the light-converging point P of laser light L
within the object 1. Namely, the position of
25 light~convergingpoint Pinthe thicknessdirectionof cbject

1 is determined. The amount of movement {(z) in the Z-axis
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processed; and noving neans for relatively noving the |ight-converging point
of pulse laser |ight along a line along which the object is intended to be
cut in said object; wherein one nodified spot is formed within said object
by irradiating said object with one pulse of pulse laser |ight while
| ocating the light-converging point wwthin said object; said |aser
processi ng apparatus further conprising: correlation storing neans havi ng
stored therein a correlation between a set of the nmagnitude of power of
pul se laser |ight adjusted by said power adjusting neans and sizes of
nuneri cal aperdtivresd igh d splomealeixeypdfe oft deak systredstimel ndivagesai df
| i ght-converging | enses and the size of nodified spot; size selecting neans
for choosi ng, tdecoriaglto e thicpwdediraghitodeeakofpovthe phbspulise | aser
light and the size of nunerical aperture of an optical system including
sai d chosen | icghtl-iggrivergiveg gliens podnsi Peisf dehermideti éd spew Hdr ibd at
said magnitude and size; and size display neans for displaying the size of
nodi fi ed spot t¢haseredsyasamdteiriel «ckethetdmgateansff4tt st pgerepsacegssi ng
apparatus according to one of clains 36 to 40, conprising: inmage preparing
means fsor prepar.iong aasinage taf handl éiad spat thawvingdthe shdecheséliéet ed by
said size selecting neans; and inmage display neans for displaying the i mage
prepared by sditd s dagecprnepanieng ameams. 1 #2edAnttasgie processcngtappaeat us
conprising: a laser light source for emtting pul se laser light having a
pul se width ofl2l/.gs or |ess; power adjusting neans for adjusting the
magni t ude of power of pulse laser light emtted fromsaid |aser |ight
source; |ight-convelSgiepg fahsinfdofle¢drams ging laket pulteesl 8380 dng¥lOdni tt ed
fromsaid

of the first example shown in Fig. 15. The focal peoint data

10 calculated by step 5107 is data of a second movement amount
in the Z-axis direction of object 1.
This focal point data is sent to the stage controller
115. Accordingtothisfocalpointdata, thestagecontroller
ll5moves the Z-axis stage 113 in the Z-axis direction {(51085).
15 This positions the focal point of visible light of the
observation light socurce 117 at the surface 3. At this
position of Z-axis stage 113, the light-converging point
P of pulse laser light L is positioned at the surface 3.
According to imaging data, the imaging data processor 125
20 calculates enlarged image data of the surface of object 1
including the line along which the object is intended tc
be cut 5. This enlarged image data is sent tc the menitor
129 by way of the overall controller 127, whereby an enlarged
image near the line along which the object is intended to
25 be cut 5 is displayed on the monitor 127.

Data of the relative movement amount determinedby step
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| aser |ight source such that said pulse laser light attains a peak power
density of at least 1 X 108 (WcnR) at a light-convergi ng point thereof;
nmeans for |ocating the |ight-converging point of the pulse |aser |ight
converged by said |light-converging neans within an object to be processed;
and 206 noving neans for relatively noving the |ight-converging point of
pul se laser |light along a line along which the object is intended to be cut
in said object; wherein one nodified spot is formed within said object by
irradiating said object with one pulse of pulse |aser light while |ocating
said |ight-coderyyieg pdinetadywitdem isgiut tah] ect theaicteraddr cpnocesséng
apparatus further conprising: correlation storing neans having stored
therein a corrldat Ean betawsen tbhehe neigngd udertablpewet 161 putserdiagerol i ght
adj usted by said power adjusting neans and the size of nodified spot; and
power sel ecti ngineamnsa fodrmehanst hgmoadeorithd1gt ke avrvyulilead] 5% zeusés
nodi fied spot, a nagnitude of power of pulse laser |ight adapted to form
sai d size fromrsaizaxie redzaid onl 3tosi ngyeeans; csaedt powen adeugtkErgsmeans
adj usting the nmagnitude of power of pulse laser light emtted fromsaid
| aser [5i ght sauneetsueh athat ploia tmagnivhide afhepQurih tcheser tay ngsaodnpowner
selecting neans is attained. 43. A | aser processing apparatus conprising: a
| aser |ight seurcfe Hfagre remilghitng spulcsesdaaseri dhightt lavimig e pulise 1wy dth of 1
s or less; a light-converging |lens for converging the pulse | aser |ight
emtted fromsaid BBages $ipghtarspelCE steh it rt he gudse shasernd syhtd
attains a peak power density of at least 1 X 108 (WcnR) at a
| i ght - conver gishgwaoint Fi heredf , Thererirealo iapest uldeadi st ogearednsntor
adjusting the size of nunerical aperture of an optical system i ncluding
sai d |ight-cosvérigiomg dhaps;. means for |ocating said |ight-converging point
of the pulse laser |ight converged

10 Effects of the tenth example of this embodiment will

be explained. The tenth example irradiates the object to
be processed 1 with pulse laser light L while adjusting the
position of light-converging peint P in the thickness
direction of object 1, thereby forming a modified region.
15 This can control the position of a modified regiocn in the
thickness direction of object 1. Therefore, changing the
position of a medified region in the thickness direction
of object 1 according to thematerial and thickness of ocbject
1, effects of processing, and the like enables cutting in
20 cenformity to the cbject 1.
Industrial Applicability
The laser processingmethodand apparatus inaccordance
with the present inventicn can cut an object to be processed
without generating melt or fractures deviating from lines

25 to be cut on a surface of the object. Therefore, the yield

and productivity of preducts (e.g., semiconductor chips,
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by said light-converging lens within an object to be processed; and noving
nmeans for relatively noving the |Iight-converging point of pulse laser |ight
along a line along which the object is intended to be cut in said object;
wherein one nodified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the

| i ght-converging point wwthin said object; said | aser processing apparatus
further conprising: correlation.storing means having stored therein a

correl ation between the size of nunerical aperture adjusted by said
nunerical apePiFESAGEUSH N FHEGR GhPT e’ 2@ P12 Yodf 1 &8s S%B(E}? And
numeri cal aperture selectin? nmeans for choosing, according to an inputted
size of nodi fHilEPishetysthe] FLRPVIehhYerPERI DA PEICHS éﬂ%&t anﬁés?gam sai d
i nputted size; 207 said nunmerical aperture adjusting neans adjusting the
size of nuneriGdl REpefdiwecof the optical systemincluding said

| i ght-converging | ens such that the size of nunerical aperture chosen by
said nunerical aperture selecting neans is attained. 44. A |aser processing
apparatus conprising: a laser light source for emtting pulse | aser |ight
having a pulse wwdth of 1 gs or less; lens selecting neans including a
plurality of |ight-converging |l enses for converging the pulse |aser |ight
emtted fromsaid | aser |ight source such that said pulse |laser |ight
attains a peak power density of at least 1 x 148 (WcnR) at a

| i ght-converging point thereof, said | ens selecting neans being adapted to
sel ect anong a plurality of [light-converging |enses, a plurality of optical
systens including said |ight-converging |enses having respective numneri cal
apertures different fromeach other; nmeans for |locating the |ight-converging
poi nt of the pulse laser |ight converged by said |ight-converging |ens
chosen by said |l ens selecting neans within an object to be processed; and
novi ng neans for relatively noving the |Iight-convergi ng point of pulse |aser
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light along a |ine along which the object is intended to be cut in said

obj ect; wherein one nodified spot is formed within said object by
irradiating said object with one pulse of pulse laser |ight while |ocating
the light-converging point within said object; said |aser processing
apparatus further conprising: correlation storing neans having stored
therein a correlation between sizes of nunerical apertures of said
plurality of light-converging |lenses and the size of nodified spot; and
nuneri cal rture selecting neans for choosing, according to an inputted
size of modirtied spot, a size of numerical aperture adapted to formsaid

I nputted size; said |l ens sel ecting neans selecting anong said plurality of
l'i ght - convergin | en Fcaly. aper osen by
said nu mar i cal gper t u‘?Za%'eF@%bestSﬂ%tm%treﬂgdnéd@Sg{ %éf %%gla%ﬁg F’"E Bégcgtjraoc essi ng
appar at us be Brasessed mdth laser dight withg tghs-QQIFV@&mg)PO@hiOtC@‘ied ghesenvislein] spsasrtol i ght
having a Riﬂnsﬁm%@i‘éﬂ' régloril-c‘ﬂS@d 155 mhﬁﬁfﬁotoﬁ%%rpﬁﬂi Within\GidBHE% agﬁg adffleust i ng

t he magnit aser light "emtted from sai aser |ight

ude
sour ce; a@F@ﬂ%“@Gﬁ%%Wﬁﬁd@“ﬂ%ﬁ@dF%Pe@Bh@%?%PW@athe pul se laser light emtted
frolr<n sai d gaseztl i ghAl@@ﬂlbﬁeeﬁhhggnéthk?(ici 0 g) bﬂﬁﬁﬂl&klhglﬁh oBfet@tons a
eak powey densi conyergin

ot "t noPeBReeitafih Brerd5BF pitha Behetverg ﬁ@aﬁﬁ oo SR 201 2a of
nuneri cal capietidnuwith agkalapowat denaity sysitleast i n<c10§c{MHgm§)eatdhé hg’(ttcoﬁoe*rgmggl ng

| ens; | t nver 0 oft | agser |ight
conver gedB &B{/g{;daa @ﬁ%" ‘k({;u][‘gh é}gf} %a{r)lgll%sgg?e &0 fgr %n%déﬁ ]ﬁﬁg’&lﬁ%lgallgégﬁfa& essedg
and m)w ngpgmamghm@mdrobjeat alopg g limoulong whuél the ghjecicie ivtendypidrig bpoutrin saifl pul se

| aser gf)} {along a line along which the object is intended to be cut in
said obje V\/nereln one nodified spot is forned within said object by
i rradiati ng sai ¥ A laser processing method comprising a step of irradiating an object to

be processed with laser light with a light-converging point located therewithin under a
condition with a peak power density of at least 1 x 10® (W/cm?) at the light-converging
point and a pulse width of 1 ps or less, so as to form a modified region including a
molten processed region within said object along a line along which the object is
intended to be cut in said object.

