! - wavelength absorbed by the object, so 15 that melting upon heating proceeds due to the laser light

DESCRIPTION Laser Processing Method and Laser Processing Apparatus Technical Field The
present invention relates to laser processing 5 methods and laser processing apparatus used for
cutting objects to be processed such as semiconductor material substrates, piezoelectric material
substrates, and glass substrates. Background Art 10 One of laser applications is cutting. A typical
cutting process effected by laser is as follows: 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 a

absorption from the surface to rear face of the objggtter bearogessed 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.pai in 20 the: syrface okthembjecidobeseit. Pheretare iingh@ppse arhere the
object to be processed is a semiconductor wafer, semiconductor devices located near the

above-mentioned Tegibnaradngithedd formed in the surface of the semiconductor wafer might me
25 Known as examples of methods which can prevent the surface of the object to be processed frgm
melting are 1 laser-based B0ging Fr&thibds disefisedan JagamdsesP4gtentlaser processing

—

5 methods and laser processing apparatus used for cutting
objects to be processed such as semiconductor material
substrates, piezoelectric material substrates, and glass
substrates. |

<_ Background Art

10 One of laser applications is cutting. A typical
cuttlngprocésseffected%ylaserlsasfollows For example,
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 a wavelength absorbed by the object, so
15 that melting upon heating proceeds due to the laser light
absorption from the surface to rear face of the object to
be processed at the part to be cut, whereby the object to
be processed is cut. Howeﬁer;lthis method also melts

‘ surroundings of the region to become the cutting part in

20 the surface of the object to be cut. Therefore, in the case
where the object to be processed is a semiconductor wafer,

semiconductor devices located near the above-mentioned
region among those formed in the surface of the semiconductor
wafer might melt.

25 Known as examples of methods which can prevent the

surface of the object to be processed from melting are




Application Laid-Open No. 2000-219528 and Japanese Patent Application Laid-Open No.
2000-15467. In the cutting methods 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 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 those 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 semiconductor wafer, a
glass substrate forheexbwith adigdidcory stah dispéayhdeldce] ioicd gless substfafsfoemedReaitteah
electrode pattern in particular, semiconductor chips, liquid crystal display devices, or electrode
patterns may be damigedaiueas the PO prieddsaryfa@firédd. 9088, avsradenapeasendiglydd so high
in these cutting methods that the thermal damage imparted to the semiconductor chip and the like is
large. It is an obje®RITIRE pFesht ikddrtivAReprdVite 1488 HTdedingmetibds ARd RiseF pRdcessing

apparatus which 25 %enerate o unnecessary fractures in the surface of an (i)b'ect to he pr%cessed
c

and do not melt thBSUARLE. 2 1) TP RsBPBroteeding Methblt 1 Ba&drdaRce withan H3peREof the

present igvention %%r?erc.isce%g %tgppq_’focessed 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

( - When the thermal shock generated in the object to be
10 processed 1s large 1in the cutting methods of the
above-mentioned publications, unnecessary fractures such
as those 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,
aglasssubstrateformedwithaliquidcrystéldisplaydevice,
or a glass substrate formed with an electrode pattern in
< particular, semiconductor chips, liquid cfystal display
devices, or electrode patterns may be damaged due to the
20 unnecessary fractures. Also, average inputenergyis sohigh
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
laserpfocessingmethodsandlaserprocessingapparatuswhich

25 generate nounnecessary fractures in the surface of an object

to be processed and do not melt the surface.




irradiating an object to be processed with laser light with a light-converging point located therewithin,
so as to form 5 a modified region caused by multiphoton 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 method in accordance with this aspect of the present invention, the
obj ect to be 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 object can be cut. Hence, the object to be
processed 15 can be cut with a relgitigelyasraallforces vhenepyntehohkjech cartbe uhwihwith
generatingur.necessaryfractures deviating from the line along which the object is intended to be cut in
the surface of theabjezt Jdetlaser processinggasthodirvactardanceowjth ilsis s2kaspeep ofcthe
present invent ion locallygeneratesmultiphoton absorption within the object to be processed, thereby
forming amodified ¥&@ioR Stherefare, sk 4igHt S REraay @St d bythkasirrtadd ehthedbject to be
processed, whereby the surface of the object will not melt. Here, the 25 light-converging point refers

to the position whéré #5 laseP TYRE % demre§8d. TREFTHhE AIBRG vRcH thdobRetds 3 d to be

cut may be a line actu?{gigrawn on the surface c%r Wide ?ftthehobéect to]be cuttoravirtuakline. The
subject 8f (1) expRiMSFih thE foregdiyalsd Hotds (U~ t1Photon 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

becutintheobjecttobeprocessed,theobjecttobeprocessed
( ‘can be broken by a relatively small force so as tofbe‘cut._.

10 In the laser processingmethod in accordance with this aspect

of the present invention, the object 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 object can be cut. Hencé, the object to be processed

15 can be cut with a relativeiy small force, whereby the object

canbecutwithout generatingunnecessary fracturesdeviating

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

i in the surface of the object.

The laser processing method in accordance with this

20 aspectofthepreseﬁtinventionlocallygeneratesmultiphoton

absorptionwithin the object to be processed, thereby forming

amodifiedregion. Therefore,1aserlightishardlyabsorbed

by the surface of the object t§ be processed, whereby the

surface of the object will not melt. Herxe, the

25 light-converging point refers tothe positionwhere the laser

light is converged. The line along which the object is



to (6) which will be explained later. 5 The laserprocessingmethodinaccordancewithanaspect the
present invention comprises 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
108 (W/cm?2) and 10 a pulse width of 1 us or less at the light-converging point, so as to form a
modified region caused by multiphoton absorption within the object along a line along which the
object is intended to be cut in the object. The laser processing method in accordance with-this 15
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
108 (W/cm2) and a pulsedeidth ok psomlegsat the light-sonverging poivnTdrerefiers,ua POce
phenomenon known as optical damage caused by multiphoton absorption occurs within the object to
be processed. This ropticalidemade ifducgsithetmaldistertiort withinstheiotjeet! to be procébsed,
thereby forming a crack region within the object to be processed. The crack region is an example of
25 the above-menfisisEmbdified FegRrP Wheras) tHe Hieri proeessing meftod il décérddide with

this aspect of the 9 present invention enables laser_processing without generating melt or
unnecessary fractif@s bRViatig ot e 1R Ssmywhichidhe Dbfdct is intended to be cut in the

surface gf the object. An ezf’%rgelaesoef}%ergb ggtstlonbgemethod inaccordancewithanaspect

the present invention comprises a step of irradiating an
object to 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
10 a pulse width of 1 ps or less at the light-converging point,
so as to form a modified region caused by multiphoton
absorption within the object along a line along which the

object is intended to be cut in the object.
The laser processing method in accordance with this
15 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
ps or less at the light-converging point. Therefore, a
20 phenomenon known as optical damage caused by multiphoton
absorption occurs within the object to be processed. This
optical damage induces thermal distortion within the object
-to be processed, thereby forming a crack region within the
object to be processed. The crack region is an example of
25 the above-mentioned modified region, whereby the laser

processing method in accordance with this aspect of the



5 processed in this laser processing method is a member including glass. Here, the peak power
density refers to the electric field intensity of pulse laser light at the light-converging point. The laser
processing method in accordance with an aspect 10 the present invention comprises 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 108 (W/cm2) and a pulse width of 1 ps or
less at the light-converging point, 15 so as to form a modified region including a molten processed
region within the object along a line along which the object is 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 20 processed vyjthilaserlight with 2 light-conyergingspointlocated thesewithin,undey a gapdition
with a peak power density of at least | x 108 (W/cm2) and a pulse width of 1 us or less at the

light-converging poid, Ehareiarg. e tnside oh the-akisetta be processert isilaeallygheatas tye25
multiphoton absorption. This heating forms a molten processed region within the object to be

processed. The 5 moltenprecrssediregiotHs aniexanle of the:abevarmantipaed umodiiied-kegion,
whereby the laser processing method in accordance with this aspect of the present invention enables
Jaser processing withofié generatinghmelb o einhecesiaryeX frmptlee odevidtingdiom dhie lime afong
which the object :
5 processed in this laser processing method 1is a member
including glass. Here, the peak power density refers tothe
electric field intensity of pulse laser light at the
light~converging point.
( | The laserprocessingmethodinaccordancewithanaspect
10 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 ps or less at the light-converging pocint,
15 ' so as to form a modified region including a molten processed
region within the object along a line along which the object
is 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
20 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
ps or less at the light-converging point. Therefcre, the
inside of the object to be processed is locally heated by

25 multiphoton absorption.- This heating forms a molten

processed region within the object to be processed. The
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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 member including a semiconductor material. The laser processing
method in accordance with an aspect 10 of the present invention comprises 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 | x 108 (W/cm2) and a pulse width of 1 ns or less at
the light-converging point, 15 so as to form a modified 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 laser processing method in accordance with this 20
aspect of the presept inventionjiradiates an,ghigct to e paressed #ith Jaser IGtmith a oneq
light-converging point located therewithin under a condition with a peak power density of at least 1 x
- 108 (W/ecm2) and arpi4se yddih of 1 98 or [ass AL the highi-conyerging peint WWhen mudtiphotam 25
absorption is generated within the object to be processed with a very short pulse width as in this
aspect of the preseqit dpiryentien, theneneigy £agsed yf ruliphaier absprtiantis onot rapstosmed

into thermal energy, so that a permanent structural chance such as ionic valence change,
crystallization, or pokasizatignrorerstationy iswidiced:5 githarteiochjectewhereby arrefracthvsaingex
change region is formed. This refractive index change region is an example
5 fractures deviating from the line along which the object
is intended tobe cut in the surface of the object. Anexample
of the object to be processed in this laser processing method
i1s a member including a semiconductor material.
( ' The laserprocessingmethod inaccordancewithanaspect
10 of the present invention comprises a step of irradiating
an object to be processed with laser 1light 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 ns or less at the light-converging point,

so as to form a modified region including a refractive index

1=
n

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 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 108 (W/cm?) and a pulse width of 1

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

25 absorption is generated within the object to be processed

with a very short pulse width as in this aspect of the present



of the above-mentioned modified region, whereby 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 member
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
laser 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 pointef tases Jighhto bawe guchausagnibidentiiat nutplkeioahabsption casm occur.

Irradiating the object to be processed with a 25. light-converging point located therewithin can

encompass a caseotheredasefdighe émittecbframeanealasenbghiysousce thistcanveegedkard then the

object is irradiated with thus converged laser light with a light-converging point located therewithin, for
example. This corf/ergestiagerllight; theashy akiowing theselectre fisld intedsitycef laseh dighes at the
light-converging point to have such a magnitude that multiphoton absorption can occur. Irradiating the
object to be proceSsebiwith vization, or polarization orientation is induced
5 within the object, whereby a refractive index change region
is formed. Thisrefractive index change regionisanexample
of the above-mentioned modified region, whereby 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 1s a member
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 laser 1light. 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
point of laser 1ight to have such amagnitude that multiphoton
absorption can occur.

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




light-converging point 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 from
directions different from each other 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 absorption can occur. Hence, even
continuous wave laser light having an instantaneous power lower than that of pulse laser light can
form a modified region. The respective laser light beams emitted from a plurality of 20 laser light
sources may enter the object to be processed from the surface thereof. A plurality of laser light
sources may include a asee ighicsaunee taiamitiing lasgrlight ientering dhe ebjecttocbe pragessed
from the surface thereof, and a laser light source for emitting laser light entering 25 the object to be
processed from the seaicfage dthéesaf rAl phirvalityi atasdrilight sourcesmay inglode a lightagottce 8
section in which laser light sources are arranged in an array along a line along which the object is
intended to he cutt Misewedrt form, a plarligrefiigheconvBhgiag poimtealong thediae alonghwhich the
object is intended to be cut at 5 the same time, this being able to improve the processing speed. The
modified region is ¥fiePbyahoAnd Meidhjett /F beigtdcbasediretaive s Yheligtsednvadity point
of laser
5 at the light-converging point to have such a magnitude that
multiphoton absorption can occur.
Irradiating the object to be processed with a
light-converging point 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 1light at the
15 light-converging point to have such a magnitude that
multiphoton absorption can occur. Hence, even continuous
wave laser light having an instantaneous power lower than
(-f that of pulse laser light can form a modified region. The
respective laser light beams emitted from a plurality of
20 laser light sources may enter the object to be processed
fromthe surface thereof. Apluralityof laser light sources
may include a laser light source for emitting laser light
enteringtheobjecttobepuocessedfromthesurfacethéreof,
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 light sources may include a light source

e - S



light located within the object. Here, the above-mentioned 10 relative movement forms themodified
region within the object to be processed along a line along which the object is intended to be cut on
the surface of the object. The method may further comprise a cutting step of cutting the object to be
processed along the line along which 15 the object is intended to be cut. When the object to be
processed cannot be cut in the modified region forming step, the cutting step cuts the object. The
cutting step breaks C 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 he processed
without generating unnecessary fractures deviating from the line along which the object is intended to

be cut in the surfage ot thenobject Examples pfithg1objeshtockespieeessad At Members 2edpcluding
glass, piezoelectric material, and semiconductor material. Another example of the object to be

processed is 0 a mesierdransparentdadasernlight emeitted; Ehis laset precersing metbogs also
applicable to an object to be processed having a surface formed with an electronic device or
electrode pattern.lhesleetroficwtedce tefees oy Sofemicpnducton devigen gdisplant dewitersuch as
liquid crystal, a piezoelectric device, or the like. The laser processing method in accordance with an
aspect of the pre$ért inviention tentprises ahstep of irkadiating. & semiedaddctbp nizresal it laser

light with a . _ . .

5 the same time, thus being able to improve the processing
speed.

The modified region is formed by moving the object to
be processed relative to the light-converging point of laser
( light located within the object. Here, the above-mentioned

10 relativemovement forms themodified regionwithinthe object

tobeprocessedalongalinealongwhichtheobject is intended
to be cut on the surface of the object.