4. A laser processing method comprising a step of irradiating an object to
be processed with laser light with a light-converging point located therewithin under a
condition with a peak power density of at least 1 x 10® (W/cm?) at the light-converging
point and a pulse width of 1 ns or less, so as to form a modified region including a
refractive index change region which is a region with a changed refractive index within
said object along a line along which the object is intended to be cut in said object.

5. A laser processing method according to one of claims 1 to 4, wherein
the laser light emitted from said laser light source includes pulse laser light.

6. A laser processing method according to one of claims 1 to 5, wherein
said irradiating an object to be processed with laser light with a light-converging point
located therewithin is carried out by irradiating said object with laser light emitted from
one laser light source while converging said laser light and locating a light-converging
point within said object.

7. A laser processing method according to one of claims 1 to 5, wherein
said irradiating an object to be processed with laser light with a light-converging point
located therewithin is carried out by irradiating said object with a plurality of laser light
beams emitted from respective laser light sources from different directions while

locating respective light-converging points within said object.
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object with one pulse of pulse laser light while locating the

| i ght-converging point wwthin said object; said | aser processing apparatus
further conprising: correlation storing means having stored therein a
correlation between a set of the magnitude of power of pulse |aser |ight
adj usted by said power adjusting nmeans and the size of nunerical aperture
adj usted by said nunerical aperture adjusting neans and the size of

nodi fied spot; and set selecting neans for choosing, according to an

numer i cal aper tr e adnbeadtoe 1o e ol P i el B BIfE Lot n
means andofniaseedighbbcampreemiited foadn wespectiyentesen dighdjanstdsraptertsail ohgutiftamie of
power of Qﬁjﬁgﬁ&€§ﬁﬁmkight emtted fromsaid |aser |ight source and the
size of nunerical aperture of the optical systemincluding said
li ght - conver gi iy | end Bserprogassing medhodeageordingdo shaipolsiheremisaid phualfty
pare | ol ey s s il B Rt Lo aie O ISA SR 1
pul se | astd PBi tf?%@ﬁiﬂgwsf%{@@% i I&Ferilggg SQIECE EyemBEIget lager; light ngg
neans f orbead étdrinaGaldeh; R Goit thd @edFadean@eofof pul se laser light enitted
rom said Taser 1O, FOM £ ok SIS SRLESLIATRSNS LASLI TG 2 plargl Ly o
sai d | asesaid plyindlitg adriaser dighb sbinaes grldepulight sduaceseckiogHaviigt REdrslight peak
Pher cor . ufeks et if B bordy ndoid B Mo Shich b BO<aP A B 8F; o
plurality of llight - colsermgoergsing neded acedingabiong obtlaops 1 tal 0, sytstEns
per  ur oo T e oy Ry A st Y PR 67 e gi ng
poi nt of Hghd-cpayesging aeiat of faggitishblegatedwathinspidsehiert] i ght - convergi ng | ens
chosen by said jpens selR6thosestRaMeetNbd McBrddnly RPhRF AAnRE RO, further
comprising a cutting step of cutting said object along said line along which the object is
intended to be cut after the step of forming said modified region.
13. A laser processing method according to one of claims 1 to 12, wherein
said object includes glass.
14, A laser processing method according to one of claims 1 to 12, wherein
said object includes a piezoelectric material.
15. A laser processing method according to one of claims 1 to 12, wherein
said object includes a semiconductor material.
16. A laser processing method according to one of claims 1 to 15, wherein
said object is transparent to laser light irradiated.
17. A laser processing method according to one of claims 1 to 16, wherein
said surface of said object is formed with an electronic device or electrode pattern.
18. A laser processing method comprising a step of irradiating a
semiconductor material with laser light with a light-converging point located therewithin
under a condition with a peak power density of at least 1 X 10® (W/em?) at the
light-converging point and a pulse width of 1 us or less, so as to form a modified region
within said semiconductor material along a line along which the object is intended to be
cut in said semiconductor material.
19. A laser processing method comprising a step of irradiating a
piezoelectric material with laser light with a light-converging point located therewithin
under a condition with a peak power density of at least 1 x 10® (W/ecm?) at the
light-converging point and a pulse width of 1 us or less, so as to form a modified region
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processed; and noving neans for relatively noving the |ight-converging point
of pulse laser |ight along a line along which the object is intended to be
cut in said object; wherein one nodified spot is forned within said object
by irradiating said object with one pulse of pulse laser |ight while

| ocating said |ight-converging point wthin said object; said | aser
processi ng apparatus further conprising: correlation storing neans havi ng
stored therein a correlation between a set of the nagnitude of power of

P meri car Vinln i pRALLEL WP AR DS e Al PR B RO 8 M6t he

si ze of ﬂuidmﬂaléulegpdcqtnamtmi sel ecting neans for choosing, according to

an inputted sizg, of %%&ﬂp@éc&aﬂg% etfodtko dﬁin%t@%n@%gelaﬁﬁlg? Qo RELnand si ze

of nunmerical aperture rmsal Sl ze I‘OFﬁ sal
correl at i &id 8bigptihag a sedars; fow@%m}urauyaéelrww a1 ens sel ecting

means adj usti ngwﬁéif@mrfﬁgﬁ t%ﬂvé}fgmg N of Mseiidht & lodssd wllﬂhﬁmal(fﬂﬁﬁét%g from
said |aser |i ou seetln ampng said plurality of

i ght - con@setPg}g Béhé’ @Eeta@e% Iy Fﬁcwﬂﬁé%m@mwa& &léraafy Hussritcal
aperture ghtsen by said set sel ect| ng neans. 47 A | aser processing

appar at us accorgdi ng claim42 sin I.Sp neans, f | ayi ng

t he magni t ude o?l Wé$ 1aéﬁr&lr8ﬁesg§,1g rﬁg"dp‘?f\‘f\%‘% Pé!"t‘%r&? Wgﬁ’i‘?g‘ 1(g‘ﬁf‘éqlggxpsaser
processi neprapreed ebtytm agbokatping sanl abailight foor irddiatiagspidi Huralty eff dplity means
for displ 9@6}15‘1% the size of numerical aperture chosen by said nuneri cal

aperture Selecting means. 49. A |aser processing apparatus according to
claim45 or 46,2%onprAslasg pidcspiing method ¢ampribingp|aaystepy afharadiegimit ade of

power an dséﬁ]@orﬁfuéf%r ﬁ'faté?ﬁ‘ép@'ith G¥er Rt EligHt! 'Eoﬁ‘m?gﬁgi;oﬁll? Gfeders@itiinS et

sel ecti ng neans. aser processing apparatu cor ng to one of clains

36 to 49,80 wierf@rrrha goley pmcﬁwd sTeieTaeiy Ml saidisepiserduciyr material alegga | i ne
al ong whi fhe 416 RRicAGhe bifect iNnRHAEE td e U irfdhid YntiBbritiue R thatdtiaeCt define a

modified region 23. A laser processing method comprising a step of irradiating an object to
be processed with laser light elliptically polarized with an ellipticity of other than 1 such
that a light-converging point of said laser light is located within said object while the
major axis of an ellipse indicative of the elliptical polarization of laser light extends
along a line along which the object is intended to be cut, so as to form a modified region
caused by multiphoton absorption along said line along which the object is intended to
be cut within said object.

24, A laser processing method comprising a step of irradiating an object to
be processed with laser light elliptically polarized with an ellipticity of other than 1 such
that a light-converging point of said laser light is located within said object while the
major axis of an ellipse indicative of the elliptical polarization of laser light extends
along a line along which the object is intended to be cut under a condition with a peak
power density of at least 1 x 10% (W/cm?) at the light-converging point and a pulse width
of 1 ps or less, so as to form a modified region including a crack region along said line
along which the object is intended to be cut within said object.