The method may further comprise a cutting step of
cutting the object tobe processed along the line along which

15 the object is intended to be cut. When the object to be

processed cannot be cut in themodified region forﬁing step,
the cutting step cuts the object. 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 processed 1s

-5



10 light-converging point located therewithin under a condition with a peak power density of at least 1
x 108 (W/cm2) and a pulse width of 1 ps 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 to be cut in
the semiconductormaterial . The laser processing 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 point located therewithin under a condition with a peak power density of 20 at least 1
x 108 (W/cm2) and a pulse width of 1 ps or less at the liaht-conversing point, so as to forma modified
region within the piezoelectric material along a line along which "the object is intended to be cut in the
piezoelectricmaterial. These methods enable laser cutting without gene_rating melt 25 or unnecessary

fractures deviatingFrohT e ine ZRRGRATER tthE Vbjett fEintetRied BhEtdRh thd Rdfadé 3Fthe

object 10 to be proceéssed for the same reason as that in the la err1 eprgcee‘,sing methggls %r(lj c%ordance
with the foregoing ggpecc?ss of'tfle rE)?esen invanfion: In et %81‘% oce éjlnﬁ?necfﬁgg ih-accordance with

an 5 aspect of the yresentJnvenuon, “%eaogi&c'ftaoc%e E&‘%?neteséewcﬁ . aé’%""%?% é‘ég'&‘%% fcoﬁ‘%%% with a

plurality of circuit sections, while a light-converging point of laser light is located In the inside of the

object to be processeddacing agap Jarmed Retweef adincert Ciciit seclions intbepiuratity 10 of
circuit sections. This can reliably cut the object to :
5 semiconductor device, adisplaydevice suchas liquidcrystal,
a piezoelectric device, or the like.
Thelaserprocessingmethodinaccordancewithanaspect
of the present invention comprises a step of irradiating
a semiconductor material with 1laser light with a
10 light-convergingpoint located therewithinunder 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,
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 point located
therewithin under a condition with a peék power density of
20 at least 1 x 10° (W/cmz) and a pulse width of 1 ps or less
atthelight-convérgingpoint,soas1x>fonnamodifiedregion
within the piezoelectric material along a line along which
theobjectis intendedtobecut inthepiezoelectricmaterial.
These methods enable laser cutting without generating melt

25 or unnecessary fractures deviating from the line along which

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

10



beprocessedat thepositionof the gap formedbetween adjacent circuit sections. The laser processing
method in accordance with an aspect of the present invention 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. The laser
processing method in accordance with an aspect 20 the present invention comprises a step of
irradiating a semiconductor material with laser light with a light-converging point located within the
semiconductor material, so as to form a molten processed region only within the semiconductor
material along a ling a long which the %bjﬁ(:t 25 js intended to be cut in the semjcon uctolr material.

a

The laser processi%a nl’?gth%ﬁ% Eteete] gé V\ﬁfheth%ag‘fpe’i? BPOL fhie pregéntiRvénton érdbles laser

processing witout, Geneleling unSerssa aglures I ie-sudage i onlegt I e rggegsed and

without melting the surface dué e Same reasons as mentioned above.

region 5 may be caysed,hy rpygigggpniqpﬁé)mq%jqr other reasons. (2) The laser processing method
in accordance with an aspect of the present invention comprises a step of irradiating an object to be

processed with laser light speht thatia ight-ganwesging Rointefasen Hohtellipticaly d .pelarized with
an ellipticity of other than 1 is located within the object to be processed while the major axis of
5 aspect of the present invention, the object to be processed
mayhaveasurface formedwithapluralityofcircuitsections,
while a light-converging point of laser light is located
in the inside of the object to be processed facing a gap
( { formed between adjacent circuit sections in the plurality
10 of circuit sections. This can reliably cut the object to
beprocessedat thepositionofthegap formedbetweenadjacent
circuit sections.
The laserprocessingmethod inaccordancewithanaspect
of the present invention 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.
- The laserprocessingmethodinaccordancewithanaspect
20 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
thesemicondbctormaterialalongalinealongwhichtheobject

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

laser processing method in accordance with this aspect of



an ellipse indicative of the elliptical polarization of the laser light extends along a line along which the
object is intended to be cut, so as to form a modified region caused 15 by multiphoton absorption
along the line along which the object is intended to be cut within the object tobe processed. The laser
processing method in accordance with this aspect of the present invention forms a modified region by
irradiating the object to be processed with laser light such 20 that the major axis of an ellipse
indicative of the elliptical 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 region is accelerated in the major axis
direction of anellipsér éndicativeraf thenellipticad polarizations(i_kasthe 12 directiomig which the
deviation in polarization is strong) Therefore, when a modified region is formed by irradiating the
object to be processsulewit fasemlight sacls drat thes atajoeaxis directonr 68 the @flipbe widicative of the
5 elliptical polarization extends along the line along which the object is intended to be cut in the object
to be processed, the rBdificdcegftrerteAdmgtaiond the lihé ok wHith fthe D& i5idiRied to be
cut can be formed efficiently. ~. Therefore, the laser processing method in accordance with 10 this

aspect of the pres&RfTRVERBBACAA T8V B DRIERYE.Ing IHESBCIF RS BRREEHDSHE Fro’ts8ed. Also,

the lasersorocessﬂ%g‘%@o%énueslce:%org?nr%%thltlhphoton absorption or other reasons.

(2) The laser processing method in accordance with
an aspect of the present invention comprises a step of
irradiating an object to be processed with laser light such

(‘{ that a light-converging point of laser light elliptically
10 polarized with an ellipticity of other than 1 is located
within the object to be processed while the major axis of

an ellipse indicative of the elliptical polarization of the

laser light extends along a liﬁe along which the object is

intended to be cut, so as to form a modified region caused

15 by multiphoton absorption along the line along which the
object is intendedtobecutwithinthe object tobe processed.

The laser processing method in accordance with this

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

20 that themajor axisof anellipseindicative 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 regionisacceleratedinthemajor axisdirectionofanellipse

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

12




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 object to be processed precisely along the line along which the object is intended to be cut. C
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 is smaller, the forming of modified region is accelerated in the
direction extending along the line along which the object is intended to be cut but-suppressed in the
other directions. The ellipticity 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

The laser processigraehog-in acqerdanes,withean asnest 0f heresentinventiansgarmpyses a step
of irradiating an object to be processed with laser light such that a light-converging point of laser light

ellipticallypolarized hewithran elliptigiéy: of qiberithasd is éacated Vet the DObjoct torbe psecessed while
the major axis of an ellipse indicative of the elliptical polarization of the laser light extends along a line
along which the objeet ishntentded 4o blee puburdersadcendition avdthra peak posver ldensiy dffat 10 least
1 x 108 (W/cmz) and a pulse width of 1 ps or less at the light-converging point, so as to form a
modified region ifidifig & Siatk Padies bicny thd line@orsg Whithethé bdjece tis inerrled td de cut
within the object to be processed. ,
5 elliptical polarization extends along the line along which
the object is intended tobe cut in the object to be processed,
the modified region extending along the line along which
the object is intended to be cut can be formed efficiently.
( E 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 object tobe processed precisely along
the line along which the object is intended to be cut.
(i’ 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 is smaller, the forming
of modified reqgion is accelerated in the direction extending
along the line along which the object is intended to be cut
but suppressed in the other directions. The ellipticitycan
be determined in view of the thickness, material, and the

25 like of the object to be processed. Linear polarizationis

elliptical polarization with an ellipticity of zero.

13



The laser processing method in accordance with this 15 aspect of the present invention irradiates the
object to 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
object to be processed, thus 20 making it possible to form the modified region efficiently and cut the
object 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. 25 The laser
processing method in accordance with an aspect of the present invention comprises a step of
irradiating 11 an object to be processed with laser light such that a light-converging point of laser light

elliptically polarized with anedlipdeityraf ptherdban d s locatedriviibibthes obieat toneerpregessed while
the major axis of an ellipse 5 indicative of the elliptical polarization of the laser light extends along the
line along which thefobjéct ipinterded ifoke cut ondercanpariditan withteepealkt pawes dérsitynof at
least 1 x 10e (W/cm2) and a pulse width of 1 ps or less at the light-converging point, so as to forma
modified region 10ancloding @atmbkenisrocessedsegidnyaldriy the dine alora) whichcihe bibject és
intended to be cut within the object to be processed. The laser processing method in accordance with
this aspect of the pAesRht AVBHES P iagiafd the bBjeeetp L ight ellipticallypolarized

5 with an ellipticity of other than 1 is located within the
object to be processed while the major axis of an ellipse -
indicativeof‘theellipticalpolarizatimqoftheiaserlight
extends along a line along which the object 1s 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
includingacrack regionalong the line alongwhich 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
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 object to be processed, thus
20 making it possible to form the modified region efficiently
and cut the object 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.
25 The laserprocessingmethodinaccordancewithanaspect

of the present invention comprises a step of irradiating

14




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
object to be processed, thus making it possible to form the modified region efficiently 20 and cut the
object 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. The laser
processing method in accordance with an aspect 25 of the present invention comprises a step of
irradiating an object to be processed with laser light such thata 15
light-convergingpointoflaserlightellipticallypolarized with an ellipticity of other than 1 is located within
the object to be progessedadiletbe majos pxiseafsatelipse indieativelofdhe eliptical pakarization of
the laser light 5 extends along a line along which the object is intended to he cut under a condition
with a peak power Uepbity-afcatvieagt. b x 108{(WWédni2)sand la phise Widthtaf dadsl grdessati tleal
light-converging point, so as to form a modified region including a refractive index change region
which is a region 19iith achahdes tefeadtivedhidek wthirt firnoBjetsalohged didewaldhg wHittethe
object is intended to be cut in the object. The laser processing method in accordance with this aspect
of the present invePRarR ffadifte3thBEBFEE 86 ALY Bé broltdsatpiidy |asel ight sdéh tiat 1R Fnajor

axis of
indicative of theelliptical polarization of the laser light

extends along the 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?) and a pulse width of 1 ps or less
( | at thelight-convergingpoint, soas toformamodifiedregion
10 including a molten processed 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
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 object to be processed, thus
making it possible to form the modified region efficiently
20 . and cut the object precisely along the 1line 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.

The laserprocessingmethodinaccordancewithanaspect
25 of the present invention comprises a step of irradiating

an object to be processed with laser light such that a

15



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 object to be processed, thus making it possible to form the modified
region efficiently 20 and cut the object 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 employable in the laser processing methods in 25 accordance with the foregoing
aspects of the present invention are as follows: 16 Laser light having elliptical polarization with an
ellipticity of zero can be used. Linearly polarized light is obtained when theellipticity iszero. Linearly
polarized light can maximize the size of the modified region extending 5 along the line along which the
object is intended tbibghdut camdy mityinizertbérsizes inethemihertdirettiams: iidwe] elfipticityrafzedtiptically
polarized light can be adjusted by the angle of direction of a quarter-wave plate. When a
quarter-wave platevig tsednthe ellipicity tan befadjubted 1041y ¢harsgihgahé adgieisfdiredtion alone.
After the step of forming the modified region, the object to be processed may be irradiated with laser
light while the pol&2a@i6t of fader ligHOSTERRE B Bbdut "0 By 3alfwiavePlaf AAdd, @es the
step of forming 15 the modified region, the object to be processed may be irradiated with laser light
while the object to b@%&@e@%@ 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 10% (W/cm?®) and a pulse width of 1 ns or less at
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 along which the object 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
(‘ 1s intended to be cut in the object to be processed, thus
making it possible to form the modified region efficiently
20 and cut the object precisely along the line along which the
object is intended to be cut as inthe laser processing method
in accordance with the above-mentioned aspect of the present
invention.
Modes employable in the laser processing methods in

25 accordance with the foregoing: aSpecﬁs of the present

invention are as follows:
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is rotated by about 90 about the thickness direction of C the object to be processed. These can form
another modified region extending in a direction along the surface of the 20 object 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
laserprocessingmethod in accordance with an aspect 25 of the present invention comprises a step of
irradiating an object to be processed with laser light such that a 17 light-converging point of laser light
elliptically polarized with an ellipticity of other than 1 is located within the object to be processed while
the major axis of an ellipse indicative of the elliptical polarization of the laser light S extends along a
line along which the objectisFtendedtor be it sb &4 {0 Biitithe bbpsctad bedrécdssedtdlond the line
along which the object is intended to be cut. The laser processing method in accordance_ with this

aspect of the presént ivehtion fadités five %%fé& %0Y86Pe proceessd witrhesiiig stitthat the

major axis of the ellipse indicative of the ellip olarization of laser I| ht extends al the
along which the obieP 1 FATILHT b TR EhMESHE ASbEP R Ssed LTREBTIE BPSOEEE D be

processed can be ut ng_the line. alon which the object is intended to be cut, The
processing metho r?a%ccogrd)ance Wn}th%IS% %aspect‘ of?hfg%besenfp ne\f\/ent(llgneganogu E‘ r%S%acgto be

processed by makingdhe qiiectabsor) ong which the object is intended to be cut

and minimize the sizes in the other directions. The
ellipticity of elliptically polarized light can be adjusted
by the angle of direction of a quarter-wave plate. When a
( ! quarter-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 to be processed may be irradiated with laser light
while the polarization of laser light is rotated by about
90° by a half-wave plate. Also, 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 to be processed. These can form another modified
region extending in a direction along the surface of the

20 object 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.

Thelaser processingmethodinaccordancewithanaspect

25 of the present invention comprisés a step of irradiating

an object to be processed with laser light such that a
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laser light so as to melt the object upon heating. Also, the laser processing method in accordance with
this aspect 20 of the present invention may generate multiphotonabsorption by irradiating the object to
be processed with laser light, thereby forming a modified region within the object, and cut the object
while using the modified region as a starting point. 25 The laser processing apparatus in accordance
with an aspect of the present invention comprises a laser light source 18 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 the laser light source attain elliptical polarization with an ellipticity of other than 5 1; major ax|s
adjusting means for making a major axis of an ellipse indicative of the elliptical polarization of the
pulse laser light adji<I8dby-@VE Rsticy BALBHMRIMEaTS bkiand SlongP lifé hlohgnFER #8€ object
is intended to be cut in an object to be processed; Iight-converging_ means 10 for convergin%the ulse

laser light adjusted8y- thePfhafor! akik HefustingimeiRe Suth atthe ol Ss Riser gt Adins 4 peak

power density of at least 1 x 108 (W/cm2) at a light-converging point; means for locating the
light-converging p(§>| tjéiﬁﬁetp%@)e ESE 'ﬁﬁtsceo v”élf]gle?ae 15}%?/?}71 Jlffgﬁt-acéﬁﬁer% nga Boﬁﬂ%\fi%ﬁ the

object to be procef‘ﬁ%q;caékdg\%’%?gt@gf‘é‘glgo%ﬂce%'%“a‘.’Pt'éégggﬁzg%@e‘ic?'}g%tfcgﬂ‘éei%iB%P‘iiE‘&REp“' €

laser light along the line long whi ectis’in
5 extends along a line along which the object is intended to

be cut, so as to cut the object to be processed along the
line along which the object is intended to be cut.
The laser processing method in accordance with this
-
( l 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 polarization of
laser light extends along the line along which the object
isintendedtobecutintheobject tobe processed. Therefore,
the object to be processed can be cut along the line along
15 which the object is intended tobe cut. The laser processing
methodinaccordancewiththis aspect of the present invention
can cut the object to be processedbymaking the object absorb
<'ﬁl laser light so as to melt the object upon heating. Also,
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 object while using themodified region as a starting
point.
25 The laser processing apparatus in accordance with an

aspectof thepresent inventioncomprises a laser light scurce
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The laser processing apparatus in accordance with this 20 aspect of the present invention enables
laser cutting without generating melt or unnecessary fractures deviating from the line along which the
object 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-mentioned aspects of the present
invention. Also, it irradiates the object to be processed with laser light 19 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 object to be processed, thus making it possible to form the 5
modified region efficiently and cut the object precisely along the line along which the object is_intended

to be cut with the E2&r fotEEdiRG rMathdEs 1P 36dorddREwitA YA atfovidrheRtisheth Ssidets of the
present invention. Modes em onaﬂf,in the laser p ocessjn%a ﬁﬁagrat in 10 accordance \g/ith the

present invention &t 3& fOfs: Ry compride S0 Iotati adfBtRgPE S Aduh s 5 totte the

polarization of the J?lajlssgrlaSF{ Iig@t aer]Lisct(%% byFt?e IT(]elIigﬂceityla}_jd'és:[ing .m%z%nssbg/uz%%%ut a99t Algg), it
may comprise rotating means for ro?atlng a fjab e for mounting the object to be process‘e% y about

90 about a thickness 1ditgetien pfgag ghiect Thsse,canmakedhe maioraxis of shecsllinse ndicative of
the elliptical polarization of pulselaser light extend along another line along which the object is
intendeddo be cut whighhgxiends insa sireed@n ng means for making a major axis of
an ellipse indicative of the elliptical polarization of the
pulse laser light adjustedby theellipticity adjustingmeans
extend along a line along which the object is intended to
( | be cut in an object to be processed; light-converging means
10 for converging the pulse laser light adjusted 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 be cut.