25. A laser processing method comprising a step of irradiating an object to
be processed with laser light elliptically polarized with an ellipticity of other than 1 such
that a light-converging point of said laser light is located within said object while the
major axis of an ellipse indicative of the elliptical polarization of laser light extends
along a line along which the object is intended to be cut under a condition with a peak
power density of at least 1 x 10® (W/em?) at the light-converging point and a pulse width

of 1 ps or less, so as to form a modified region including a molten processed region along
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said nodified region including at | east one of a crack region where a crack
Is generated wthin said object, a nolten processed region which is nelted
within said object, and a refractive index change regi on where refractive

i ndex is changed within said object. 51. A | aser processing nethod
conprising: a first step of irradiating an object to be processed with pul se
| aser light while locating a |ight-converging point of the pulse | aser
light within said object, so as to form210 a first nodified regi on caused

by mul ti p%h% fife %?tzggrﬂ &hqge %‘%E&' g'm?e%dgd PobﬂJe (%ltt ﬁh?nngdu?o Ie(r:'rst | i ne along which

the objec [ N sail and°d€econd step of
i rradi ati ng sai4b.obj etlase I@I‘nCQSSIIHS@ldtlamieqoergmg anen ef imaldiatigg smibjectpal se

laser lightp I%E%s@e Wﬁh%@ﬁr%h'eﬂﬂﬁ'&alwpdl?‘l%ﬁ wlwsélnﬁﬁ xﬂtﬁanrﬁ chtep and

| ocating the | ght - convergi ng _pal In said
obj ect, sHhaha light-¢Qivazging peshal s#edases hahtrlééwrﬁdc\aub@osab&/owttwfpko&h@

absor pt | Ofhajdr taltisNo S 91119&1 ﬁﬁi‘icaﬁb@% u@e §m99m golAEratioh @PTasehi; é;h&ld@bJ ect is
i ntended to be cut in sai essin rising:

proc
a first sfigpsadnealong %hlpha&lea)?m%f%wen@sd Hﬁw%g@%a cw?ﬂ%wgea P8er |ight
whi | e | op&vérnignsityl ofgahlea@tolnveoPgovmnﬁpamhe Eéhtlcbﬁv@gin!gqboirﬁ%ﬁd apuBbtvidht hi n
sai d objec so.,as to nmul t.i phot on

Shsor oty ot LR SHIER oo S g reie iR Ao R R G gl et oo
i nt ended tbiches Trgidnnwilaa dhaligpécaﬁacamimde)swuhmmkasi apecd blongsaidilmt iatepgsai d

object w %ﬂlcﬂ%ésgqjé&%e@éndg&% g@édt%%bﬁ}g optical systemincluding a

| i ght - converging conver Ul se | aser light attain a
nuneri cal apertdte gr@&sexrpro'ressmameﬁrodtahmrdmﬁao ongokAaithsf23rte £6.svlepeiand

l'ocating §Melllkiléﬁqgoﬁﬁﬂéﬁﬁfngh Nded? 'oﬁlfn A‘f\bﬁh Ry L tllzl?fgf e&’/ﬂ) ght within said

obj ect, so as rma second regl on cause mul ti phot on
absorption wit & sali%llfﬁ%f@@?esﬁpéﬁtj’t@dsﬂéé‘lfﬁ@glt@ Aee okglymy Ade R WieEClBbj ect i s

i ntended {44 aﬁpﬁmy omelISRical pRaS&tion Bddj L@t@'d%%f%harpgi@%ﬁﬁ%h B JTalrB@bn@PAPr i Si ng:
a | aser source for emtting pulse lasér light having a pul se wi dth of
1s or Ieg'g"rterwa"epae

29. A laser processing method according to one of claims 23 to 28,
comprising a step of irradiating said object with laser light while rotating the polarization
of laser light by about 90° by a half-wave plate after the step of forming said modified
region.

30. A laser processing method according to one of claims 23 to 28,
comprising a step of irradiating said object with laser light while rotating the polarization
of laser light by about 90° about a thickness direction of said object by a half-wave plate
after the step of forming said modified region.

31. A laser processing method comprising a step of irradiating an object to
be processed with laser light elliptically polarized with an ellipticity of other than 1 such
that a light-converging point of said laser light is located within said object while the
major axis of an ellipse indicative of the elliptical polarization of laser light extends
along a line along which the object is intended to be cut, so as to cut said object along
said line along which the object 1s intended to be cut.

32. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

ellipticity adjusting means for making the pulse laser light emitted from said
laser light source attain elliptical polarization with an ellipticity of other than 1;

major axis adjusting means for making the major axis of an ellipse indicative of

the elliptical polarization of pulse laser light adjusted by said ellipticity adjusting means
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frequency adjusting neans for adjusting the magnitude of a repetition
frequency of the pulse laser light emtted fromsaid |laser |ight source

according to an inputted magnitude of frequency; |ight-converging neans for
converging the pulse laser light emtted fromsaid |aser |ight source such
that said pulse laser light attains a peak power density of at least I X

108 (WcnR) at a light-converging point thereof; nmeans for |locating the
| i ght -convergi ng point of the pulse laser |ight converged by said
| i ght - cony

Fer, Rl Wbl ONER B bBRY honBBeRl REBR T in Tl gt 2 ong

for relati
a line al progessbd;ch the object is intended to be cut in said object; wherein

Ty adhat | ng. s, EusBnd B Indht 165 cGRICFiRPRCbuISP 1E, RPACRRRG BY spig (o

the | i ghtMawsmyisragiusgngsicars suchiihai ssigdinwlsstpsse lightaatingrepeskpoavepdensityi ty of

sai d nodi BfﬁCiea%PP&SlOf&(W/dcn%@Pﬁl@ﬁt%ﬁvérgin‘éﬂohﬂ%e%&['g whi ch the object is

i ntended to be cut V}At I n.Sald object by irrad ati ng1 said object with a 211
plurality of puleds fgr logatingthe dight-canvgreangpeinteof] Ryl laseg lighecqnverged 8nver gi ng
poi nt Wi t ki ligitadoftva@RingGloinethiekad byjetty afvi ng t he 1ight-convergi ng poi nt
al ong said line_al .on%'_ivx/ni rcqh iage fbl'bect il?ﬁbnl%ended to be cut; saliﬁd | aser
processi ng appaP8YH8 TGP A TSR 'BPRge thy UellrfonvEgine Ut %%m’r]@@a &t or

cal cul at i hghtalahgshrlioe dbatgveleinh dai objevoddiihieaded topetcat.adj acent each ot her
according to sajd input P L ar [ |spl ay
means for displ %fﬂ ng %A%S%glpg%%%ggg%agﬂlga% (gcg}l(g@g)s{%icga?%i %#5%@3%§@§$C®I ating
means. 54rot@ionzdpstipg mearssidaptedia totale therpolarigatmn ofpulsedeser lighfladjustsdbye f or
emtting paﬁlglSl:ﬁﬁ{iax%%gﬁggtrmg&ﬁngo@tgyd_se width of 1 gs or |ess;

| i ght - conver converging the pulse laser light emtted from
said |aser |ig1gﬂ- sout cESEURIPCESSHIS gBPAIats | aseondiige to |qlgim 33t t@MPEISEEpeak

power dengititihgOmedts f?astatihg a table for mounting said object by about 90° about a

thickness direction of said object.

35. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less and linear polarization;

linear polarization adjusting means for making the direction of linear
polarization of the pulse laser light emitted from said laser light source align with a line
along which the object is intended to be cut in an object to be processed;

light-converging means for converging the pulse laser light adjusted by said
linear polarization adjusting means such that said pulse laser light attains a peak power
density of at least 1 x 10® (W/cm?) at a light-converging point thereof;

means for locating the light-converging point of the pulse laser light converged
by said light-converging point within said object; and

moving means for relatively moving the light-converging point of pulse laser
light along said line along which the object is intended to be cut.

36. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

power adjusting means for adjusting the magnitude of power of the pulse laser
light emitted from said laser light source according to an input of the magnitude of power
of pulse laser light;

light-converging means for converging the pulse laser light adjusted by said

linear polarization adjusting means such that said pulse laser light attains a peak power
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X 108 (WcnR) at a light-converging point thereof; means for |ocating the

| i ght - converging point of the pulse |aser |ight converged by said

| i ght -convergi ng means within an object to be processed; noving neans for
relatively noving the |ight-converging point of pulse laser |Ilight along a

| ine al ong which the object is intended to be cut in said object; and speed
adj usting neans for adjusting the nmagnitude of relative noving speed of the
| i ght -convergi ng point of pulse |laser |ight caused by said noving neans
according to an inputted magnitude of speed; wherein one nodified spot is

formed w Héﬁsﬂy%ﬁhﬂe&bﬂ aqtoglewwrhhaa@hﬁgh@a)nwg% PhitSRdredd t h one pul se of
pul se laser lig l e | ocatin ght (;onveﬂ%wgﬁeS 0| nt wwthin said

obj ect; and V\he?lé‘rimﬁ ar locgting ¢ FQ%B?C‘%I&F@W“FW@& aé‘?rélg‘th?fE’GrQFiong sai d

line al ongy saMilhgllit-ddﬁeerfgbjgﬁﬁéanlsSvnhﬁﬁ ﬁﬂdﬁébt&@b@ﬁro@bﬂse&“ahhl n said obj ect by
irradiating said object

W .t Zart H}( E{/\,I ul ses of %’EI se Iujselr
whil e | ocati ng THEEFOS é%an? 9 gmB‘GPﬁt TRV ¥ af"gl atl vel y
novi ng t hghtiafdig- aclme\mas@\nmchmembjaltmngteﬁm&olhematmlsarigomkntch the object is
i ntended to be S G par at us, fu her 9 ri_si,ng
di stance cal culgﬁérem 8}11 Ea s()%sf%rd Pal?cgl%‘g{fn I(I}I satd;r?gbectgmg (ﬁalﬁodl fied
spot s adj abgetrtmémrh: roideet palse tasdi lm@ttmhllsk}cdtmm@mtlltghtalcwmgrgmyumnwltmpeed, and
di st ance Pﬂ) %/ means for displaying the distance cal cul ated by said
di stance cal oul ati ng neans. 55. A |aser processing nethod conprising a
| aser |ight sousaiklasapreqepsing apaplitsiirthereomprisgige having a pul se width of 1

s or 212 |ess; édrf%%ﬁ)ﬁcé’toﬁﬁg Hﬁédng%fﬁﬁ%n&oféar th%?dlﬂsat 'cBﬁeltaﬁén ReMnHUgR of a
repetltlonfre uency of the gaéselaser (gt emtted fromsaldlaser | i ght

source acB@BHf Ot@oafﬁr phpes Frdt Ry bpow eredinsHeg maanymd B§#A8r gi ng
means for of@bdigedspd; t he pul se Iaser light emtted fromsaid

size selecting means for choosing, according to an inputted magnitude of power
of pulse laser light, a size of said modified spot formed at said magnitude of power from
said correlation storing means; and

size display means for displaying the size of modified spot chosen by said size
selecting means.

37. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

a light-converging lens for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x 10® (W/cm?) at a light-converging point thereof;

numerical aperture adjusting means for adjusting the size of numerical aperture
of an optical system including said light-converging lens according to an inputted size of
numerical aperture;

means for locating the light-converging point of the pulse laser light converged
by said light-converging lens within an object to be processed; and

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object;

said laser processing apparatus further comprising:

correlation storing means having stored therein a correlation between the size of

numerical aperture adjusted by said power adjusting means and the size of modified
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| aser |ight source such that said pulse laser light attains a peak power
density of at least 1 X 108 (WcnR) at a light-convergi ng point thereof;
nmeans for |ocating the |ight-converging point of the pulse |aser |ight
converged by said |light-converging neans within an object to be processed;
novi ng neans for relatively noving the |Iight-converging point of pulse |aser
light along a line along which the object is intended to be cut in said

obj ect; and speed adj usting neans for adjusting the nagnitude of relative
novi ng speeg the |ight-convergi ng point of pulse |laser |ight caused by
sai d noviTh ’neans according to an inputted magnitude of speed; wherein one
nodi fi ed spot isizef mlevtidg wnédns rfos ahabsoly, ectortinghte g@iddgasted magnithdes afli at i ng

sai d obj ﬁﬁ)r\veWotf uﬁ@?as@xu mﬁ@hgfsizg%fgﬁ lgﬁﬁ?{ed sggtg{! \l/-\lﬁ@d bfsaid gl%% oPgﬁnln eal

| i ght-convergin Insal ein a prurali yof sai d
modi f i ed apgdues fam@salducn@dammﬁgnsamma el al ong which the object is

| ntended t0 be AlaiitdinBufofldRb] B¢ bPglbaiden iq Wb h a
plurality of pusl seéwo%ﬁgu | se ga 51\,\(;]6{31% ﬁ%)(‘:::atQ ng tlgléhb%l ght - conver gi ng
poi nt wi tsﬁi%tm&%edm@bj ect and reI at i veI y moving the |ight-converging point

al ong sai d |inggal ong\ phérGhRocesd1Bg Afaliths ¢0$n r{gh%nded to be cut; said |aser
processi ng appar atu urt her i'S nce cal cul ati ans for

cal cul ating a diléts &Et Et?@f‘iﬁef@ﬁeps"ﬁ?’égl’rgg‘?]@ j ghchaying 2 phlse l‘f?tgé?gehtsdf her
accor di ndleispasdhi d |nputted magni t udes of frequency and speed; and di stance
di spl ay neans for di.s ing the d Sstanc | cu sai d di stapnce

cal cul ating neans S %1%& }&y mfg’é§‘ nb‘f‘l BEst Wzmﬁﬁtﬁapgql@g% STRIPRJeREs I??é of

cl ai ms 53cdneerghg the puise issemlight shuttedsframisaig laseahighthwwrcegush draechid pelsei n t he

size of  bdl iTRFULARG SRRl AF BBtk BY 1PRLR 1 SR PEACPRY (i IBRAGARYS, | 0

preparing nea
spots forpret thEwng S@Ei 1¢n$ |sclecta1gomga1whhaamg aﬂm’t@btoemleqt smongenluklity obe cut

accor di ngidi@ cbf\Rrging lenses, a plurality of optical systems including said light-converging

lenses having respective numerical apertures different from each other;

means for locating the light-converging point of the pulse laser light converged
by a light-converging lens chosen by said lens selecting means within an object to be
processed; and

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object;

said laser processing apparatus further comprising:

correlation storing means having stored therein a correlation between sizes of
numerical apertures of a plurality of optical systems including said light-converging
lenses and the size of modified spot;

size selecting means for choosing, according to a size of numerical aperture of
an optical system inctuding said chosen light-converging lens, a size of the modified spot
formed at said size of numerical aperture from said correlation storing means; and

size display means for displaying the size of modified spot chosen by said size
selecting means.

39. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 us or
less;

power adjusting means for adjusting the magnitude of power of pulse laser light
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size stored in said size storing neans and the di stance cal cul ated by said
di stance calculating nmeans; and 213 inege display neans for displaying the
i mge prepared by said inage preparing neans. 57. A |laser processing
apparatus conprising: a laser light source for emtting pulse | aser |ight
having a pulse wwdth of 1 gs or less; frequency adjusting neans for

adj usting the magnitude of a repetition frequency of the pulse |aser |ight
emtted fromsaid |aser |ight source; |ight-converging nmeans for converging

t he pUl S eelllﬁﬁ%g r (Jnll g.?iﬁ I%Qr tlé%g s&&r%na&%r&%(rjl%ns i ;lln%l#t%gt m?%{s.lfdg 10 I.'g?QVf% ?t sai d

pul se | aser ower g (Wcn)
at a li ghpulﬁﬁ)ln%f'érh@hfr;lg p0| nt thereof means for locating the |ight-converging

poi nt of the pyl ﬁ@g'c%ﬁ%rg ngqbﬁs %ﬁwgﬂgg RY paft Gasks ﬂgﬁt &ﬁﬁ\é&r gjfeans

wi t hin an obj ect esse Vi ng" means ative novi ng t he

i ght - con'#& digh tgwﬁ&ﬁerwclb'fhabiﬂl%aulﬁ%hﬁé@r light gmn%m{jpawr fensy ehyf wr&:h t he
obj ect i sx |109t@)wmﬁ) e lb@tiébﬁvdrginggbiﬁt MRIRE! ; V\/nerel n one nodified spot is
formed within saldodect%’ywralatln gJ %ect ith on Eulse of

pul se |aser |i gHMeRIGRE WEFtBReAGYSYNE means &ﬁta Justifge |SH‘§ IPRETIGR ARFTHC s ai d

obj ect ; amhnvdpa'bﬂlspstarnphundnhgtsgadmlfghsmrﬁe@cg lehestcspid Stoamanpatedsikcalfong sai d
line al on g the .object is intended to be cut within said object by

i rradiati ap(%t et with a plurality of pulses of pulse |aser |ight
whil e | ocati ng Théwms Ifmrglbtatmgrthehghtn@npcrgmg poiritoif the mﬁsajlasﬂmlght canvdrgeel at i vel y

movi ng th@é%@ﬁ%-&%ﬂv&gg WhsRO T aftbB %&tﬁ%e‘grdcegkt% r@”g whi ch the object is

I nt ended |'aser "processi ng appar urther conprising:
frequency cal cuneving gnasas fier reltivelal raening gl gla@@ovqigmg noantanf fulssutasesd

magni tUdellgﬂfalo%g%tlﬁ@%ﬁ)@%ﬂi’@ﬁ&e%ﬁéét ﬁQHﬂeﬁdéﬂC{o%B%ﬁn%Qidacﬂ)g&ft each other, the

magni t ude © repetltlon freq uencg h ul se | aser ht em tted from
said | aser I i ghthesginrene wedidied; pobis &?rﬁle@h‘ﬁﬁhm said object by irradiating said

object with one pulse of pulse laser light while locating the light-converging point within
said object;

said laser processing apparatus further comprising:

correlation storing means having stored therein a correlation between a set of
the magnitude of power of pulse laser light adjusted by said power adjusting means and
the size of numerical aperture adjusted by said numerical aperture adjusting means and
the size of modified spot;

size selecting means for choosing, according to said inputted magnitude of
power of pulse laser light and said inputted size of numerical aperture, a size of the
modified spot formed at said inputted magnitude and size; and

size display means for displaying the size of modified spot chosen by said size
selecting means.

40. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

power adjusting means for adjusting the magnitude of power of pulse laser light
emitted from said laser light source according to an inputted magnitude of power of
pulse laser light;

lens selecting means including a plurality of light-converging lenses for
converging the pulse laser light emitted from said laser light source such that said pulse
laser light attains a peak power density of at least 1 x 10® (W/ecm?) at a light-converging
point, said lens selecting means being adapted to select among a plurality of

light-converging lenses, a plurality of optical systems including said light-converging
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i nputted magni tude of distance between said nodified spots adjacent each

ot her; said frequency adjusting neans adjusting the magni tude of repetition
frequency of the pulse laser light emtted fromsaid | aser |ight source
such that the nmagnitude of frequency cal cul ated by said frequency
calculating neans is attained. 58. A |aser processing apparatus according to
claim57, conprising frequency display neans for displaying the magnitude
of frequency calculated by said frequency cal culating nmeans. 59. A |aser

processi n%{l?ﬁ%%%v@lgyésp&g{m luﬁ{eg?%l a%*e#t@%gdlf%erﬁ%?ho Ourﬁ% f9r emtting pul se

| aser lig avin S or Tess; | g’ht conver gi ng neans
for converging mh@Squn oeatingsthe llghtgfmlvetmltgtmtqu@hn pulbadlasdrdight canvgrgedsour ce

such that b??d)&lh?hktc%% ﬁfgrlehg Adkerth edmenesﬁs&hl DAY v&lfsmfaﬁx ikt B! €ast 1

X 108 (Wcnt t-convergi ng polnt t ere nmean ocatl ng the
l'i ght - conBr@F%ﬁS apdi nt of the pulse laser |ight converged by said

l'i ght - conver gi ﬁﬁoﬂﬁ%@ﬁeaﬁ& (731 ﬂ&la@%@%@ﬁhg [12 H@t%ﬁﬁ&@ﬁ@ Groiiof figseBagdds for

T al onbediaack s dgedebicf e ehidatenirbie be bt mrrsidatiodn] ect: and speed

?plj Esti ng manwﬁaélnMwﬁiodﬁ'g:dt é,pet ﬁﬁmhieddieltmfl ga@l abjeuebynmmgtlﬁgoegdf of . t he
i ght - conyer 0|n cau wher ei.n one ie

spot is f%l?fjﬁ% @i‘? 553?8 % ag%rtllgiywpﬂog&ﬁg?g”ﬁa h§g 80“"8{%‘%%?0% ‘f?}rﬂhane pul se

of pul se $adebett ght whi |l e locating the light-converging point within said

obj ect; and v\/nesra 1'3% Pg‘%ﬁ%éﬁlﬁé £P)sbapdft Hﬂ“g}%mpfgsﬁ’g spots are fornmed al ong said

l'ine along whi c ut within said object by
irradi ating sai @rr@lﬂn@ntstqmgnnaansmamm stergd dlferein|asessredtioputessednas 89t dfi ght

whil'e | OC%%'nﬁ‘%%ﬁtﬂ@e of ¥ cr GPPURE %s@ﬂh@ﬁ'aﬂﬁst‘éﬂ%? shid p%%de@ a@ﬁblﬁ’f%m@ﬁﬁ Jng! atively

moving the | t-convergi ng poi nt. along_ said I'ine alon the qgbject is
i nt ended %%esb@ fcemeniel qanealyess of o%e%é‘ﬁ%y Hpapsals SY%?r{lﬁe‘PCIéISWﬁr sadng speed

cal cul at i nght@aREging lenses and the size of modified spot;

size selecting means for choosing, according to said inputted magnitude of
power of pulse laser light and the size of numerical aperture of an optical system
including said chosen light-converging lens, a size of the modified spot formed at said
magnitude and size; and

size display means for displaying the size of modified spot chosen by said size
selecting means.

41. A laser processing apparatus according to one of claims 36 to 40,
comprising:

image preparing means for preparing an image of modified spot having the size
selected by said size selecting means; and

image display means for displaying the image prepared by said image preparing
means.

42. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

power adjusting means for adjusting the magnitude of power of pulse laser light
emitted from said laser light source;

light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x 10 (W/cmz) at a light-converging point thereof;

means for locating the light-converging point of the pulse laser light converged

by said light-converging means within an object to be processed; and
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cal cul ating, according to an inputted nmagnitude of distance between said
nodi fi ed spots adjacent each other, the magnitude of relative noving speed
of the pulse laser light so as to attain thus inputted nagnitude of

di stance between said nodified spots adjacent each other; said speed

adj usting neans adjusting the magnitude of rel ative noving speed of the

| i ght-converging point of pulse |laser |ight caused by said novi ng neans such
that the magnitude of relative noving speed cal cul ated by said speed

| cul at d
Co clam 59, "canovihg mahl Belhuiy B0 évhe B iAASRALAR AR BEEDT 00
rel ative mﬁmggdwalmwmplaﬂwbwt §ant@ndesipi@éa C@Talll@aldalh]% means. 61. A

| aser processi nghapRagmRt Hs%dﬁ’féﬂpipbﬁ hﬁ”'%rrrﬁd'@ﬁl‘ﬁh Aaicg'asjeaouy GRadifingeShilit i Ng
pul se laser |ight having s or less; frequency adjusting

means f or ORGt ¥ g° tpﬁge rfﬁ“g?‘rllﬁeuﬁ’éero]ﬁgfé ‘?"]é‘fcf’elqcﬁtﬂ% S4liiébﬁli’é19€1§/ver%iflg PRE pul se
| aser |i gwithiakhidtedgkct;r om sal d I aser | i ght source; light- convergl ng neans for

converging the pulse |aser d fromsaid |aser |ight source such
that said pul sesa1da|§%errpchﬁfﬁn ﬂﬁ?f&“ﬁ SERIPOFE density of at least 1 215 x
101 (WcnR) at carielagibh- stmm@mgaang lmmlgt Stb]hbﬁl’ thefein meamselatdsn Ib@ﬁ;@dennglet he

l'i ght - cony Qi nt i ght _conv. d
| i ght- convegrgéurqg of %Vr‘{%r(\)/\n sleﬁlasgerr] 5%5 aed(il'ffﬁfd % P%‘g%rsa?é'%%nﬁ&e\éﬂ arﬁg%lﬁs for
relativel yzmﬁmo@ﬁtmepdu aidt - convergi ng point of pulse laser light along a

e al ong whi GlhwichealflhBheli HPURRAG, A80R o1 ol AoSaldpbberbaiaRd speed

adj usting neans for ve novi n%@ pee t he
| i ght - coniP®hcit FySPdet OI%mrg@dOﬂopuI%i%ernbghtrﬁjian@éﬁg forneaid size @S i ed

spot is f&{ﬁ%lowsgdﬂnglﬁ@&hgi object by irradiating said object with one pul se

of pul se | aser ht "whi].e | ocatin he |ight-caonver oint within said
obj gct and sa1 power adjusting means gad]tustel"ng thge magnitude o pog\]?vepl2 of pulse laser

light emitted from said laser light source such that the magnitude of power chosen by
said power selecting means is attained.

43, A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

a light-converging lens for converging the pulse laser light emitted from said
laser light source such that the pulse laser light attains a peak power density of at least 1
x 10® (W/cm®) at a light-converging point thereof;

numerical aperture adjusting means for adjusting the size of numerical aperture
of an optical system including said light-converging lens;

means for locating said light-converging point of the pulse laser light converged
by said light-converging lens within an object to be processed; and