The laser processing apparatus in accordance with this
20 aspect of the present inventionenables laser cuttingwithout
generating melt or unnecessary fractures deviating from the
line along which the object 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-mentioned aspects of the present invention. Also,

it irradiates the object to be processed with laser light
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20 along a surface of the object to be processed while extending in a direction 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 can be formed efficiently. 25 The
laser processing apparatus in accordance with an aspect of the present invention comprises a laser
light source 20 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 the laser 5 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 tke lirearHolanzasionadiusting meanssehe thet the: pulse laserilight aftainea peak
power density of 10 at least 1 x 108 (W/cm2) at a light-converging point; means for locating the
light-converging paiitlafiphe palsejaderr light tcoowergedliasthe lighticoneergingipoind waithirt He
objecttobeprocessed; and moving means for relative ly.moving the light-converging point of pulse
laser light along thé 118 lirkel alongwihiclh tHehebjebtiig driitended 1d bedeit The l2get plocessire
apparatus in accordance with this aspect of the present invention enables laser cutting without
generating melt or UPNBEEsSry FPaBttiRECESAStinG ofn Tek Iing dlbrigasiieh tRetshjéetm iénded to

be cutin the 20 surface of the object to be fprocessed for the same reason
modified region efficiently and cut the object precisely

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

with the laser processing methods in accordance with the

above-mentioned aspects of the present invention.

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

It may comprise 9Q° rotation adjusting means adapted
to rotate the polarization of the pulse laser light adjusted
by the ellipticity adjusting means by about 90°. Also, it
may comprise rotating means for rotating a table for mounting

15 the object to be processed by about 90° about a thickness
direction of the object. These can make the major axis of
the ellipse indicative of the elliptical polarization of

(ﬁ' 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 ocbject to be processed while extending
in adirection intersecting along the former line alengwhich
the object is intended to be cut. Therefore, fdr example,
respective modified regions extending along lines to be cut
in X-.and Y-axis directions can be formed efficiently.

25 The laser processing apparatus in accordance with an

aspect of thepresent inventioncomprisesalaser light source
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as that in the laser processing methods in accordance with the above-mentioned aspects of the
present invention. Also, as with the laser processing 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 it possible to form the modified 21 region efficiently
and cut the object precisely along the line along which the object is intended to be cut. (3) The laser
processing apparatus in accordance with an aspect of the present invention comprises a laser 5 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 the laser light source according
to an input of the niagniterdét ofipawvendfgrilde laser light hiightacohngrging uieansfod 4B cohvirging
the pulse laser light adjusted by the linear polarization adjusting means such that the pulse laser light
attains a peak powss densityesfat fast 1 }EGS(VWehi) Bt ot ight-cohveeging poia;rmeahs $6r
locating the light-converging point of the pulse laser light converged 15 by the light-converging means
within an object to3&) BEdcEaged MEr MoviEmeans IrTeldtively Aicvatg " lighcoRvéRsidy point
of pulse laser light along a line along which the object is intended to be cut in the object to be
processed; whereiR DHEhaaificd 2ot i§h6rmBd St Sothe 8Bje @13 beSstdce¥Be sy 1AaGating the
object tobe procepsed with one pulss of pulse aser ghtwhile 106 oy the obsect is
intended to Dbe cut in an object to be processed;
light-converging means for converging the pulse laser light
adjusted by the linear 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 tobe processed; andmovingmeans for relativelymoving
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 inventionenables laser cuttingwithout

generating melt or unnecessary fractures deviating from the

VN

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

20 surface of the object to be processed for the same reason
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as that in the laser processing methods in accordanc
the above-mentioned aspects of thepresent invention. Also,
as with the laser processing 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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the light-converging point within the object; the laser processing apparatus further comprising
correlation storing means having stored therein a correlation between the 25 magnitude of power of
pulse laser adjusted by the power adjusting means and the size of modified spot; size selecting 22
means for choosing, according to an inputted magnitude of power of pulse laser light, a size of the
modified spot formed at this magnitude of power from the correlation storing means; and size display
means for displaying the size of modified 5 spot chosen by the size selecting means. The inventor has
found that the modified spot can be controlled so as to become smaller and larger when the power of
pulse laser light is made lower and higher, respectively. The modified spot is a modified part formed

by one pulse 10 ofqudse laser fighti whersasad assemiheobpindiftehspets stormssa snedifing region.
Control of the modified spot size affects cutting of the object to be processed. Namely, the accuracy
in cutting the object io begroeessenatdong the dne @tangiwhichttbe dbjeatds tended 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 obj&cdt to IBprotessed having adarge thigkaess uen thre atioerttsmd; ¢he object
is hard to cut. The laser processing apparatus in accordance with this aspect of the present 20
invention can conttdl the aizeasmnedified spoe bp erifissiihgl theragpituders? hbars 6f pulse faser light.

Therefore, it can cut the object to be processed precisely along the line .
5 light source for emitting pulse laser light having a pulse

width of 1 pus or less; power adjusting means for adjusting
the magnitude of power of the pulse laser light emitted from
the laser light source according to an input of the magnitude
(f' 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/cm?) at
a light-converging point; means for locating the
light-converging point of the pulse 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 object is intended to be cut in the object
to be processed; wherein one 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 comprisingcorrelation storing
means having stored therein a correlation between the
25 magnitude of power of pulse laser adjusted by the ‘power

adjusting means and the size of modified spot; size selecting
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along which the object is intended to be cut, and can obtain a flat cross section. 25 The laser
processing apparatus in accordance with this aspect of the present invention also comprises
correlation 2 J storing means having stored therein a correlation between the magnitude of power of
pulse laser adjusted by the power adjusting means and the size of modified spot. According to an
_inputted magnitude of power of pulse laser light, the 5 size of modified spot formed at this magnitude of
power is chosen from the correlation storing means, and thus chosen size of modified spot is
displayed. Therefore, the size of modified spot formed at the magnitude of power of pulse laser light
fed into the laser processing apparatus can be seen 10 before laser processing. The laser processing

apparatus in accopdaies wityan a3ech §f thepresentigventian comprisesA jasgh lighiszowee for
emitting pulse laser light having a pulse width of 1 ps or less; a light-converging lens for converging

the pulse 15 lasergightenaitieshitem theslaserilight sosree ssieft thae edpulse despolighbattains a peak
power density of at least 1 x 108 (W/cm2) at a light-converging point; numerical aperture adjusting

means for adjustirzg:the szeof numedical f gperkeiref afcantopticalrsysiem including iheylighdrconverging
20 lens according to an inputted size of numerical aperture; means for locating the light-converging
point of the pulse daskslight cohgergey by aesliditicorvepdiny 1ems Withis g obfected bbigdcessed:;
and moving means for relatively
5 spot chosen by the size selecting means.
The inventor has found that the modified spot can be
controlled so as to become smaller and larger when the power
of pulse laser light is made lower and higher, respectively.
( The modified spot is a modified part formed by cne 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 to 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
(ﬂ 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 section.
25 The laser processing apparatus in accordance with this

aspect of the present invention also comprises correlation



moving the light-converging point 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 modified spot is formed 24 within 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
correlation 5 storing means having stored therein a correlation between the size of numerical aperture
adjusted by the power adjusting means and the size of modified spot; size selecting means for
choosing, according 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 displayirsg thei sizenafanedified spgt shogen bytike size selectingeietnenThe tmantor has
found that the modified spot can be controlled so as to become smaller and larger when the 15
numerical aperturetdfaheaspticabsisteh prehaiing thedibbe cohsenyiag Jerssisdnbretdreapergnd
smaller, respectively. Thus, the laser processing apparatus in accordance with this aspect of the
present invention c3#] eShtEIZhBSRRSofANEdfRE spot Byddjiisthgithedsizeet20 Mtaic Aperture
of the optical system including the Iéght-con,verging lens. The laser processing apparatus in

r

accordance with thi§ &bt e Fré M ivaTtion ake tomplisBs t5fteldtion! storfiy'med having

stored thgremacosr,rlelzaetloonfb%t(\)/\ldelepied spot formed at this magnitude of power is

chosen from the correlation storing means, and thus chosen
size of modified spot is displayed. Therefore, the size of
modified spot formed at themagnitude of power of pulse laser
light fed into the laser processing apparatus can e seen

10 before laser processing.
The laser processing apparatus in accordance with an
'aspectofthepresentinventioncomprisesalaserlightsource
for emitting pulse laser light having a pulse width of 1
us 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 numerical

—

aperture of anoptical systemincluding the light-converging
20 lens according to an inputted size of numerical aperture;
means for leocating 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 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

24



25 the size of numerical aperture and the size of modified spot. According to an inputted size of
numerical aperture, the 25 size of modified spot formed at this magnitude of power is chosen from
the correlation storing means, and thus chosen size of modified spot is displayed. Therefore, the size,
of modified spot formed at the size of numerical aperture fed 5 into the laser processing apparatus
can be seen before laser processing. The laser processing apparatus in accordance with an aspect
of the present invention comprises a laser light source for emitting pulse laser light having a pulse
width of 1 10 ps or less; and lens selecting means including a plurality of light-converging lenses for
converging the pulse laser light emitted from the laser light source such that the pulse laser light
attains a peak powét BBASIt} DEaP RERE T 70188 (WWeRSS 884 IJhtidoRetgind poitt) theleifs Selecting
15 means being adapted to select among a plurality of light-converging lenses, i plurality of o(_[ptical

~ systems including tffe R§hREGTRTGRT 18ASLs RAGnG Yesie @l RiteritaPSfertdr@s Wiffdreht from

each other; means.for_locating the light-converging point of the pulse laser light 20 conyerged by a
light-converging Ierl1§3 gﬁ(%slenngk%c/t?ﬁeJlgﬁshtsefe%tmgq SAns R/ﬂhﬂ]gaﬁlo }?elc? tlégb% SFO})%CS\éédgﬁ&ﬁd

moving means for sglallyely,nexing.the labigonvarangpainkal s asenlplialong adnealong
which the object is intended to be cut in the object to be processed; wherein 25 one modified spot is
formed within the abjegt {0 be¥resessRiing stored therein a correlation between
thesizeofnumerical aperture adjustedbythepower adjusting
means and the size of modified spot; size selecting means
for choosing, according 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
controlled so as to become smaller and larger when the
15 numerical 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

13

wQ

ht-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 thesizeofnumericalapertureandthesizebfnmdifiedspot.

According to an inputted size of numerical aperture, the

25



by irradiating the object to be processed with one pulse 26 of pulse laser light while locating the
light-converging point within the object; the laser processing apparatus further comprising correlation
storing means having stored therein a correlation between sizes of numerical apertures 5 of a plurality
of optical systems including the 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 including a chosen
light-converging lens, 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 laser processing apparatus in accordance with the present invention
can control the sizé bt enadifiee dpétl eb Asy, the wirdok imddifiet! Bpatfoirnde a the sy of Aumerical
aperture of the optical system including the chosen light-converging lens can be seen before laser
processing. The 153 PrOcdd<hiy BPpParssA abésrdarice Miifliafieapact BPthe PreSert §hRhtion
comprises a laser light source 20 for emitting pulse laser light having a pulse width of 1 !Is or less;
power adjusting means§ 8t alRtidg %ﬁ%ﬁ%i&]ﬂéj bFRLABREF pulsedasdight enifteti 757 the laser
light source according.tp an jnputted magnitude of power of pulse laser light;alight -converging lens

, ji5 LY fomtiie BAEP ; s

for converging the’ﬁﬁ i—'ﬁgselp I?g {Shiled ffom-the 1R3&FIGH: SoTHEE $Gén A teﬁteuﬁﬁlse laser light

attains aé)eak povgq{tdgncs!{tg Qfa%ter processing apparatus can be seen before laser

processing.
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
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/cm?) 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
locatingthe]jght-convergingpointbfthepmlselaserlight
20 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 along a line along which the object is
intended to be cut in the object to be processed; wherein
25 one modified spot is formed within the object to be processed

by irradiating the object to be processed with one pulse
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27 least 1 10e (W/cm2) at a light-converging point; numerical aperture adjusting means for adjusting
the size of numerical aperture of an optical system including the light-converging lens according to an
inputted size of numerical aperture; 5 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 along a line along which the object is
intended to be cut in the 10 object to be processed; wherein one modified spot is formed within 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 correladipn$sfaring gré%anpiggerwn%tpr%d thereinig gowrglation bepween v $@fiofghe
magnitude of power of pulse laser light adjusted by the power adjusting means and the size of

numerical aperture adjusted by ithe pumerealapertute, adjustirg means andithg sipe ot aragified spot;
size selecting means for choosing, 20 according to an inputted magnitude of power of pulse laser light
and an inputted siZe ot hemerwapaperiureg, @size 1efthe medified rspot damsetl a imes putted
magnitude and size; and size display means for displaying the size of modified spot chosen by the
size selecting mednse 2§ The |asar prdedssing apparsis $1 agsordamoangith ¢dis apgactwielse
present invention can combine power adjustment 28 :

5 of a plurality of optical systems including the
light-converging lenses and the sizé of modified spot; size
selectingmeans for choosing, according toasizeof numerical
aperture of an optical system 1including a chosen

( light-converging lens, 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 laser processing apparatus in accordance with the
present invention can control the size of modified spot.

15 Also, thesizeofmodified spot formedat thesizeof numerical
aperture of the optical system 1including the chosen
light-éonverging lens can be seen before laser processing.

( The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesalaser light source

20 for emitting pulse laser light having a pulse width of 1
psorless;poweradjustingmeansforadjustingthemagnitude
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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with numerical aperture adjustment, thus being able to increase the number of kinds of controllable
dimensions of modified spots. Also, for the same reason as that of the laser processing apparatus in
accordance with the present 5 invention, the size of modified spot can be seen before laser
processing The laser processing apparatus in accordance with an aspect of thepresent invention
comprises a laser light source for emitting pulse laser light having a pulse width of 1 10 ps or less;
power adjusting means for adjusting the magnitude of 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 from the
laser light source steh shaf thre Yliseidser’ light attding et peatopewer density of at teast T XCEOB
(W/cm’) at a light-converging point, the lens selecting means being ( adapted to select among a
plurality of light-coRvE§ingr ReRsEs] atplDkims vt dptienl Byt Meitbhg e 24 Ifgmﬁbbh%?ging
lenses having respective numerical apertures different from each other; means for locating the
light-converging pGiRESTHE PASLRSR TiYRE dotveiget 1By AYightediverbir lens THYeEAYYhe lens
selecting means within an object to be processed; and moving means for 25 rel tiveI% moving the

c
light-converging paifit'st IS FsaP dight afdhg BHHE Bi5hg Whict thd BB s anteHiiRb ” 59 be cut

|ntheobgth)be£g§§§sggiw ggggfwg'pﬁgﬁf¥ght—converging point of the pulse

laser light converged by the light-converging lens within
an object tc 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 the
10 object to be processed; wherein one modified spot is formed
within 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 correlation
15 storing means having stored therein a correlation between
a set of the magnitude of power'of.pulsé laser light adjusted
by thepower adjustingmeans andthe sizeof 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

aspectofthepmesentinventimncancombinepoweradjustment

28



spot is formed within the object to be processed by irradiating the object to he processed with one
pulse of pulse laser light while locating the light-converging point within the 5 object; the laser
processing apparatus further comprising correlation storing means having stored thereina correlation
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 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 spot formed at thus inputted magnitude and size; and size display means is for displaying the

size of modified sppf €HOSAMRY the-Size; selacting meaiss FREHE same keasen as thafief the laser

processing apparatus in accordance with the above-mentioned aspect of the present invention, the

laser processing apparatds in 2A ageertance withithissasgeeiefthe present invemionieais ingrease
the number of kinds of controllable dimensions of modified spots and can see the size of modified

spots before lasemprbCéssing sbloe laseriarecessing apparatasexpkasethinsthet 28 forefjoihg may

comprise image preparing means for preparing an image of modified spot having the size selegted by
the 30 size selectiipmeans carst priage dinpiaierneansfordisplayatty ehe ihhgépreparseby the
image pr5eparing means. This allows

invention, the size of modified spot can be seen before laser
processing.

The laser processing apparatus in accordance with an

aspectofthepresentinventioncomprisesalaserlightsource

for emitting pulse laser light having a pulse width of 1

10 ps or less; power adjusting means for adjusting the magnitude

of 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 108 (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 along which the object is intended to
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the formed modified spot to be grasped visually before laser processing. 5 The laser processing
apparatus in accordance with an aspect of thepresent invention comprises 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 r of power of pulse laser light emitted from the laser light 10 source; light-converging
means for converging the pulse laser light emitted from the laser light source such that the pulse
laser light attains a peak power density of at least 1 x 108 (W/cm2) at a light-converging point; means
for locating thelight -converging point of the pulse laser light converged 15 by the light-converging
means within an object to be processed; and moving means for relatively moving the light-converging
point of pulse lasepdightialong a lire célgrg thich ltke mbjets ssimtendetbtochier coh i thedabjeetdto be
processed; wherein one modified spot is formed within 20 the object to be processed by irradiating the
object to be processet with onegdilse of pulst dazger sight while focating sthie hightwcoadem)ing point
within the object; the laser processing apparatus further comprising correlation storing means having
stored therein a cérElafir Betivden the 25Ra§RiIRGTE BRAGWENSE Ritde Rasef ligitlafusted By the

power adjusting means and the size of modified spot; power selecting 31 means for choosing,
according to an inpuffed siZaiormbafighi 8ot %%b‘?\?fﬁdéfﬁ’ﬁS\ﬁ@ﬁBﬁpG@éqés&ll‘de Addpfed to
fonnﬂﬂ%s&eﬂon%g?g%¥§ﬂ%%¥1f%g@glE?%@%gggégwggparatus further comprising
correlationstoringmeanshavingstoredthereinacorrelatioh
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
i0 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 spot formed
at thus inputted magnitude and size; and size display means
15 for displaying the size of modified spot chosen by the size
selecting means.
For the same reason as that of the laser processing
(; apparatus in accordance with the above-mentioned aspect of
the present invention, the laser processing apparatus in
20 accordance with this aspect of the present invention can
increase the number of kinds of controllable dimensions of
modified spots and can see the size of modified spots before
laser processing.
The laser processing apparatus explained 1in the
25 foregoing may comprise image preparing means for preparing

an image of modified spot having the size selected by the
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adjusting means adjusting the magnitude of power of pulse 5 laser light emitted from the laser light
source such that the magnitude of power chosen by the power selecting means is attained. The laser
processing apparatus in accordance with this aspect of thepresentinvention comprises correlation
storing 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 storing means. The power adjusting
15 means adjusts the magnitude of power of pulse laser light emitted from the laser light source so as
to make it become the magnitude of power chosen by the power selecting means. C Therefore, a

modified spot haviig 25d8SitaIE STR REA bR Bftfiett™20 TR PRt HIbeaSsind Apharatain s
accordance with an,_aspect of the present invention comprises a laser light source_for emitting pulse
5eF TerBonvergih e pUG

laser light having & P&ISE RREPIEPARSST Rass € iRE BSREFGAG 18RI Eoriver se laser
light emitted from the laser light source such that 25 the pulse laser light attains a peak power density
of at least 1 x 108%?/62:%2 at arﬁaﬁﬁgéﬁ\/gersd?ﬁé p%?nq?%@rrr]grslgael%\égasﬁlear@r Sg(%ggﬁr?ger%\%grl{s for
adjusting the size 8@%‘&'@@@9@! aperture of an optical system including the light-converging lens
according to an inputted size of numerical aperture; means for locating the light-converging point of

the pulse The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser 1light source
for emitting pulse laser light having a pulse width of 1

ps or less; power adjusting means for adjusting the magnitude

AN

of power of pulse laser light emitted from the laser light
10 source; light-convergingmeans for convergingthepulselaser
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 péint of thepulse laser 1ight convéfged
15 by the 1light-converging means within' an object to be
processed; and moving means for relatively mov1ng the
light-converging point of pulse laser light alor_ng a line
along which the object is intended to be cut in the object
to be processed; wherein one modified spot is form“ed 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 correlation storing
means having stored therein a correlation between the
25 magnitude of power of pulse laser light adjusted by the power

adjustingmeans andthe sizeofmodifiedspot; power selecting
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5 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 along a line along 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 processed by irradiating the object to he processed with one pulse of pulse
laser light while locating the light-converging point within the object; the laser processing apparatus
further comprising correlation storing means having stored therein a correlation between 15 the size
of numerical aperture adjusted by the 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 nyBgHeak apertys adaptedde foum thys nprtied-size the numericabaq pperure
adjusting means adjusting the size of numerical aperture of the optical system including the

light-converging lensosychathad dha sizecofgrumperiea aperurechobesdyy thiegmunaerigat apettore
selecting means is attained. The laser processing apparatus in accordance with this 25 aspect of
thepresent inventid comyprises careefation stosing medrsthavingtsiotethtiverensthe siggoofveumerical
aperture 33 and the size of modified spot. According to an inputted size of modified spot, the size of
numerical apertur@ gdatedn® for@rthus dpLatebnslzé e cReseh frodethelcdrealiagon stBHAg heans.
TR el A A n g At o5 on T P O AsTere LMooy system
the magnitude of power chosen by the power selecting means
1s attained.
The laser processing apparatus in accordance with this
) | aspect of 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 storing means. The power ;djusting
15 means adjusts the magnitude of power of pulse laser light
emitted from the laser light source 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 of the present inventioncomprisesalaser light source
for emitting pulse laser light having a pulse width of 1
us or less; a light-converging lens for converging the pulse
laser light emitted from the laser light source such that

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

least 1 x 10® (W/cm?) at a light-converging point; numerical
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including the light-converging lens such that the size of numerical aperture chosen by the numerical
aperture selecting means is attained. Therefore, modified spots having a desirable size can be
formed. 10 The laser processing apparatus in accordance with an aspect of the present invention
comprises a laser light source for emitting pulse laser light having a pulse width of 1 ps or less; lens
selecting means including a plurality of light-converging lenses for converging the pulse laser light 15
emitted from the laser light source such that the pulse laser light attains a peak power density of at
least 1 x 108 (W/cm2) at a light-converging point, the lens selecting means being C adapted to select
among a plurality of light-converging lenses, a plurality of optical systems including the 20 .
light-converging lepsesriayirg Jespestive nuversat apertes diffesent &om aaelt otberk means for
locating the light-converging point of the pulse laser light converged by a light-converging lens
chosen by the lenszgetectingenefias withincan chjectda be processed;and inoving onsansofon 25
relatively moving the light-converging point of pulse laser light along a line along which the object is
intended to 39 be tetia the ©bjatt by beprecedsgn) Whetemiarme afodifiet spos is fapmeduwwiehin the
object to be processed by irradiating the object to be processed with one pulse of pulse laser light
while locating the ITh&esnferming paint Withif the 5BbjeGOMealagémsrdtessingPdpparatas ffrther

comprlsmg correlation storing means having stored thereln a correlation
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 along

a line along 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 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 correlation

storing means having stored therein a correlation between

15 the size of numerical aperture adjusted by the 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

N

aperture adapted to form thus inputted size; the numerical

290 aperture adjusting means adjusting the size of numerical

aperturecftheoptical systemincludingthelight-converging

lens such that the size of numerical aperture chosen by the
numerical aperture selecting means is 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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between sizes of numerical apertures of a plurality of light-converging lenses and the size of modified
spot; and numerical aperture selecting means for choosing, according 10 to an inputted size of
modified spot, a size of 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
chooses the size of numerical aperture adapted to form thus inputted size. The lens 20
selectingmean.sselects among aplurality oflight-converging lenses such that the size of numerical
aperture chosen by nttie: henzaricalaperidrefSelectipg tneans tsoatthinedt ol herefgremediied spots
having a desirable spots can be formed. 25 The laser processing apparatus in accordance with an
aspect of the preserit imeshitibhecbnsprises & lases light solircen85rfor @ittipng Ppulseelasee figletchaving a
pulse width of 1 ps or less; power adjusting means for adjusting the magnitude of power of pulse
laser light emitted Fon{ tweaserifghtnssireeda fighecemvergireans ¥eicdhrrgingthéePulsds laser
light emitted from the laser light source such that the pulse laser Ii%ht attains a peak power density of
at least 1 x 108 (Wir2" ai§Aféonverdify POME hitfddricgPerture adjusting means

5 adjusts the size of numerical aperture of the optical system
including the light-converging lens such that the size of
numerical aperturechosenbythenumerical aperture selecting
means 1s attained. Therefore, modified 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 a pulse width of 1

ps or less; lens selecting means including a plurality of
light-converging lenses for converging the pulse laser 1ight

15 emitted from the 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

Q ‘ 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 selectingmeans

within an object to be processed; and moving means for

25 relatively moving the light-converging point of pulse laser

light along a line along which the object is intended to




aperture adjusting means for adjusting the size of numerical aperture of an optical 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 along a line along which the object is
intended to 15 be cut in the object to be processed; wherein one modified spot is formed within the
object to be processed by irradiating the object to be processed with one pulse of pulse laser C light
while locating the light-converging point within the object; the laser processing apparatus further
comprising 20 correlation storing means havingstoredthereinacorrelation between a set of the
magnitude of powérenfopuiise tagdrdight jadjusted netiper powes adjusting meanandnthd sizecof
numerical aperture adjusted by the numerical aperture adjusting means and the size of modified spot;
and set selecting ragaisiferf 23 vlcbsiry) atddrding i ah irpotted: size of eddelifiet pdt,a &ised of the
magnitude of power and size of numerical aperture 36 adapted to form this size; the power adjusting
means and numefies apRIEFE adpiskisy Rieans SRfdstinttthe M&g MRS of poRet 8FpaiRéFdser light

emitted from the laser Jight spurce and the size of numerical aperture of the optical 5 system including
the Iight-convergir?gﬁgﬁgs‘ﬁgﬁ ﬁaﬁtﬂ‘éaﬁﬁ@ﬁitﬁ% &%éf%ﬁf@b’f%tﬁ%n%alwa]p@? e'dhdsen by

the set sglecting msans A aiaingd ASQISINg 18 1, inPulied sice of mOdiid,SRAL 18 5 ng

correlationstoringmeanshavingstoredthereinacorrelation
between sizes of numerical apertures of a plurality of
light-converging lenses and the size of modified spot; and
( numerical aperture selecting means for choosing, according
10 to an inputted size of modified spot, a size of 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 chooses the size of numerical
apérture adapted to form thus inputted size. The lens
20 selectingmeans selectsamongapluralityof light-converging

lenses such that the size of numerical aperture chosen by
the numerical aperture selecting means 1s attained.
Therefore, modified spots having & desirable spots can be
formed.

25 The laser processing apparatus in accordance with an

aspect of thepresent inventioncomprisesalaser light source
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laser processing apparatus in accordance with this aspect 10 of the present invention chooses a
combination of the magnitude of power and size of numerical aperture adapted to fcrmthus inputted
size from the correlation storing means. Then, it adjusts the magnitude of power of pulse laser light
and the size of numerical aperture of the optical system 15 including the light-converging lens so as to
attain the chosen magnitude of power and size of numerical aperture. Therefore, modified spots
having a desirable size can be formed. Also, since themagnitude of power and the size of numerical
aperture are combined together, the number of kinds of controllable 20 dimensions of modified spots
can be increased. The laser processing apparatus in accordance with an aspect of the present
invention compriseSca laset lightrspupeel $er dragting pulsse laserdight havipg bspulse avitithodf 1L ps or
less; power adjusting means for adjusting the magnitude 25 of power of pulse laser light emitted from
the laser light sourcedensesadecting eweads isdiuidingre ahedity of d3 7 Eghtrgohbvergingrenseifor
converging the pulse laser light emitted from the laser light source such that the pulse laser light
attains a peak powet deRisity of bt hedsta X 206 (W/EAD) &Md higieccdivetgirleepaint ahie 1644 Belecting
means being 5 adapted to select among a plurality of light-converging lenses, a plurality of optical

systems including FR¥ TigRt-céhvEtGinG TERBEHEARS respReive humBRtar ApBARUFSIREETT from
each other: means,for jocafing ihe & 19NtConyerging point of e Pyise.'age gt converasth .
the pulse laser light attains a peak power density of atA
least 1 x 10% (W/cm?) at a light-converging point; numerical
aperture adjusting means for adjusting the size of numerical
( aperture of anoptical systemincluding the light~coenverging
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 along a line along which the object is intended to
15 be cut in the object to be processed; wherein one modified
spotis 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
20 cprrelationstoringmeanshavingstoredthereinacorrelation
between a set of the magnitude of power of pulse laser light
adjustedbythepower adjustingmeans andthesizeof 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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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
along which the object is intended to be cut in the object to be processed; wherein one modified 15

. spot is formed within 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 correlation storing means having stored therein a correlation
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 gt gogied. #pet; And. setselesting meansdorshansing, acearding jn.ag putied

25 size of modified spot, a set of the magnitude of power and size of numerical aperture adapted to

form thus inputted 38.size fom ihe corelation;SIoHnNG e the Blusting rasans @ud lens
selecting means adjusting the magnitude of power of pulse laser light emitted from the laser light

source and selectifg pBoag iUkl of lighteonverpingienses & o amte adainherpawghand size
of numerical aperture chosen by the set selecting means. According to an inputted size of modified
spot, the laser progessing appdratieinsaceorddncaiwilr this Aspeeir o the préseheinventiare thooses
a combination of the 10 magnitude of power and size of numerical aperture adapted
5 system including the light-converging lens such that the
magnitude of power and size of numerical aperture chosen
by the set selecting means are attained.
Bccording to an inputted size of modified spot, the
laser processing apparatus in accordance with this aspect
10 of the present invention chooses a combination of the
magnitude of power and size of numerical aperture adapted
to formthus inputtedsize fromthe correlationstoringmeans.
Then, it adjusts the magnitude of power of pulse laser light
and the size of numerical aperture of the optical system
15 including thelight-converginglenssoastoattainthe chosen
magnitude of power andsizeof numerical aperture. Therefore,
modified spots having a desirable size can be formed. Also,
(ﬁ since themagnitude of power andthe sizeof numerical aperture
are combined togetlier, the number of kinds of controllable
20 dimensions of modified spots can be increased.
The laser prdcessing apparatus in accordance with an
aspectof thepresent inventioncomprisesa laser 1ight source
for emitting pulse laser light having a pulse width of 1
Bs or less; power adjustingmeans 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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to form thus inputted size from the correlation storing means. It adjusts the magnitude of power of
pulse laser light emitted from the laser light source and selects among a plurality of light-converging
lenses so as to attain the chosen 15 magnitude of power and size of numerical aperture, respectively.
Therefore, modified spots having a desirable size can be formed. Also, since the magnitude of power
and the size ofnnumerical aperture are combined together, the number of kinds of controllable
dimensions of modified spots 20 can be increased. The la.serprocessing apparatus in accordance
with this aspect of the present invention may 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 aperturel dlgdsendgynthe rumaricahspertive seleetng Meand capd displbysaeahsofor
displaying the 39 magnitude of power and size of numerical aperture of the set chosen by the set
selecting means. Tiis fakeSit possittel & s&elthehjoR@r 488 MutASrieAPApeRE e Wifeh tRE $aser
processing apparatus operates according to an inputted size 5 of modified spot. The laser psocessing
apparatus can forn 9h1Graikty 23 AGRIRET spstY oA AdihkYahg WHiES e bijett s (If&Maéd to be

cut within the objecé‘t to btf.prggeissed. These modifiedquts efineamqeclifi d region. Th mﬁ)gified
region 10 includes at lBast 8R o?%nc‘?eetglgrleng?o]ﬁ%ﬁ’etre &¢fa I?%Sgse FedWiihthe ?ectgto be

pmmessqg,arnoh%%apted 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 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 élong a line along which the object is intended to

be cut in the object to be processed; wherein one modified

15 spot is formedwithintheobject tobeprocessedbyirradiating

the object to bhe 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 choosing, 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

38



processed region which is melted within the object to be processed, and a refractive index change
region where refractive index is changed within the object tobeprocessed. 15 An example of modes of
power adjusting means is one including at least one of an ND filter and a polarization filter. In another
mode, the laser light source includes a pumping laser whereas the laser processing apparatus
comprises driving current controlling means for controlling 20 the driving current of the pumping laser.
These can adjust the magnitude of power of pulse laser light. An example of modes of numerical
aperture adjusting means includes at least one of a beam expander and an iris diaphragm. The laser
processing method in accordance with an aspect 25 of the present invention comprises a first step

ofirradiating an objett fo HePBr S SAF With PiRNaE? TigROVIIFRN8¢atiRG ROVE FghEeBAYERfIng point

f the pulse laser light withi bject, tof first modified regi d. by multiphot
absorption i (15 BHect Ao 4 ot e HoRg vIHEH @ Gt e £ BUER o 5

object; andasecon(%]ste of irradiatin the_f?b'e t with . pulse laser light while making.the pulse laser
light attain apowe? Yg%lgp gr%lwgre t%%r“? That in Cﬂg ﬁpsjt%%eepga%dof&g}iengatﬁgJ]ig?ﬁtgc]gotn\s/gr%ﬁr(?gg point of

the pulse laser ligh{ yithin 1?@8%‘%‘%1%8@3 10 {02 $6¢9nd Medifipd regigncaysed HhRYe s

multiphoton absorption within the object along a second line along'which the object is intended to be

cutin thes object. so as to attain the power and size of numerical aperture
chosen by the set selecting means.