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object;

said laser processing apparatus further comprising;

correlation storing means having stored therein a correlation between the size of
numerical aperture adjusted by said numerical aperture adjusting means and the size of
modified spot; and

numerical aperture selecting means for choosing, according to an inputted size

of modified spot, the size of numerical aperture adapted to form said inputted size;
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wherein a plurality of said nodified spots are fornmed al ong said |ine al ong
which the object is intended to be cut within said object by irradiating
said object with a plurality of pulses of pulse |aser light while |ocating
the light-converging point within said object and relatively noving the

| i ght-converging point along said |line along which the object is intended
to be cut; said | aser processing apparatus further conprising conbination
calculating neans for cal cul ating, according to an inputted magnitude of

the magni tude ohicstricTPGick AR RENARMinE AL AThm AR L0 Pom
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said lasey light source such that the nmagnitude of ~frequency calcul ated by

sai d conb®¥ation cal cul ati ng nmeans is attained; said speed adjusting neans
adj usting the rla:gmlséludalgofmeraﬁé ahtluemgnaum@aﬁgeeﬁ 1¢ght cbherging hleng@niker gi ng

f | | h d.b d.
oot t udeS SEmENRE balsk Sk GO SRy P i e A CERAR B g Al
cal cul at i faspriighhattaiss a peakgioned deibity ofat asrl pﬂ@dé@&nﬁgataqapgnabmrgimgor di ng
to claimgl, ﬁ%ﬁ%f'sﬁid‘ﬂmg'séﬁlz% m’é%?s”ﬁelflg dﬂit@eeog¥%gcﬁch1?&g’?%glrﬁlﬂg%éof

frequency and na Hitude Irve
conbi nat i bght@anwglagﬁwgsemnhlralss ofmpnaaieswstpmece@gﬁhng sa;dpleghitcagwamer ding to

one of cl@haR hadink Pes gotlve‘ﬂ‘ﬁﬁfeﬁbﬁl ehid§ @lictht RbmsaicH oﬂﬁf’“ fied spots forned

along said line a on which the object _is intended to be cut wthin said
obj ect define dNFREgifPs l@gat}r@éhghg taﬁ?(‘}VWgélnglPtéﬁlﬂbe Pﬂﬂﬁﬁ s dighbegmygraedc| udes

at | east py&i@figt-condErlsingBehPehosbiLhsad Fehb s€leale héand SALiRhedb cf‘éttttblb@ sai d
obj ect, a nnl%%ﬂaﬁ%ocessed region which is nelted within said object, and a

refract i VO ange region where refractive index is changed
moving means for relatively moving the light-converging point of pulse laser

light along a line along which the object is intended to be cut in said object;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object;

said laser processing apparatus further comprising:

correlation storing means having stored therein a correlation between sizes of
numerical apertures of said plurality of light-converging lenses and the size of modified
spot; and

numerical aperture selecting means for choosing, according to an inputted size
of modified spot, a size of numerical aperture adapted to form said inputted size;

said lens selecting means selecting among said plurality of light-converging
lenses such that the size of numerical aperture chosen by said numerical aperture
selecting means is attained.

45. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

power adjusting means for adjusting the magnitude of power of pulse laser light
emitted from said laser light source;

a light-converging lens for converging the pulse laser light emitted from said

laser light source such that said pulse laser light attains a peak power density of at least 1
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Wi thin said object. 64. A |aser processing nmethod conprising: a step of

I rradi ating an object to be processed with laser light while locating a

| i ght -convergi ng point of laser light within said object, so as to forma
nodi fied region caused by multi photon absorption within said object along a
| ine al ong which the object is intended to be cut in said object, and
changi ng the position of the |ight-converging point of laser light in a

di rection i ncidence of the laser light irradiating said object with

respect tQ, za{vgl/cg_ﬁ; %fahle%h?gpg‘?erélﬁgpéﬂfmef’eo lurality of said nodified regions

al i gning WI eac di rec ion of incidence. 65. A |aser
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| i ght - conelgeagiwith qpeipntse of plilas Bserllighhwhile tdsatmgsthe di gbisjensergimgigointavittindi t i on
with a peg ﬁilﬂ&%ﬁr density of at least 1 x 108 (WenR) at the

l'i ght-convergrng point and a pulse width of 1 gs or less, so as to forma
modi fi ed regi orsai laser prasgssingamperstusdihey camprisiagal ong  whi ch the object s
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l'i ght - converglng 0|nt of [‘aser In a direction of incidence of the
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sald diregt o0 o Phoaldbd'spet 55

set selecting means for choosing, according to an inputted size of modified spot,
a set of the magnitude of power and size of numerical aperture adapted to form said
inputted size;

said power adjusting means and numerical aperture adjusting means adjusting
the magnitude of power of pulse laser light emitted from said laser light source and the
size of numerical aperture of the optical system including said light-converging lens such
that the magnitude of power and size of numerical aperture chosen by said set selecting
means are attained.

46. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

power adjusting means for adjusting the magnitude of power of pulse laser light
emitted from said laser light source;

lens selecting means including a plurality of light-converging lenses for
converging the pulse laser light emitted from said laser light source such that said pulse
laser light attains a peak power density of at least 1 x 10® (W/cm®) at a light-converging
point thereof, said lens selecting means being adapted to select among said plurality of
light-converging lenses, a plurality of optical systems including said light-converging
lenses having respective numerical apertures different from each other;

means for locating the light-converging point of the pulse laser light converged
by said light-converging lens chosen by said lens selecting means within an object to be

209



67. A laser processing nethod according to one of clains 64 to 66, wherein
said plurality of nodified regions are fornmed successively fromthe side
farther froman entrance face of said object on which laser |ight
irradiating said object is incident. 68. A |laser processing nethod according
to one of clainms 64 to 67, wherein said nodified region includes at |east
one of a crack region where a crack is generated 217 within said object, a
nol ten processed region which is nelted within said object, and a
refract|v§7b£g§ga&?ange region where refractive index is changed w thin said
obj ect. aser processing nethod conprising a step of irradiating an
object to be gn@‘dégmnwfqrrfefjaay@lw moyjng thenkghigRneerggarointi ofipulsenieseance face

of said oRifalondille aldntgqﬁhbmet ?zc{ 139&%11&@1%%%1&9 sﬁﬂ'd%ec?«t a position
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modi fi ed dslggitamlwohalpmsaad W08 Reér BgRnghike ldchen@kaadigicetversifg QjeCt | S
i nt ended t be. Cg’ﬂer‘fl n said object. 70. A laser processing nethod according

to clai m¥gy n\ﬁ/ﬁlélr bsaid entrance face is formed with at |east one of an
el ectronic devmeiMpmeﬁi@appeﬂelspfatth@rcnmpﬁENgMer ein the |ight-converging

poi nt of Taser Ji gk (i AdlbahLng 1308 ShLEGlerdiR o LRERLEN v BaPoskidron

cl oser to said entrance KITesS position™in said
t hi cknessthdimagoittudenof power af pulse iasmlwlegéjrustgd bﬁtsmddnowrrpdjustmwnealsfand st step

of 'rrad'ﬁiésr}grﬁlﬂleﬁghl%telf'tﬁl%ﬁ%? sﬂﬁgﬁﬁﬁ?g Mﬁlbﬁl i g%n%'léﬁg&smﬂh@s AGting a

| i ght-converging point o ject, so as to form
a first modiedsepti ¥ on caused by mul ti photon absorption within said obj ect

along a first |deﬂ&lecﬁh?ﬂ&aﬁWfo@bhé&ﬁlgOQdc%ﬁim%ﬁ) dnrihﬁmmde%f%&ﬁ@d dpbt,sai d
obj ect; and a second s ter said first st Sai.d obj ect

irradjgtin
with | aset SHi9| ¢ RHEnEudq aﬁawwg ¥eg p va%(m}épgﬁtwa apiad to form, s i ght
at a p05|iﬁlp@ufedjgliefmrﬁrghldfcbﬁmatlbﬁastohnghrea@@nvergl ng p0| nt of laser light in
said first step d?theg(tijhlckness dir wi thin said

obj ect . 20 as 8 ST R are 1 sflB et el a8 the Metnilie

power of pulse laser light emitted from said laser light source and selecting among said
plurality of light-converging lenses so as to attain the power and size of numerical
aperture chosen by said set selecting means.

47. A laser processing apparatus according to claim 42, comprising display
means for displaying the magnitude of power chosen by said power selecting means.

48. A laser processing apparatus according to claim 43 or 44, comprising
display means for displaying the size of numerical aperture chosen by said numerical
aperture selecting means,

49. A laser processing apparatus according to claim 45 or 46, comprising
display means for displaying the magnitude of power and the size of numerical aperture
in the set chosen by said set selecting means.

50. A laser processing apparatus according to one of claims 36 to 49,
wherein a plurality of said modified spots formed along a line along which the object is
intended to be cut within said object define a modified region;

said modified region including at least one of a crack region where a crack 1s
generated within said object, a molten processed region which is melted within said
object, and a refractive index change region where refractive index is changed within
said object.