According to an inputted size of modified spot, the
laser processing apparatus in accordance with this aspect

(A. of the present invention chooses a combination of the
10 magnitude of power and size of numerical aperture adapted
toformthusinputtedsize fromthecorrelationstoringmeans.
It adjusts themagnitude of power of pulse laser light emitted
from the laser light source and selects among a plurality
of light-converging lenses so as to attain the chosen
15 magnitude of power and size of numerical aperture,
respectively. Therefore, modified spots having a desirable
size can be formed. Also, since the magnitude of power and
(;” the size of mumerical aperture are combined together, the
numberofPdndscxfcontrollabledimensionsofnwdifiedspots

20 can be incréased.

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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The laser processing method in accordance with an aspect of the present invention comprises a first
step of irradiating 15 an object to be processedwithpulse laser light while locating a light-converging
point of the pulse laser light within the object, so as to form a first modified region caused by
multiphoton absorption within the object along a first line along which the object is intended to be 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 41 withia grel dhjeet aldng @a-secoaddineiadeng Whichnthelalectaigdntended ad beheut in the
object. When respective directions which are easy to cut and hard to cut exist due to the crystal
orientation, for exatftles NS I8@ lagerRaTessing prdthodsnasdttorddfdeswithkgesd apeeiddfthe
present invention decreases the size of modified spot constituting a modified region formed in the
easy-to-cut directibfl affl $ncr8&scRINE Liza ™ nivdfdtisidt GRistituting anbiier Mvuifietfgion

formed in the 10 hard-to-cut direction. This can attain a flat cross section in the easy-to-cut direction

and enables cuttingi? 17 WP BB tRELFRRRIRET 14 THE @SBt S 845 hgFAbparStis 7

accordance of modified spot.

The laser processing apparatus can form a plurality
of modified spots along a line along which the object is
intended to be cut within the object to be processed. These

( modifiedspotsdefineamodifiedregion. Themodifiedregion
10 includes at least one of a crack region where a crack is
generated within the object to be processed, a molten
processed region which is melted within the obkject to be
processed, and a refractive index change region where
refractiveindexij;changedwithintheobjecttxabeprocessed.
15 An example of modes of power adjusting means is one
including at least one of an ND filter and a polarization
filter. 1In another mode, the laser light source includes
C»_ a pumping laser whereas the laser processing apparatus
comprises driving current controllinglneaﬁs for controlling
20 the driving current of the pumping laser. These can adjust
the magnitude of power of pulse laser light. An example of
modes of numerical aperture adjustingmeans includes at least

cne of a beam expander and an iris diaphragm.

The laserprocessingmethodinaccordancewithanaspect

25 of thepresent inventioncomprisesafirst stepof irradiating

anobject tobeprocessedwithpulse laser light while locating

40



with an aspect of the present invention comprises a laser 15 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 C light emitted from the laser light source according to an
inputted magnitude of frequency; light-converging means for 20 converging the pulse laser light
emitted from the laser light source such that the pulse laser light attains a peak power density of at
least | x 108 (W/cm2) at a light-converging point; means for locating the light-converging point of 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-convergi int of pulse Jaser 42 light along a.line
along which the objaec? is efr?tencciga %r&lég@t iﬁ?ﬁé)%objoqut ?o% Se%‘rlgcs’eessie%?&vﬁeﬁeﬁg%ﬁe\ﬁ%gi}igd spot

is formed within thetg@egt}atﬁ)éjgtproggssaesd by, ir%{iglti%g gtﬁ, object 1o be ggoqeg&ggﬁmiggggg pulse of

pulse laser 5 light while locating the light-converging point within the “object; and wherein a plurality of

modified spots are frmesh algneshedineAlang whish fhe-ahisct isdniandediobe,aut within the object
to be processed by irradiating the object to be processed with a plurality of pulses of pulse laser 10
light while locating thenkghi-cenyenging-poinhwitbinjthet object ane relatvelympeingithe in the
light-converging point along the line along which the object is intended to be cut; the laser processing
apparatus further cobipeising distdinee seatculdtisgrapandiol caledlbiing raglistarceobewvee nwiiodlified
pulse laser light while making the pulse laser light attain
a power higher or lower thanthat inthe first stepandlocating
the light-converging point of the pulse laser light within
(4 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 is intended to be cut in the
object.
The laser processingmethodinaccordancewithanaspect
of thepresent inventioncomprisesafirststepofirradiating
15 anobject tobeprocessedwithpulselaserlight while locating
a light-converging‘point of the pulse laser light within
the object, so as to form a first modified region caused
by multiphoton absorption within the object along a first
line along which the object is intended to be 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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15 spots adjacent each other according to an inputted magnitude 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 a modified part (referred to as modified 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 frequency. 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 93 as the distance or pitch between adjacent modified spots. Therefore, the distance
between the adjacettt iodified epots eart belemitralled bycarkying ediengjustrent fareirndragsing or
decreasing the repetition frequency of pulse 5 laser light. Changing the distance according to the kind,
thickness, and the & dMheBREt EPbEPréctisstl enaBled ¢aihg in conformity to the object to be
processed. Forming a plurality of modified spots along a line along which the object is intended to be

cut within the object to be prOGISsERS B TkfiNEs Smbaiita tegidht ThePib8et procd<sify hppafatus in

accordance with thj')sa a%pect of the )Pre%egt inverlctwg calcglcaatﬁs the dizttance between ad}jna ent

modified spots accordlfngfig t(fwlétlnepujtt% um%lif:]'ﬁitude of ?’?equen%ﬁla?r]? 8it5|loi)ar§/$ s Cafciiatéd

diStance'§'5 Therefcqg%’ YVAtQJ?S;?PSEEOs@PHE'ﬁ@§HB§J‘1G’§”§9@§P85‘?{E% withthese aspects

of the present invention decreases the size of modified spot
constituting a modified region formed in the easy-to-cut
direction and increases the size of modified spot
( | constituting another modified region formed in the
10 hard-to-cut direction. This can attain a 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 of the present invention comprises a laser
15 light source for emitting pulse laser light having a pulse
widthof 1 psor 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
inputted magnitude of frequency; light-converging means for
20 converging the pulse laser light emitted fromthe laser light

S

O

urce such that the pulse laser light attains a peak power
density of at least 1 x 10° (W/cm?) at a ligh\t—converging
point; means for locating the light-converging point of 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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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 accordance with an 20
aspect of the present invention comprises a laser light source for emitting pulse laser light having a
pulse width of 1 ps or less; light-converging means for converging the pulse laser light emitted from
the laser light source such that the pulse laser light attains a peak power density of at 25 least 1 x 108
(W/cm’) at a light-converging point; means for locating thelight- converging point of the pulse laser
light 44 converged by the light-converging means within an object to be processed; moving means for

relatively moving th§ | -cg%%r%%geeqiggofaqtélﬁggzﬁg éljghttﬁlgng .Ig@t a{@giwpgll;lqtgg qhject is

intended to be cut in the object 5 processe ed adjusting means for adjusting the

magnitude of relatiyemoying;$pegftob e ight-copverging paiL gt Pylse laser lght caused;iRythe

moving means according to an inputted magnitude of speed; wherein one modified spot is formed

within the object to 3@ be processrd iy ikratiating 819 elbjectd9,be pERcessed with aneopulserod pulse
laser light while locating the light-converging point within the object; and wherein a plurality of

modified spots are fored aiang:thedinecalpne cwbish dhe bbjectiseintandesd to bepeiltawithin dke object
15 to be processed by irradiating the object to be processed with a plurality of pulses of pulse laser
light whiledlocating 1ight while locating 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 a plurality of pulses of pulse laser
10 light while locating the light-converging point within the
object andrelativelymovingthe light-convergingpointalong
the line along which the object is intended to be cut; the
laser processing apparatus further comprising distance
calculatingmeans forcalculatingadistancebetweenmodified
15 spots adjacent each other according to an inputted magnitude
of freguency; and distance display means for displaying the
distance calculated by the distance calculating means.
C ‘ The inventor has found that, when the light-convexging
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 1light 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 1s expressed
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the light-converging point within the object and relatively moving the light-converging point along the
line along which the object is intended to be cut; the laser processing 20 apparatus further comprising
distance calculating means for calculating a distance between modified spots adjacent each other
according to an inputted magnitude of speed; and distance displaymeans for displaying the distance
calculated 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, 45 the distance between
adjacent modified spots can be made shorter and longer by decreasing and increasing the relative

moving speed of the light-converging point of pulse laser_light, respectively. Therefare, the distance
between 5 adjacent ﬁ%d%% §ip’0‘9t§ gﬁﬁ Be” orEt?&ll%la RFnERESIAG oF FdereASIHY %H@ Fel&H9E Frioving

speed of the light-converging, point of pulse laser.light. As a consequence,_a,cutting, process. sujtable
for an object to be processegrllgeplo%g% & b%Lc éjrrllg%ga{ %e%s ar‘?}@eeac‘%:gredfan%]t%%ﬁtg kiﬁ ,%th%l?k%céss, 10

and the like of the o@ atta bgﬂgtﬁésecdolgrgle%reiﬁyeb O\é%m%’crlﬁgth%gghtéc \ EE%'%%POif‘B Pf

pulse laser light may be achieved by moving t ject to be pr ed while fixing the

light-converging point;af palse 133110k BY eXOYIG #1edighixronyerging Ml of ielse agerlight
while 15 fixing the object to be processed, or by moving both. The laser processing apparatus in
accordance with this] aspectiof 4he preseniriguenjiamealgulates the distaneging to the kind,
thickness, and the like of the object to be processed enables
cuttinginconformity to the object to be processed. Forming
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 input.ted.
magnitudeof 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 accordance with an

20 aspect of thepresent inventioncomprises alaser light source
for emitting pulse laser light having a pulse width of 1
Ms or less; light-converging means for convergAing the pulse
laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of at

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

locating the light-converging point of the pulse laser light
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between adjacent modified spots according 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 into the laser processing apparatus, the distance between adjacent spots can be seen
before laser processing. The laser processing apparatus in accordance with an 25 aspect of the
present invention comprises a laser light source for emitting pulse laser light having a pulse width of 1
46 fps or less; frequency adjusting means for adjusting the 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 5 converging the pujse laser light emitted from the laser light _saurce such
that the pulse laser ﬁémva?tla?r%da%%aﬁ%%vxﬁefgaléﬁs?t@’b\f%%%é%? 1108 (\Wﬁ‘érhifafa 217 Iiaﬁtlggntverging
point; means for Ioc%tci)n%thegligctl(t:-é:ggv%rginr%] Or\)]oli]qt of nt]g% npul%eo Il_as% H%t{tic\gnyergrggvb*thethe
light-converging means 0 withn &7 o%Je’ct to be p?ocesse ; moving means for ¥elat|vejly gmovmg the

ight-converging poinef Ll et gt alang 7 e algneaehich dac-obiegh s ptenpdio begut

the object to be processed; and speed sting means for adjusting the magnitude of relative
moving speed of they 13 lighinsoayeraing gt ot pulse;laser ight qayised ky the Aneviegipgaes

according to an inputted magnitude of speed; wherein one modified spot is formed within the object to
be processed by irradiatizg the-ekjestle beapcepsediwibjusting means for adjusting
the magnitude of relative moving speed of the
light-converging point of 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
10 be processed by irradiating the object to be processed with
one pulse of pulse laser 1light 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
15 to be processed by irradiating the object to be processed
withapluralityof pulsesofpulse laser light while locating
the light-converging point within the object and relatively
moving the light-converging point alo.ng the line along which
the object is intended to be cut; the laser processing
20 apparatus further comprising-distance calculating means for
calculating 2 distance betweenmodified spots adjacent each
other according to an inputted magnitude of speed; and
distancedispiaymeans 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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one pulse of pulse laser light while locating the 20 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 a plurality of pulses of
pulse laser light while locating 25 the light-converging point within the object and relatively moving the
light-converging point along the line along which 47 the object is intended to be cut; the laser
processing apparatus further comprising distance calculating means for calculating a distance
between modified spots adjacent each other according to inputted magnitudes of frequency and 5

speed; and distancedisplaymeansfordisplayingthedjstance _calculated by the distance calculating
0z BEBA AU Qr AL Wit (S gt of e preSERt iRveATalr

means. The laser pro

adjusts both the magyituge of & ienetijon.figguency. of phise asgrigly and the 19 magnityde,of
of thélight- ging y e dis

relative moving speed of t conv point, therebybeing able to cont ance between

adjacent modified spots Gambiniag these. dlusynents caakes: tpasshie fa incregse the number of

kinds of controllable dimensions concerning the distance. Also, thelaser 15 processing apparatus in

accordance with this agpact of the Juresertdnyentionraliaws hedistance hefwean adjagrit, awdlified
spots to be seen before laser processing. These laser processing apparatus may further comprise

size storing means hayjrg stotedl dhereincthessize of eamagdifiedbntrolled by increasing or
decreasing therelativemoving speed of the light-converging
point of pulse laser light. As a conseguence, a cutting
process suitable for an object to be processed is possible
(j by changing the distance according to the kind, thickness,
10 and the like of the object to be processed. The relative
movement of the light-converging point of pulse laser light
may be achieved by moving the object 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 withthis
aspect of the present invention calculates the distance
- between adjacent modified spots according 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 into the laser processing
apparatus, the distance between adjacent spots can be seen

before laser processing.

The laser processing apparatus in accordance with an

25 aspect of the present invention comprisesa laser 1ight source

for emitting pulse laser light having a pulse width of 1
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20 spot formed by the laser processing apparatus; image preparing means for preparing an image of a
plurality of modified spots formed along a line along which the object is intended to be cut according
to the size stored in the size storing means and the distance calculated by the distance 25 calculating
means; and image display means for displaying the image prepared by the image preparing means.
This allows 48 a plurality of modified spots, i.e., modified region, to be grasped visually before laser
processing. The laser processing apparatus in accordance with an aspect of the present invention
comprises a laser light source 5 for emitting pulse laser light having a pulse width of 1 has or less;
frequency adjusting means for adjusting the magnitude of a repetition frequency of the pulse laser
light emitted from theslaser lightsourée egaerting todyuinputied maagaeitutieroffieuentyy the
light-converging means for 10 converging the pulse laser light emitted from the laser light source such
that the pulse laser ligig rattainsea peak pemet 1 densityf ofeatdeastyl K 10B4Wichsd) aea dighticpnverging
point; means for locating the light-converging point of the pulse laser light converged by the
light-converging me&fs- 15 gdtHin@n bbrdtas de processedvand movingdhaans for rélamidlysdoving
the light-converging point of pulse laser light along a line along which the object is intended to be cut
in the object to be pRR@B4&F Itherdih onELREHIREE Yspot isifefrhed AWtHF Bid 6bjefad'be prbREssed

irradiatipg 20 th i r Wi n I f pulse. | .
by irradiatigg 20 the oblect o be Pracessel i, one PHISe o BUISEIASBL L om the 1aser 1ight
source such that the pulse laser light attains a peak power
density of at least 1 x 10% (W/em?) at a light-converging

point; means for locating the light-~converging point of the

~

pulse laser light converged by the light-converging means
10 within an object tobe 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 the
object to be processed; and speed adjusting means for
adjusting the magnitude of relative moving speed of the
15 light-converging point of 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
& be processed by irradiating the object to be processed with
one pulse of pulse laser 1light while locating the
20 light-converging point within the object; and wherein a
plurality of modified spots are formed a2lcng 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 apluralityof pulses of pulse laser light while locating
25 the light-converging ipoint'within the object and relatively

moving the light-converging point along the line along which
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light while locating 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 25 to be processed with a plurality of pulses of pulse laser light
while locating the light-converging point within the 49 object
andrelativelymovingthelight-convergingpoint along the line along which the object is intended to be
cut; the laser Processing apparatus further comprising frequency calculating means for calculating,
according to an inputted 5 magnitude of distance between modified spots adjacent each other, the
magnitude of repetition frequency of the pulse laser light emitted from the laser light source so as to
attain thus inputted: imagnitutecaf distancetketdeen the beodified; spote adjaeent gachather rtige
frequency adjusting 10 means adjusting the magnitude of repetition frequency of the pulse laser light
emitted from the lageplight Searfe réuvhithainipe ragnigudisofafreguendy valetiiaternsathe fesquency
calculating means is attained. According to an inputted magnitude of distance between 15 adjacent
modified spots, theclasergratdssing dpparaheeir locerianeswitheRis aspeceefthe Préseathvention
calculates the magnitude of a repetition frequency of the pulse laser light emitted from the laser light

source such that tRisHidgAftae st tidart® i$AaNe8helReRR tHE 96 adfactht MbeRY Sibts. The
frequency adjusting means adjusis e magnitude of renstiign frequency of e PUSE stance
calculated by the distance calculating means.

The laser processing apparatus in accordance with this
aspect of the present invention adjusts both the magnitude
of a repetition frequency of pulse laser light and the

10 magnitude of relative moving speed of the light-converging
point, thereby being able to contrcl the distance between
adjacent modified spots. Combining these adjustments makes
it possible to increase the number of kinds of controllable
dimensions concerning the distance. Also, the laser

15 processing apparatus in accordance with this aspect of the
present 1invention allows the distance between adjacent
modified spots to be seen before laser processing.

(ﬂ 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 plurelity of
modified spots formed along a line along which the object
is intended to be cut according to the size stored in the
sizestoringmeans andthedistancecalculatedbythedistance
25 calcuiating means; and image display means for displaying

the image prepared by the image preparingmeans. Thisallows
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laser light emitted from the laser light source such that the magnitude of frequency calculated by the
frequency calculating means is attained. Therefore, a desirable 25 magnitude of distance can be
attained between adjacent modified spots. 50 The laser processing apparatus in accordance with this
aspect of the present invention may further comprise frequency display means for displaying the
magnitude of frequency calculated by the frequency calculating means. 5 When operating the laser
processing apparatus according to the inputted magnitude of distance between adjacent modified
spots, this allows the frequency to be seen before laser processing. The laser processing apparatus in
accordance with an 10 aspect of the present invention comprises a laser light source for emitting
pulse laser light hadingepaidé Widthlofmo NisferadssaRhEcohvérgingPeaAs &5t cor¥eriing e pulse
laser light emitted from the laser light source such that the pulse laser light attains a peak power
density of at 15 lea3€1 9111@"8@("?19'/01’7’}2‘3% LligHPREAVE gHRPESInE TRESSbP docating the

light-converging point of th e laser light converged b thel ht-conver means WI in an
object to be processed, m(;F Sjrﬂggﬁs ?gror(é%?ﬁ/éﬁ}gm f%/agrt% r?gﬁt cgnvg?é%m po?n’fJonulase laser

light along a line 2q, @AS’QQ Pﬁi%% %‘&SB'E‘ Erﬂ% dgd to be.ctin (he abject 1p P?éﬁ{ pees3pdLand

speed adjusting means for adjust e magnltu e of relative' moving speed of th
5 for emitting pulse laser light having a pulse width of 1

ps or less; frequency adjusting means for adjusting the
magnitude of a repetition freguency of the pulse laser light

emitted from the laser 1ight 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

point; means for locating the light-converging point of the

pulse laser light converged by the light-converging means

15 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

Lw be cut in the object to be processed; wherein one modified
spot isformedwithintheobject tobeprocessedbyirradiating

20 the object to be processed with one pulse of pulse laser
light while locating the light-converging peoint within the

object; and wherein a plurality of modified spots ére formed

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

within the object to be processed by irradiating the object

25 to be processed with a plurality of pulées of pulse laser

light while locating the light-converging point within the
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light-converging point caused by the moving means; wherein one modified spot is formed within the
object to be processed 25 by irradiating the object to be processed with one pulse of pulse laser light
while locating the light-converging - 51 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 a plurality of 5 pulses of pulse laser light
while locating the light-converging point within the object and relatively moving thelight -converging
point along the line along which 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®Radfiécessbteadinéestleaen viner L Inadiitern vt Felatienndling speed of the
pulse laser light so as to attain thus inputted magnitude of distance between the modified spots
adjacent each othér the $pSeddfistingmeans 18 sty e Hitgrtad dreRiverhovidifspeed of
the Iight—convergiri% point of pulse laser light caused by the moving means such that the magnitude of

relative moving spe8d & cAlaASRaHY the IPRAH TaNTIIatnG TEANS R d IALdS Y o an
e e A N, T e i ol i e s rn g
speed ofghe light;copuergingpoint of pulse 1assr Jd%@e%‘r’r%*ﬂ e spots adjacent each
other, the magnitude of repetition frequency of the pulse
laser light emitted from the laser light source so as to
attain thus inputted magnitude of distance between the
C | modified spots adjacent each other; the frequency adjusting
10 means adjusting 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 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 freguency of 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 frequency 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
calculating means 1is attained. Therefore, a desirable

25 magnitude of distance can be attained between adjacent

modified spots.
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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 52 that the magnitude of
relative moving speed calculated by the frequency calculating means is attained. Therefore, a
desirable magnitude of distance can be attained between adjacent modified spots. 5 The laser
processing apparatus in accordance with this aspect of the present invention may further comprise
speed display meansfor displaying the magnitude of relative moving speed calculated by the speed
calculating means. When operating the laser processing apparatus according to the 10 inputted
magnitude of distance between adjacent modified spots, this allows the relative moving speed to be

seen before laser processihg THRI8<eP PrEeseiTyapPRAHas #F dctGreantd trant Bigett ¥f the
present invention comprises a laser Ii%ht source 15 for emitting pulse laser li Bt havin%ga%‘%ilse width

of 1 ps or less; freqRdh&y djiting tHears-for aljustiny At hiHynififde of ATEREfitioh Py of the

pulse laser light emitted from the Jaser.light source; light-converging means for converging the pulse
laser light emitted rf?‘orn? We [agdr 20 ﬁé’ﬁt%ou’}"gé gﬁch%%')]%t leSB&%é’qrgsgeﬁ%ﬁt Q?ﬁﬂé%%dgeagkogower

density of at least 1ex 405 {YIW/ep:) A} el Gopveraing ool MMeAS, DEINCAING N fean -
light-converging point of the pulse laser light converged by the light-converging means within an
object to be procesggdmeyikemeagsdaeralativelyprocessing apparatus according to
the inputtedmagnitude of distance between adjacent modified
spots, this allows the frequency to be seen before laser
processing.
(- 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
ps or less; light-converging means for converging the pulse
laser light emitted from the laSe; light source such that
tﬁe pulse laser light attains a peak power density of at
15 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
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 of the
light-converging point caused by the moving means; wherein
onemodified spot is formed within the object to be processed

25 by irradiating the object to be processed with one pulse

of pulse laser light while locating the light-converging
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25 moving the light-converging point of pulse laser light along a line along which the object is intended
to be cutin the 53 object to be processed; and speed adjusting means for adjusting the magnitude of
relative moving speed of the light-converging point caused by the moving means; wherein one
modified.spot is formed within the object to be processed 5 by irradiating the object to be 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 along the line along which the object is intended to
be cut within the object to be processed by 10 irradiating the object to be processed with a plurality of
pulses of pulse laser light while locating the light-converging point within the object and relatively
moving the light-c@rvengingipgointationg ¢ive) fioe alemgiwitielr ethe elbjdat isintended todsbl dutethe laser
processing 15 apparatus further comprising combination calculating means for calculating, according
to an inputted magfiitade of rfisteprrdsetween Inddified Spetadiacemtdadh diherod kdmtbihation of
the magnitude of repetition frequency of the pulse laser light emitted from the laser light source and
20 the magnitude &ffePAtREIndAnG Speed ofthe ighttdvnveRjisg poin® oPSulBe RER? iRt Ciused by

the moving means so as to attain thus inputted magnitude of distance between_the madified Ispots
adjacent each other: A8 HaGbBAcY AT FLtHE hebRseRIBEN e MaghiiIde 6725 AbblitoR

frequencgofthe pgbsfslaesser“%hrlemplttﬁdsgomlaser light while locating the

light-converging point within the object and relatively
moving the light-converging point along the 1line along which
the object is intended to bhe cut; the laser processing
< apparatus further comprising speed calculating means for
10 calculating, according to an inputted magnitude of distance
between 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 the
modified spotsadjacent 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 of the present 1inventicn
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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the laser light source such that the magnitude of frequency 54 calculated by the combination
calculating means is attained; the speed adjusting means adjusting the magnitude of relative moving
speed of the light-converging point of pulse laser light caused by the moving means such that the
magnitude 5 of relative moving speed calculated by the combination calculating means is attained.
The laser processing apparatus in accordance with this aspect of the present invention calculates,
according to an inputted magnitude of distance between adjacent modified 10 spots, a combination of
themagnitude of repetition frequency 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 is attained

between the adjacemnd madikiedhspotst The frefjuepty adjustmgvneans pre d Scspbed ladjesting means
adjust the magnitude of repetition frequency and the magnitude of relative moving speed of the
light-converging pdihteof pelge ¢asey lighht so st agtaie 2the vaiues bé caledlated bombi nation2
Therefore, a desirable magnitude of distance can be attained between 20 adjacent modified spots.’
The laser processifif§ appakdtas Fraecotdalfceditt het phesent fiveRforemby toRthrise disfay
means for displayin% the magnitude of frequency and magnitude of relative moving speed calculated

by the combinatior? BdIGiafing AREHNSE §¢hetPo5 Bperating the laser processing apparatus according to

the mpugted magnitude Ofldl!xsétalngge%e%eoegeasd ?%%ngggadglaecdus inaccordance withthis

aspect of the present invention may further comprise speed
displaymeans fordisplaying themagnitude of relativemoving
speed calculated by the speed calculating means. When
operating the laser processing apparatus according to the
10 inputted magnitude of distance between adjacent modified
spots, thisallows therelativemoving speed tobe seenbefore

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
ps or less; frequency adjusting means for adjusting the
magnitude of a repetition frequency of the pulse laser light

emitted from the laser light source; light-converging means

N

for converging the pulse laser light emitted from the laser
20 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 locatiﬁg the light-converging point of the
pulse laser light converged by the light-converging means
within an object to be processed; movingmeans for relatively
25 movingthelight-convepgingpointofpmlselaserlightalong

a2 line along which the object is intended to be cut in the
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55 spots, this allows the combination of frequency and relative moving. speed to be seen before laser
processing. The laser processing apparatus in accordance with all the foregoing aspects of the
present invention can form-a 5 plurality of modified spots along a line along which the object is
intended to be cut within the object to be processed. These modifiedspotsdefinea modified region.
The modified 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 changed within the object to

be processed. The laser processing apparatus in accordance with all the foregoing aspects of the
present invention 287 28just QSTR‘?e d%}t)%ﬁgé befliecd HhjaRRE hodified %bb&g tH%%@Wbeﬁﬁé able to

form a modified region continuously or _discontinuously algng a line along which the object is_ intended
to be cut. Forming% mo ff%%re%ﬁc%c%ﬁﬁﬁﬁgfs 3(/3 n?a%keléel?(g%sjigre to%%‘fﬁﬁ@ oBﬁa%? (tao t())egp}gohceessed

whie using 20 the mediied jegion;ascomparad uithbe sase whefs s pLioed sonfinuously

When the modified région is forme ontinuously, filed region’is discontinuous along the

line along which the ebjeetii irtendedto; Rerclitnwherely, ithe partpffhe fingaleng mhieh theyobject is
intended to 25 be cut keeps a strength to a certain extent. (5) The laser processing method in
accordafice with 56 irradiating the object to be 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 along the line along which the object is
(- intended to be cut within the object to be processed by
10 irradiating the object to be processed with a plurality of
pulses of pulse laser 1light while 1locating the
light-converging point within the object and relatively
moving the light-converging point along the line along which
the object is intended to be cut; the laser processing
15 apparétus further comprising combination calculating means
for calculating, according to an inputted magnitude of
distance between modifiedvspots adjacent each other, a
(: combination of the magnitude of repetition freque?cy of the
pulse laser light emitted from the laser light source'and
20 the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
moving means so as to attain thus inputted magnitude of
distance between the modified spots adjacent each other;
the frequency adjusting means adjusting the magnitude of

25 repetition frequency of the pulse laser light emitted from

the laser light source such that the magnitude of frequency
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an aspect of the present invention comprises a step of irradiating an object to be processed with laser
light while locating a light-converging point of laser light within the object to he processed, so as to
form a modified region caused 5 by multiphoton absorption within the object along a line along which
the object is intended to be cut in the object, and changing the position of the light-converging point of
laser light in the direction of incidence of the laser light irradiating the object to be processed with
respect to the 10 object to be processed, so as to form a plurality of modified regions aligning with
each other along the direction of incidence. By changing the position of the light-converging point of

laser light iraclating the gbiecLlpihe pracesssd in, dpdhe direction.afincidence pith respectdo the
object to be processed, t e laser processing method in accordance with this aspect of the present

invention forms 2 plurally, gt nodifipeseion's alianing wih each piesalonaibe direction. ohe

incidence. This can increase the number of positions to 20 become starting points when cutting the
objecttohe processgdy iihgrefeeadhe phigd to beroeessadeambe syt gyven in plhpseasesweere the

object to be processed has a relatively large thickness and the like. Examples of the direction of
incidence include the thickness gikectign of themehjeetgoniziehe psacdssed andtdirectiags orthibgonal to
the thickness direction. 57 The laser processing method in accordance with an aspect
5 of relative moving speed calculated by the combination
calculating means is attained.
The laser processing apparatus in accordance with this
aspect of the present invention calculates, according to
(. an inputted magnitude of distance between adjacent modified
10 spots, acombination of themagnitude of repetition frequency
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 is attained between the
adjacent modified spots. The frequency adjusting means and
15 speed adjusting means adjust the magnitude of repetition
frequency and the magnitude of relative moving speed of the
light-converging point of pulse laser light so as to attain
the values of calculated combination. Therefore, a
desirable magnitude of distance can be attained between
20 adjacent modified spots.