51. A laser processing method comprising:

a first step of irradiating an object to be processed with pulse laser light while
locating a light-converging point of the pulse laser light within said object, so as to form
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absorption extending along a second |ine along which the object is intended
to be cut and three-dinensionally crossing said first nodified region
within said object. 72. A | aser processing nmethod according to claim 71,
wherein said second nodified region is formed closer to the laser |ight
entrance face of said object than is said first nodified region. 73. A

| aser processing nmethod according to one of clains 69 to 72, wherein said
object is irradiated with laser |light under a condition with a peak power
density of at least 1 X 108 (WcnR) at the |light-converging point of |aser

el ud; ng: oe o iethiEein st by Bl Ton Ao & b b P et hog
accor di ngh‘ieo"‘(i B‘Fﬁg‘fea?%dr%“ @‘nfeﬁaqdzto th‘Fé‘FE’isr?I éﬁ?cﬂi 58"2]1 ect is irradiated with
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one of cl | r l'i ght
under a clgl?\ te(?gr%[l& ‘{aﬁsedlﬁ;}? Eh 8\?\%?1 Oq-gdl(&% (hit S%lird ﬂ%i %Bﬁggl &(g)élh?\a;cnﬂ) at
the 1i ghtaléléﬁwb!cbmtgotp@ﬂmmtﬁn@@@é?e quit ghgai @hjefé pul se width of 1 ns or

| ess, so as to {porm 3@1agerrg;gégsglﬁgn{e%d%rd ﬁgﬂngdl ng a ref ract | ve | ndex change
region which is_a regigon wth a chan efr ctive index, A | aser

processi ng met Holrshie of IrRsligtiesmeotygc %éq' he processed owtfrspu Wh@ﬁ@“. light ¥dilgst ment

of the pq%bﬁurfgra 19ghtlcb@vdrglggtpoﬁ@ef/ﬂ{eqmg 12et i n%th\fltHn@fézﬁﬂ objeahtso bs foa@tmt i ng
said obje udes;. .a | cul ?.tl ng step

t.hi ckne di rection .inc Ir

of det |y hTshRT e degiEn SHRER By SRR SOt s ePlegElogE &
li ght - conM&rzgmﬁywhmhme (ﬁhjedtasmtenﬁecgimtbeldut anhaaimbjg:ts@ndd obj ect as a distance
fromsaid entrapce .1 NSt | NgSal I.stance by
the refractive |“£r11€(‘iﬁlcen>l<(I onO ?%J%%b%gesaf&jg’bj% res %lgg?ats f%hq ase aﬁg
i rradi at |¢1glcshsx$tembpmdmdmg@ hghticoneagiog| lanse fatatoaveigingathei pse le¢rabighte
novenent tl
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cal cul ating step a second relati nove
aqt convergmg pomt of the pulse laser hght within said object, so as to form a second

modified region caused by multiphoton absorption within said object along a second line
along which the object is intended to be cut in said object.

53. A laser processing method comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

frequency adjusting means for adjusting the magnitude of a repetition frequency
of the pulse laser light emitted from said laser light source according to an inputted
magnitude of frequency;

light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x 10% (W/em?) at a light-converging point thereof;

means for locating the light-converging point of the pulse laser light converged
by said light-converging means within an object to be processed; and

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object;

wherein one modified spot is formed within said object to be processed by
irradiating said object with one pulse of pulse laser light while locating the
light-converging point within said object; and

wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating said object with a
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amount of said object in said thickness direction required for positioning
the |ight-converging point of laser light irradiating said object at said
entrance face; a first noving step of relatively noving said object in said
t hi ckness direction according to said data of second relative novenent
anount; and a second noving step of relatively noving said object in said

t hi ckness direction according to said data of first relative novenent
anount after said first noving step. 77. A laser processing apparatus

conpri si uraﬁty} aﬁﬁlﬁlsés' @Buls%olldﬁ&%gﬁ@(vhﬁmhgéahﬂg RUE S8- c|0ﬁ§é:f§1ng Bt WRmhno a
pul se w d s or |ess conver means r convergl Hg t he

pul se Ias%‘t‘d ijeﬁtagémlﬁtﬂw Py iRedhs Hehtrogayst mggmntémgc% kinaplemavhichi d pul se
| aser Iig#hteoajebabﬁlﬁelﬁleﬂeabeb@w\er den5|ty of at least 1 X 108 (WcnR2) at a

| i ght - conver gi ng. poi nt n;[ hsesr eof ; A ?B neans for relatively noving the
| i ght - conver gi rfgl BT RPTEF b’lﬁ@jé’aral ft ?rca H&8%ver ged by said
| i ght - conver gi nijstamenslailamg mehisnfor ableniptingiachistahes bbijreen saidsmiodifedded t o

be cut in é)%& é&?&c@&tealzl?o@l%r EJcB O%Sf?)%mdéhg@{ %?tﬂﬁef- %pfr?(ﬁlteﬁ{eh% qdata of a

first relative novenent anount ess direction
for |ocating thbsthaggrdispleminennys fog d;mpémngothedhstmeﬁlqu%@ by sejtdistansaver ged
by said | ighiaG@nNemei Ng means at a desirable position within said object,
said data of first reI ative mopvenent anount. bei ng obtained by defining t he
desirabl e posit3%n o laserresesping methadh CORWIIEWEr ance face where the pul se

| aser |ight enid &g 1fghosousa far bagthg gdife 1ak@highs Ravife a palse fadthaifd |@kjrect to
t he insi d]gft hereof and dividing said distance by the refractive index of

said object™w th respect to the pulse laser light emtted fromsaid |aser
l'ight source; didhtabrsteargiggmisans fdrosoneerggl tht ipniye dasen light emsied druin ssiat i ve

ovenent @EQLII %ht %furce sﬁclgth%Péa%: Eulsg' atsé}ehﬁp .Jht?au?seqs @eaﬂ'pro%%; Hﬁ?nsn t%%!t' legsii 1 for

| ocati ng converg I*aser converged by
sai d I|ghEEl@o&W@n‘g)ﬁqilnﬁéﬂsn‘eﬂfgmapdmeﬂter@ﬁ,ce face; and second movi ng neans

for relatively Aoiing: RaitheQRE REht-ddRvadidd fottUfMESSulse laser light converged

by said light-converging means within an object to be processed;

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object; and

speed adjusting means for adjusting the magnitude of relative moving speed of
the light-converging point of pulse laser light caused by said moving means according to
an inputted magnitude of speed;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object; and

wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating said object with a
plurality of pulses of pulse laser light while locating the light-converging point within
said object and relatively moving the light-converging point along said line along which
the object is intended to be cut;

said laser processing apparatus further comprising:

distance calculating means for calculating a distance between said modified
spots adjacent each other according to said inputted magnitude of speed; and

distance display means for displaying the distance calculated by said distance
calculating means.

55. A laser processing method comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 us or
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direction according to said data of first relative novenent anmount stored by
said storing neans and said data of second rel ative novenent anount

cal cul ated by said calculating neans. 78. A |aser processing apparatus
conprising: a laser light source for emtting pul se laser |ight having a
pul se wdth of 1 gs or less; |ight-converging nmeans for converging the pul se
| aser light emtted fromsaid |aser |light source such that said pul se | aser
light attains a peak power density of at least 1 X 108 (WcnR) at a
Iight-con%g,ging poi nt thereof; nmeans for |ocating the |Iight-converging
poi nt of pulse laser light emtted from said |aser light source within an
obj ect to be pritcespencyrd usting mehns foaddjustingibe magnipuisiafiagepeatition ifighuencpnver gi ng
poi nt of | I n saj, o i ' ans
R n e R R B AR T B el Povi ng
the |ightMagntrde §f H§YSHFYit of pul se laser light along a line al ong which

the object is ilfgheoeRersifg PRafd forl ddnSeitheQRE Qtlse 145¢P light emitted from said

laser light source such that said pulse laser light attains a peak power density of at least 1
x 10° (W/em?) at a light-converging point thereof;,

means for locating the light-converging point of the pulse laser light converged
by said light-converging means within an object to be processed;

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object; and

speed adjusting means for adjusting the magnitude of relative moving speed of
the light-converging point of pulse laser light caused by said moving means according to
an inputted magnitude of speed;

wherein one modified spot is formed within said object to be processed by
irradiating said object with one pulse of pulse laser light while locating the
light-converging point within said object; and

wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating said object with a
plurality of pulses of pulse laser light while locating the light-converging point within
said object and relatively moving the light-converging point along said line along which
the object is intended to be cut;

said laser processing apparatus further comprising;

distance calculating means for calculating a distance between said modified
spots adjacent each other according to said inputted magnitudes of frequency and speed,;
and

distance display means for displaying the distance calculated by said distance
calculating means.

56. A laser processing apparatus according to one of claims 53 to 55,
comprising:

size storing means having stored therein the size of said modified spot formed
by said laser processing apparatus;

image preparing means for preparing an image of a plurality of said modified
spots formed along said line along which the object is intended to be cut according to the
size stored in said size storing means and the distance calculated by said distance

calculating means; and
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image display means for displaying the image prepared by said image preparing
means.

57. A laser processing apparatus comprising;

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

frequency adjusting means for adjusting the magnitude of a repetition frequency
of the pulse laser light emitted from said laser light source;

light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x1&(Wmm%maﬁgmumwmmgmMHmﬂmﬂ

means for locating the light-converging point of the pulse laser light converged
by said light-converging means within an object to be processed; and

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object; and

wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating said object with a
plurality of pulses of pulse laser light while locating the light-converging point within
said object and relatively moving the light-converging point along said line along which
the object is intended to be cut;

said laser processing apparatus further comprising:

frequency calculating means for calculating, according to an inputted magnitude
of distance between said modified spots adjacent each other, the magnitude of repetition
frequency of the pulse laser light emitted from said laser light source so as to attain thus
inputted magnitude of distance between said modified spots adjacent each other;

said frequency adjusting means adjusting the magnitude of repetition frequency
of the pulse laser light emitted from said laser light source such that the magnitude of
frequency calculated by said frequency calculating means is attained.