The laser processing apparatus in accordance with the
present invention may comprise display means for displaying
the magnitude of frequency and magnitude of relative moving
speedcalculatedby the combinationcalculatingmeans. When

25 operating the laser processing apparatus according to the

inputted magnitude of distance between adjacent modified
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of the present invention comprises a step of irradiating an object to be processed with laser light while
locating a light-converging point of laser light within the object 5 to be processed, so as to form a
modified region within the object along a line along which the object is intended to be cut in the
object, and changing the position of the 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, so as to form a plurality of modified regions aligning with each other along the direction of
incidence. The laser processing method in accordance with an aspect of the present invention
comprises a step of irradiating an object to be 15 processed with laser light while locating a

light-converging pei of laserilightiwithia theobigrbihhe PrRressed anden B canditien witta peak
power density of at least 1 x 108 (W/cm2) and a pulse width of 1 Us or less at the light -converging
point, so as to formavnedifieg segior withén Keobjpetf2( o he peacgssed &danicha line along which the
object is intended - to be cut in the object, and changing the position of the light-converging point of
laser light in the direction dfhiacideyee plrthedasenkgbtipadiating the abjsct tabe epracessetiwith
respect to the object to be processed, so 25 as to form a plurality of modified regions aligning with
each other along thé ¢liréetiery of ingidesieec38 Fof thé sapiereasbniasviat icthedased pratesdsing

methods in accordance with the foregoing aspects of the .
5 plurality of modified spots along a line along which the

object isintendedtobecutwithintheobject tobeprocessed.
Thesemodified spots define amodifiedregion. Themodified
region includes at least one of a crack region where a crack
1s generated within the object to be processed, a molten
10 processed region which is melted within the object to be
processed, and a refractive 1index change region where
refractive index is changedwithin the ob-ject tobeprocessed.
The laser processing apparatus in accordance with all
the foregoing aspects of the present invention can adjust
15 the distance between adjacent modified spots, thereby being
able to form a modified region <continuously or
discontinuously along a line along which the object 1is
( | intendedtobecut. Formingthemodifiedregioncontinuously
makes it easier to cut the object to be processed while'using
20 the modified region as compared with the case where it is
not formed continuously. When themodifiedregion is formed
discontinuously, themodified region is discontinuous along
the line along which the cbject 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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present invent ion, the laser processing methods in accordance with these aspects of the present
invention enable laser 5 cutting without generating melt or unnecessary fractures deviating from the
line along which the object is intended to be cut in the surface of the object to be processed, and can
increase the number of positions to become starting points when cutting the object to be processed.
‘The modified region 10 may be caused by multiphoton absorption or other reasons. The laser
processing methods in accordance with these aspects of the present invention include the following.
modes: A plurality of modified regions may be formed successively from the side farther from an
entrance face 15 af th jectto e hig ight i jagie e gbjectiq b
processed is incidgé;lrﬁ. '%hgl ggrt% foé)rﬁ 2{ %%ursgli?tg %&rﬁod%?em#o%g V\%%%}% 5(IalgsétlzgattegwHebe‘zrgztl('?nog;fnodified
region exists betW%eprtmiegﬁ@maceafa%?e@Eheo'iseti&pazf@egérégjn@i&trpﬁIg@@rrligtﬂt; Hherslore, the
laser 20 light will not be scattered by modified regions which have already been formed, whereby each
modified region can dea formed uniferelyc dhe enedifigdyegion heludesat leaph oneiafa aracke region
where a crack is generated within the object to be 25 processed, a molten processed region which is
melted within the objept ta eopsecessed seeba refractive ifdex chaoge 5% region vreoa refeattive
index is changed within the object to be processed. (6) The laser processing method in accordance
with 5 by multiphoton absorption within the object along a line

along which the object is intended to be cut in the object,
and changing the position of the light-converging point of

laser light in the direction of incidence of the laser light

-~

irradiating the object to be processed with respect to the

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

regions aligning with each other along the direction of
incidence.

By changing the position of the light-converging point

of laser light irradiating the object to be processed in

15 the direction of incidence with respect to the object to

be processed, the laser processingmethod 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 startingpointswhencuttingtheobject tobeprocessed.

Therefore, the chject 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 of the object to

25 be processed and directions orthogonal to the thickness

direction.
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an aspect of the present invention comprises a step of 5 irradiating an object to be processed with
laser light while locating a light-converging point of laser light within the object to be processed
through a light entrance face of the laser light with respect to the object to be processed and locating
the light-converging point at a position closer 10 to or 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 modified
region within the object along a line along which the object is intended to be cut in the object. 15 In
the laser processing method in accordance with the present invention, the modified region is formed
on the entrance face (e.g rf .Sl f.t e_ g, rear ing.the
entrance face within the ot_)IJ’ﬁcé: lt%%t?eraﬁ?ggcg;esge]%?vi ﬁpr% %hpegtc)jte)}](}ejcdt%té %é%ﬁrgge%sggg%v)vaﬁgg %ﬁé‘ éj2t0
light-convergingpaiytt oflaserightislacatedatapesitan clossr 1a and fadherfrop the entrages face than
is a half thickness position in the thickness direction, respectively. When a fracture extending along a
line along which theokjgste istintendad torbe edlis generatednather sykace.arrear 26daee o an
object to be processed, the object can be cut easily. The laser processing method in accordance with
this 60 aspect of thelpresentdpverdionican fesmre nodifled eagidn gon thel sirface: bereds face side
within the object to be processed. This can make it easier to form the surface or rear face with a
fracture extendingtatohg thedineafmwy so as to form a modified region within the

object along a line along which the object is intended to
be cut in the object, and changing the position of the

light-converging point of laser light in the direction of

f/‘\

incidence of the laser light irradiating the object to be
10 processed with respect to the object to be processed, so
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 object to be
15 processedwith laser light while locating a 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 108

(W/cm2)andapulsewidthoflpsorlessatthelight—converging

&

point, so as to form a modified region within the object
20 tobeprocessedalongaline alongwhichtheobject is intended
to be cut in the object, and changing the position of the
light-converging point of laser light in the direction of
incidence of the laser light irradiating the object to be
processed with respect to the object to be processed, so
25 as to form a plurality of modified regions aligning with

each other along the direction of incidence.



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 method in accordance with this aspect of the present invention enables
efficient cutting. The laser processing method in accordance with this 10 aspect of the present
invention may be configured such that the entrance face is formed with at least one of an electronic
device and an electrode pattern, whereas the 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 of the
present invention grows a crack from the modified region toward the entrance face (e.g., surface) and

its opposing face (e.9 , re&? fade) e tFéBBy TREFRY th2 DiEER20 tb bEHroéesssed® V& fid Fhodified
region is formed on the entrance face side, the dist, c%rﬁetween the modified regcion %Td })he
in &an bEfhade

entrance face is rE&HVEY hart, DIhAF iR Gevidtid 8 groRaPaiteSioRrErack

smaller. Therefor§ when the ent]ratn.cenfactefqof the é)bégct to be t%roces%ehdo%ﬁS{S Esnf%rggj%% }é\/é’tpc%n

. ) resent inyention, laserprocessin .
electronic device or an ePect}oXe patJtern, cuﬁlng IS p SSIqb e wi o%{ngamaglng the electronic device

61 or the like. The,¢legtronic deviceJelars to,a sgruconpductar, deyicen @ display,dgvige such,as liquid
crystal, a piezoelectric device, or the like. The laser processing method in accordance with an aspect
5 of the present invention gomprises & fstxen of Headidling or unnecessary fractures
deviating from the line along which the object is intended
to be cut in the surface of the objéct to be processed, and
can increase thenumber of positionstobecome startingpoints
when cutting the object tobe processed. Themodifiedregion
10 may be caused by multiphoton absorption or other reasons.
The laser processing methods in accordance with these
aspects of thepresent inventioninclude the followingmodes:
A plurality of modified regions may be formed
successively from the side farther from an entrance face
15 oftheobjecttobepwocessedonwhich1aserlightirradiating
the object to be processed is incident. This can form a
plurality of modified regions while in a state where no
(; modified region exists between the entrance face and the
light~convergingpoint of laserlight. Therefore, the laser
20 light will not be scattered by modified regions which have
already been formed., wherebyv each modified region can be
formed uniformly.
The modified region includes at least one of a crack
region where a crack 1s 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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an object tobeprocessed with pulse laser light while locating a light-converging point of the pulse laser
light within the object, so as to form a first modified region caused by multiphoton absorption within
the object along a first 10 line along which the object is intended to be cut in the object; and a second
step of irradiating, after the first step, the object with pulse laser light while locating the
light-converging point of laser light at a position different 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, so as to form
a second modified region caused by multiphoton absorption extending along a second line along
which the object is intended EerreeleE ?r}d t ee-dgrpj%nsiona”%r]crossin the Wf"}tq n%%défigg rggi{)n 20

r
- . reglgon w CLive ex 13 Nange o
within the object. Ina%uﬂlng process in Which' dross' Sectiong of an gbjecwto be processea cross each

other, a modified r@giqgea %Q%ng%énodified region are not superposed on each other at a location
to become the crossing position between the cross sections 25 in the laser processing method in

accordance with this aspe($t6 pf therpresent iventione Whereby, the, e Witing precision gk &3, e crossing

position can be prevented from deteriorating. This enables cutting with a, high precision. The laser
processing methodin acgssdanceswitmihis asgestof thevRiesephinvemrtinn easfosm the seeond

modified 5 region closer to the entranceface of the object to be processed with respect to the laser

light tha is the firdtrmedifieding an object to be processed with laser 1light while
locating a light-converging point of laser light within the
object to be processed through a light entrance face of the
laser light with respect to the object to be processed and

(‘ locating the light-converging point at a position closer

10 to or 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 modified region within the object
along a line along which the object is intended to be cut
in the object.

15 In the laser processing method in accordance with the
present invention, the modified region is formed on the
entrance face (e.g., surface) and on the side of the face

( A (e.g., rear face) opposing theentrance facewithintheobject
to be processed within the object to be processed when the

20 light-convergingpoint of laserlightislocatedat aposition
closer to and farther from the entrance face than is a half
thicknesspositioninthethicknessdirection, 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 object can be cut

easily. The laser processingmethod in accordance with this
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‘region. This keeps the laser light irradiated at the time of forming the second modified region at the
location 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 to be processed is irradiated with laser light under a condition with a peak

power density of at least 1 x 108 (W/cm2) and a pulse width of | ps or less at the light-converging

point, a modified region including a crack region can be formed within the object to be processed. This

20 generates a ph%g g@oqpféq eogjt;ﬁ%g g%@%qﬁv%q]ucsf?éjlnb)é éﬂugi&mtc&n rggég%t'@@ \%/gglpotpe nhject

to he processed- This optical damag uces a thermal distortion within the object to beprocessed,

thereby forming a grack region within. the object to-he pracessed ; TRiS cragleregion is-an exgmple 25

of the above-mentioned modified region. An example of the object to be processéd in this laser
processing methoghiso 83 ss@emberinguding glags. Thedeakdowey densitt rferter dhe alactric field

intensity of pulse laser light at the light-converging point. When the object to he processed is irradiated
with laser 5 light uneler a taoditiottitrea peak power eletsityl ohat leashd x 168 [WMiem2) and a pulse
width of 1 ps or less at, the light-converging point, a modified region including a molten
5 which the object is intended to be cut, whereby the object
to be processed can be cut easily. As a result, the laser
procéssing method in accordance with this aspect of the
present invention enables efficient cutting.
The laser processing method in accordance with this
10 aspect of the present invention may be configured such that
the entrance face is formed with at least one of an electronic
deviceandanelectrodepattern, whereasthelight-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
of the present invention grows a crack from the modified
(ﬁ region 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 isvformed on the
entrance face side, the distance between the modified region
and the entrance face 1is relatively short, so that the
deviationinthegrowthdirectionofcrackcanbemadesmaller.
Therefore,whentheentrancefaceoftheobjecttobeprocessgd

25 is formed with an electronic device or an electrode pattern,

cutting is possible without damaging the electronic device
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processed region can be formed within the object to be processed. Here, the inside of the object to be
processed 10 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 region. An example of the object to be processed in this laser processing
method is 15 a member including a semiconductor material. When the object to be processed is
irradiated with laser light under a condition with a peak power density of at least C 1 x 101 (W/cm2)
and a pulse width of 1 ns or less at the light-converging point, a modified region including a 20
refractive index change region which is a region with a chanégted refractive index can also be formed

within the object to° be Bfocedsed. WHEF mUfipholorFabedistfonss GERerated SHthiP e 61ti8&t to be

processed with a vfz%short pugse Cywdghtas suggvt{we energ¥ caused hy mult(ljohoto_n gpggrptloan 25 is

. 1ce 1S ce h . as 1Qul I .
not transformed in ermal energy, s Rdt a permanent's Structural ¢ aﬁge suchi’a$ioRic'valénce

change, 64 crystfc\giggg% L polarizaion lo&igp.tagipng% gwdlulc,gg'_within the object, whereby a refractive

index change region is formed. This refractive index change region is an example of the
above-mentioned modified'egion sAR sxarPe9hibe o:ahiect 1o Pe Precassed: in thisasgiqrecessing

method is a member including glass. Adjustment of the position of the light-converging point of laser
light irradjating theggbjact toleesprocessesht ion comprises a first stepof irradiating
anobject tobeprocessedwithpulse laser lightwhile locating
a light-converging point of the pulse laser light within
the object, so as to form a first modified region caused
by multiphoton absorption within the object along a first
10 line along which the object is intended to be cut in the
object; and a second step of irradiating, after the first
step, the object with pulse laser light while locating 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, so as to form a second modified region

caused by multiphoton absorption extending along a second

N

line along which the object is intended to be cut and
three-dimensionally crossing the first modified region

20 within the object.
Inacuttingprocess inwhichcross sectionsof anobject
tobeprocessedcrosseachother,amodifiedregionandaﬁother
modified region are not superposed on eachother at a location
to become the crossing position between the cross sections
25 in the laser processing method in accordance with this aspect

of the present invention, whereby the cutting precision at
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.
in the thickness direction can include a first calculating 10 step mﬁmmmme——
thickness direction of the light-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 index of the
object to be processed with 15 respect to the laser light irradiating the object, so as to calculate data
of 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 object to he
processed at the entrance face; a first moving step of relatively moving the abject in the thickness
direction accordingtdghe s bP Sek8rid reidfive2 Mdve MERTARGGH: B LB E6Ad FHoving Step of
relatively moving 2? the ob'eclto' tge thic%néqss »cqiir tion c.cogding to the data of first relative

Seb> This ac)idtE the 55

movement amount atter tfie firs ?nov?ﬁ]gt isa ju§s the posliﬁcl)r?%f the light-converging

point of laser light in the thif;hr%]esisagiéq,c%%gfetggiqpéeg e%q)lg% p{g)ceas%ggr% aqj%rgd\gge{mi@%q position

within the object. Namely, with reference to the entrance face, the product 5 of the relative movement

amount of the objegtinhe precessed ringdhicknass dirgction etthe phied andihadeiragtivg index

of the obj ect with respect tcthe laser light irradiating the object becomes the distance from the
entrancedace to the jghirconvergingaroint of tasendeht 2 Eresefers wihpact tobe processed

with respect to the laser light than is the first modified
region. This keeps the laser light irradiafed at the time
of forming the second modified region at the location 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 tobe processedisirradiatedwithlaser
light under a condition with a peak power density of at least