58. A laser processing apparatus according to claim 57, comprising
frequency display means for displaying the magnitude of frequency calculated by said
frequency calculating means.

59. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 us or

less;
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light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x 10® (W/cm?) at a light-converging point thereof;

means for locating the light-converging point of the pulse laser light converged
by said light-converging means within an object to be processed;

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object 1s intended to be cut in said object; and

speed adjusting means for adjusting the magnitude of relative moving speed of
the light-converging point caused by said moving means;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object; and

wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating said object with a
plurality of pulses of pulse laser light while locating the light-converging point within
said object and relatively moving the light-converging point along said line along which
the object is intended to be cut;

said laser processing apparatus further comprising speed calculating means for
calculating, according to an inputted magnitude of distance between said modified spots
adjacent each other, the magnitude of relative moving speed of the pulse laser light so as
to attain thus inputted magnitude of distance between said modified spots adjacent each
other;

said speed adjusting means adjusting the magnitude of relative moving speed of
the light-converging point of pulse laser light caused by said moving means such that the
magnitude of relative moving speed calculated by said speed calculating means is
attained.

60, A laser processing apparatus according to claim 59, comprising speed
display means for displaying the magnitude of relative moving speed calculated by said
speed calculating means.

61. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 ps or
less;

frequency adjusting means for adjusting the magnitude of a repetition frequency
of the pulse laser light emitted from said laser light source;

light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
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x 10° (W/em?) at a light-converging point thereof;

means for locating the light-converging point of the pulse laser light converged
by said light-converging means within an object to be processed;

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object; and

speed adjusting means for adjusting the magnitude of relative moving speed of
the light-converging point caused by said moving means;

wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the light-converging point within
said object; and

wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating said object with a
plurality of pulses of pulse laser light while locating the light-converging point within
said object and relatively moving the light-converging point along said line along which
the object is intended to be cut;

said laser processing apparatus further comprising combination calculating
means for calculating, according to an inputted magnitude of distance between said
modified spots adjacent each other, a combination of the magnitude of repetition
frequency of the pulse laser light emitted from said laser light source and the magnitude
of relative moving speed of the light-converging point of pulse laser light caused by said
moving means so as to attain thus inputted magnitude of distance between said modified
spots adjacent each other;

said frequency adjusting means adjusting the magnitude of repetition frequency
of the pulse laser light emitted from said laser light source such that the magnitude of
frequency calculated by said combination calculating means is attained,

said speed adjusting means adjusting the magnitude of relative moving speed of
the light-converging point of pulse laser light caused by said moving means such that the
magnitude of relative moving speed calculated by said combination calculating means is
attained.

62. A laser processing apparatus according to claim 61, comprising display
means for displaying the magnitude of frequency and magnitude of relative moving
speed calculated by said combination calculating means.

63. A laser processing apparatus according to one of claims 53 to 62,
wherein a plurality of said modified spots formed along said line along which the object
is intended to be cut within said object define a modified region; and

wherein said modified region includes at least one of a crack region where a
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crack is generated within said object, a molten processed region which is melted within
said object, and a refractive index change region where refractive index is changed
within said object.

64. A laser processing method comprising:

a step of irradiating an object to be processed with laser light while locating a
light-converging point of laser light within said object, so as to form a modified region
caused by multiphoton absorption within said object along a line along which the object
is intended to be cut in said object, and

changing the position of the light-converging point of laser light in a direction
of incidence of the laser light irradiating said object with respect to said object, so as to
form a plurality of said modified regions aligning with each other along said direction of
incidence.

65. A laser processing method comprising:

a step of irradiating an object to be processed with laser light while locating a
light-converging point of laser light within said object, so as to form a modified region
within said object along a line along which the object is intended to be cut in said object,
and

changing the position of the light-converging point of laser light in a direction
of incidence of the laser light irradiating said object with respect to said object, so as to
form a plurality of said modified regions aligning with each other along said direction of
incidence.

66. A laser processing method comprising:

a step of irradiating an object to be processed with laser light while locating a
light-converging point of laser light within said object under a condition with a peak
power density of at least 1 x 10® (W/cm®) at the light-converging point and a pulse width
of 1 ps or less, so as to form a modified region within said object along a line along
which the object is intended to be cut in said object, and

changing the position of the light-converging point of laser light in a direction
of inctdence of the laser light irradiating said object with respect to said object, so as to
form a plurality of said modified regions aligning with each other along said direction of
incidence.

67. A laser processing method according to one of claims 64 to 66, wherein
said plurality of modified regions are formed successively from the side farther from an
entrance face of said object on which laser light irradiating said object is incident.

68. A laser processing method according to one of claims 64 to 67, wherein

said modified region includes at least one of a crack region where a crack is generated
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within said object, a molten processed region which is melted within said object, and a
refractive index change region where refractive index is changed within said object.

69. A laser processing method comprising a step of irradiating an object to
be processed with laser light through a laser light entrance face of said object while
locating the light-converging point at a position closer to or farther from said entrance
face than is a half thickness position in the thickness direction of said object, so as to
form a modified region within said object along a line along which the object is intended
to be cut in said object.

70. A laser processing method according to claim 69, wherein said
entrance face is formed with at least one of an electronic device and an electrode pattern;
and

wherein the light-converging point of laser light irradiating said object is
located at a position closer to said entrance face than is the half thickness position in said
thickness direction.

71. A laser processing method comprising:

a first step of irradiating an object to be processed with laser light while locating
a light-converging point of the laser light within said object, so as to form a first
modified region cansed by multiphoton absorption within said object along a first line
along which the object is intended to be cut in said object; and

a second step of irradiating, after said first step, said object with laser light while
locating the light-converging point of laser light at a position different from the
light-converging point of laser light in said first step in the thickness direction of said
object within said object, so as to form a second modified region caused by multiphoton
absorption extending along a second line along which the object is intended to be cut and
three-dimensionally crossing said first modified region within said object.

72. A laser processing method according to claim 71, wherein said second
modified region is formed closer to the laser light entrance face of said object than is said
first modified region.

73. A laser processing method according to one of claims 69 to 72, wherein
said object is irradiated with laser light under a condition with a peak power density of at
least 1 x 10® (W/cm®) at the light-converging point of laser light and a pulse width of 1 ps
or less, so as to form said modified region including a crack region within said object.

74. A laser processing method according to one of claims 69 to 72, wherein
said object is irradiated with laser light under a condition with a peak power density of at
least 1 x 10° (W/cmz) at the light-converging point of laser light and a pulse width of 1 ps
or less, so as to form said modified region including a molten processed region within
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said object.

75. A laser processing method according to one of claims 69 to 72, wherein
said object is irradiated with laser light under a condition with a peak power density of at
least 1 x 10* (W/cm?) at the light-converging point of laser light and a pulse width of 1 ns
or less, so as to form said modified region including a refractive index change region
which is a region with a changed refractive index.

76. A laser processing method according to one of claims 69 to 75, wherein
adjustment of the position of the light-converging point of laser light irradiating said
object in said thickness direction includes:

a first calculating step of defining a desirable position in said thickness direction
of the light-converging point of laser light irradiating said object as a distance from said
entrance face to the inside thereof and dividing said distance by the refractive index of
said object with respect to the laser light irradiating said object, so as to calculate data of
a first relative movement amount of said object in said thickness direction;

a second calculating step of calculating data of a second relative movement
amount of said object in said thickness direction required for positioning the
light-converging point of laser light irradiating said object at said entrance face;

a first moving step of relatively moving said object in said thickness direction
according to said data of second relative movement amount; and

a second moving step of relatively moving said object in said thickness
direction according to said data of first relative movement amount after said first moving
step.

77. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 us or
less;

light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x 10° (W/em?) at a light-converging point thereof;

first moving means for relatively moving the light-converging point of pulse
laser light converged by said light-converging means along a line along which the object
1s intended to be cut in an object to be processed;

storing means for storing data of a first relative movement amount of said object
in the thickness direction for locating the light-converging position of pulse laser light
converged by said light-converging means at a desirable position within said object, said
data of first refative movement amount being obtained by defining the desirable position

as a distance from the entrance face where the pulse laser light emitted from said laser
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light source enters said object to the inside thereof and dividing said distance by the
refractive index of said object with respect to the pulse laser light emitted from said laser
light source;

calculating means for calculating data of a second relative movement amount of
said object in the thickness direction required for locating the light-converging point of
the pulse laser light converged by said light-converging means at said entrance face; and

second moving means for relatively moving said object in said thickness
direction according to said data of first relative movement amount stored by said storing
means and said data of second relative movement amount calculated by said calculating
means.

78. A laser processing apparatus comprising:

a laser light source for emitting pulse laser light having a pulse width of 1 s or
less;

light-converging means for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power density of at least 1
x 10® (W/em?) at a light-converging point thereof;

means for locating the light-converging point of pulse laser light emitted from
said laser light source within an object to be processed;

means for adjusting the position of light-converging point of the pulse laser
light converged by said light-converging means within the thickness of said object; and

moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said object.
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