1 x 108 (W/cmz) and a pulse width of 1 ps or less at the

(; light-converging 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 obhject to he 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 of the above-mentioned modified region. An example of the

object to be processed in this laser processing method is
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distance from the entrance to the inside of the o

V Ci

bject by the above-mentioned refractive inde, 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 invention
comprises a laser light source for emitting pulse laser light having a pulse width of 1 ps 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 108 (W/cm2) at a
light-converging point; first moving means for relatively moving the light-converging point converged

by the ight-converging. fleaps,glang & ine 2iong 20 whieh e ohjget s iiendsd Ip e nap oblect

to be processed; storing means

or stori ata of a first rélative movement amount o

the object

to be processed ingthe thigknass; direction;for lecating the Jghtganwergingnositionfpulse Jaser light

converged by the light-converging means at a desirablé position within the object'to be processed, the
5 data of first relative ypevenent-amoHat Being pbtained by defining the desirable position as a
distance from the entrance face where the pulse laser light emitted from the laser light source enters
the object to be processeditbdhe Hrsitte) hetepd ardrdividingsthe tistancediyathedefiaative 46 1ndex of

the object to be processed with respect to the pulse
5

10

15

20

25

light 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, amodified region including amolten
processed region can be formed within the object to be
processed. Here, the inside of the object to be processed
1s 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 region. An example of the
object to be processed in this laser processing method is
a member inclu_ding a semiconductor material.
Whentheobject tobe processedisirradiatedwith laser
light under 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
refractiveindexchange regionwhich isaregionwithaﬁhanged
refractive index can also be formed within the object to
be processed. When multiphoton absorption is generated
within the object to be processed with a very short pulse
width as such, the energy caused by multiphoton absorption

is not transformed into thermal energy, so that a permanent

structural change such as ionic wvalence change,
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laser light emitted from the laser light source; calculating means for calculating data of a second
relative movement amount of the object to be processed in the thickness direction required for
locating the light-convergingpointofthepulse 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 according to the data of first relative movement 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 the present invention comprises a laser
light source for emitting pulse laser light having a pulse width of 1 o'ff' ps or less; light-converging
means for converdgimy theapulse a25 laser light pmitted remithe |aserdight sdunme ssich tishtc & pulse
laser light attains a peak power density of at 67 least 1 x 108 (Dd/cm2) at a light-converging point;
means for locating it light-benedrpiitpoint of Hevpalse asee tighte emided febmnbe lkeei Rdght
source within an object to be processed; means for adjusting the position of the pulse 5 laser light
converged by the igh£edirdgind iicadEWHRAIRT HetHBRESsSIDT 9 Gl5j66taD bE BRHdsss: and
moving means for relatively moving the light-converging point of pulse laser light alon Faline along
e

which the object iShtérited ¥ BBTHE HAHE DBIEEHS bepfdtassed. 16 o tRERBAME fekSh as that

inthela%grpmme§§g§éct to be processed in this laser processing method 1s
a member including glass.

Adjustment of the positionAof the light-converging
point of laser light irradiating the object to be processed
in the thickness direction can include a first calculating

10 step ¢f defining a desirable position in the thickness
direction of the light-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 index of the object to be processed with

15 respect to the laser light irradiating the object, so as
to calculate data of 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
irradieting the object 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 stepofrelativelymoving
25 the object in the thickness direction according to the data

of first relative movement amount after the first moving
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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 along which the
object is intended to be cut in the surface of the object to be processed, and laser processing in which
the position of C 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. 1 is a plan view
of an object to be processed during laser processing by the laser processing method in accordance
with an embodiment; 25 FigT%ESSa ggctional view of the obi%c];[ tgpeﬁ(ocis[lsed shown in Fig. 1 taken

along the line II-Il; §§ T:}i)g'. 3isaplan el %f tﬁelngjggtst%)tbe processe(? a e?]fé:s—e?%r}ggersqsllna effected

by the laser procegéjé%q] é‘ﬂg?\?% g}eiijg?r Ci%vséi}peﬂﬂ% §q]ggg%/@%§£%gg§ g% aosfefﬂgn@é;(iaeéﬂé of the

object to be proce own in taken along the line 1 IS a sectional view of the

object o be processgd SBowada £igs 342k alanghriinedsys £ 615,2.0am iaw o e object to
be processed cut by the laser processing method in accordance with the 10 embodiment; Fig. 7 is a
graph showing relatignghips between-theerence to the entrance face, the product
5 of the relative movement amount of the object to be processed
in the thickness direction of the object and the refractive
indexoftheobjectwithrespect tothelaserlight irradiating
the object becomes the distance from the entrance face to
the light-converging point of laser light. Therefore, when
10 the object 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 thepresent inventioncomprises a laser 1ight source
(, for emitting pulse laser light having a pulse width of 1
ps or less; light-converging means for converging the pulse
20 laser light emitted from the laser light source such that

th

(D

pulse laser light attains a peak power density of at
least 1 x10% (W/cm?) at a light-converging point; first moving
means for relatively moving the light-converging point
converged by the light-converging means along a line along
25 which the object is intended to be cut in an object to be

processed; storingmeans for storing data of a first relative
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electric field intensity and the magnitude of crack in the laser processing method in accordance with
the embodiment; Fig. 8 is a sectional view of the object to be processed 15 in a first step of the laser
processing method in accordance with the embodiment; Fig. 9 is a sectional view of the object to be
processed in a second step of the laser processing method in accordance with the embodiment; 20
Fig. 10 is a sectional view of the object to be processed in a third step of the laser processing method
in accordance with the embodiment; Fig. 11 is a sectional view of the object to be processed in a
fourth step of the laser processing method in accordance 25 with the embodiment; Fig. 12 is a view
shoring a photograph of a cross section 69 in a part of a silicon wafer cut by the laser processing

method in accordalC GRARMPERBEGIAEH" Bi§ P18 i - §rapHP S wing FaIafidnshipE bekRESS the
laser light wavelenath and the trfalc?r?q;ittance Withf'n
b

ili 5 substrate in the.| i
method in accordants Gith e EhArRAIC BI 84 195 SeREMLRE A RAcar a RRSF FBkesing

apparatus usable irﬂ the laser. ocessing method.in accordance . with a first example of the, _
embodiment; 10 Figéfg is a? ﬁg\%]v(t:hgr? ?oreelﬁ)?a%m}% tﬁgﬁa(js%rg[ﬁ)rtoc%%g%%rr%éﬂw%ﬁﬁaa{]c%o?&aﬁce with

the first example of;dhe embPdigeny tion within the object to be processed, the

5 data of first relative movement amount being obtained by
defining the desirable position as a distance from the
entrance face where the pulse laser light emitted from the
laser 1light source enters the object to be processed to the
inside thereof and dividing the distance by the refracti&e

10 index of the object to 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 theobject tobeprocessedinthethicknessdirection
requifedforlocatingthelight—convergingpointofthepulse

15 laser light converged by the light-converging means at the
entrance face; and secondmoving means for relatively moving
the object to be processed in the thickness direction

(;_ accordingtothedataof first relativemovement 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 the present inventioncomprisesa laser 1ight source

for emitting pulse laser light having a pulse width of 1

MS 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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Fig. 16 is a plan view of an object to be processed for explaining a pattern which can be cut by the
laser 1.5 processing method 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 a schematic view for explaining another
laser processing method in accordance with the first example of the embodiment with a plurality of
laser light sources; Fig. 19 is a schematic plan view showing a piezoelectric device wafer in a state
held by a wafer sheet in the second 25 example of the embodiment; Fig. 20 is a schematic sectional
view showing a 70, piezoelectric g@vice Wa{zr in a sé?,te held by the wafer sheet in the secgnd

rdénce

example of the emb&dment: Eid %21 i A cAirerorslpainiig the Shitthg fidthod A%

with the second example of the emhadiment; 5 Fig. 22 is a sectional view of.a light-transmitr
material irradiated \?V(I)t ?&sle?%gtfﬁ %;1 the ctuttcl:r?d] metfod ' gclcnogr afriu%]\?vilftjﬁJ Seeggggﬁ'& ZLxla?n%?e of the

embodiment; Fig. 2153 plar i ehbe ol ransgiking. s mateiahuadiaied il Jaser gt by he

cutting method 10 in accordance with the second example of the embodiment; Fig. 24 is a sectional

view of the light-transpniting swpterial showrndp Fig+23:taken alarg theling XIMeKXlYe fgidais a
sectional view of the light-transmitting
5 laser light converged by the light-converging means within
the thickness of the 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

(i 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
accordancewith theseaspects of thepresent invention enable
laser processing without generating melt or unnecessary

15 fractures deviating from the line along which the object
is intended to be cut in the surface of the object 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. 1l is aplanview of anobject tobe processed during
1aserprocessingbythelaserprocessingmethodinaccordance
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-11;
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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. 29 is a
sectional view of the piezoelectric device wafer or the like showing a second step of the cutting
method 71 in accordance \‘qizi.th the, second ei(grrpp\;% of theferpg)odi erét(': tFi,(t;.OSPéS a sec(teics)g%bview of

the piezoelectric device wa eror t eJIilS<eash%W|ng a third %tep of thoeaeuttlng method” in accordance with

the second examplecgidhe embogiment. 5,Eig, 31 isa seclional yiew, af the piezaglectiic deyice wafer

or the like showing a fourth step of the cutting method in accordance with the second examplé of the

embodiment; Fig. 32+$,8$ectional vievy 9f the piezaeleglsicdgvice 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 photograplreta plane #ka sample withie whith Bcmskaegion is dosmeddipan
irradiation with linearly polarized pulse laser light; Fig. 34 is a view showing a photograph of a plane of
5 shown in Fig. 3 taken along the line IV~1IV;
Fig. Sis asectional viewof the object to be processed

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

Fig. 6 1s 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 accordance with the embodiment;

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

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

Fig. 9 is a sectional view of the object to be processed

(. in a second step of the laser processingmethod in accordance
with the embodiment;

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

Fig. 1llis asectional viewof theobject tobe processed

in a fourth step of the laser processing method in accordance

25 with the embodiment;

Fig. 121saviewshoringaphotographof across section
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15 a samplewi th; n which a crack region is formed upon irradiation 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 of object to be processed extending along a line along
which the object is intended to be cut, in which a crack region is formed by the laser processing
method in accordance with a third example 25 of the embodiment; Fig. 38 is a plan view of the part of
object to be 12 processed extending along a line along which the object is intended to be cut, in

which a crack region 3 farmed by o campaialiveJagerprocessing methiad: g3 s viewt shaing

elliptically polarized laser 5 light in accordance with the third example of the embodiment, and a crack

region formed therehys g, #0 is axseharaticcdiagram of the lBggbRMeea%INg apparatus in
accordance with the third example of the C embodiment; 10 Fig. 41 is a perspective view of a

quarter-wave plate includedringn elfipiisity regaatorsn @ccarlanceawiiho then thied wsamplanof the
embodiment; Fig. 42 is a perspective view of a half-wave plate included in a 90 rotation regulator part
in accordance with laser light wavelengthand thetransmittancewithinasilicon
5 substraté in the laser processing method in accordance with
the embodiment;

Fig. 14 is a schematic diagram of a laser processing
apparatususablejj)thelaserprocessingmethode1accordance
with a first example of the embodiment;

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

Fig. 16 is a plan view of an object to be processed
for explaining a pattern which can be cut by the laser

15 processing method 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. 18is aschematicview for explaining another laser
processing method in accordance with the first example of
the embodiment with a plurality of laser light sources;

Fig. 15isaschematicplanviewshowingapiezoelectric

device wafer in a state held by a wafer sheet in the second

25 example of the embodiment;

Fig. 20 is a schematic sectional view showing a
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15 the third example of the embodiment; Fig. 43 is a flowchart for explaining the laser processing
method in accordance with the third example of C 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 method in accordance with the third example of
the embodiment; Fig. 46 is a plan view of a silicon wafer in which the 73 si licon wafer shown in Fig.
44 is irradiated with elliptically polarized laser light by the laser processing method in accordance with
the third example ofithe zosboetiment; Bigy 4Zesvaplan view ofta sitidonlwaber irhwhielf the shadicon
wafer shown in Fig. 45 is irradiated with linearly polarized laser light by the laser processing method in
accordance with thel thirtlfexaffple ofitrexempbadinseht:tihig. £8kxod soRematic diagram of the laser
processing apparatus in accordance with a fourth example of the 10 embodiment; Fig. 49 is a

view of a silicon wafer in whichathe sitieonfid&ief BRawT Mg A4 isiiradiated Wﬂwtélri'@ti@éﬂ\}‘%g
laser light by the laser processing method in accordance with the fourth example of the embodiment;

as Fig. 50 is a plan VRWPGITRE DB t&'bE prédisssefcond example of the embodiment:
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Fig. 22 is a sectional view of a light-transmitting
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
in accordance with the second example of the embodiment;

Fig. 24 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXIV-XXIV;

Fig. 25 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV;

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
the light-converging point meving 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;

Fig. 29 is a sectional view of the piezoelectricdevice

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

lan
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in the case where a crack spot is formed relatively large by using the laser processing method in
accordance 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 object is intended to be cut shown in Fig. 50;
25 Fig. 53 is a sectional view taker. along LIII-LIII orthogonal to the line along which the object is
intended 74 to be cut shown in Fig. 50; Fig. 54 is a sectional view taken 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 Fig. 50 cut along the line along which the object is intended to be
cut; Fig. 56 is a secdtionakviewdafithe objech ta he psecessedetaken Borgfthehmesalbog iviech the
object is intended to 10 be cut in the case where a crack spot is formed relatively small by using the
laser processing method inEcgord@nice andthcthe difthlexample Ditthe pirbodinentt Figz 829 agplan
view of the object to be processed shown in Fig. 56 cut along the line along which the object 15 is

intended to be cut;¥ad.98 & atdeetibhkel iy dhthe dbjdcidotteepradedder) cut ting method

in accordance with the second example of the embodiment;
5 Fig. 31 isasectional view of the piezoelectric device
wafer or the like showing a fourth step of the cutting method
in accordance with the second example of the embodiment;
Fig. 32 isa sectional viewof 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 of
asamplewithinwhichacrackregionisformeduponirradiation

with linearly polarized pulse laser light;

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

[
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asamplewithinwhichacrackregionisformeduponirradiation
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. 27 is a plan view of the part of ocbject to be
processed extending along a line along which the object is
intended to be cut, in whicﬁ a crack region is formed by
the laserprocessingmethod inaccordancewithathirdexample

25 of the embodiment;

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

-



showing a state where pulse laser light is converged within C_ the object by using a light-converging
lens having a predetermined numerical aperture; 20 Fig. 59 is a sectional view of the object to be
processed including a crack spot formed due to the multiphoton absorption caused by irradiation with
laser light shown in Fig. 58; Fig. 60 is a sectional view of the object to be processed 25 in the case
where a light-converging lens having a numerical aperture greater than that of the example shown in
Fig. 5B 75 is used; Fig. 61 is a sectional view of the object to be processed including a crack spot
formed due to the multiphoton absorption caused by irradiation with laser light shown in 5 Fig. 60;
Fig. 62 is a sectional view of the object to be processed in the case where pulse laser light having a

power lower than th&t5f $7& 8Rafmple BRdWA iA F7Y & is d8&d 2RignE3ME Le ditha? Biser b #te object

to be processed 1Oiinﬁ:u]qg11
irradiation with laser Wg S

Ja cra k spot {ormedgl etqnthe mult\ilggztpn absorptio caus dbb
wn'in |eg. B2, Fig}%ﬂ aSactiondlVi Jo??ﬁeogbjle%t 0'bE proc

the case where puI%e @éﬁfag%tgw%ngl%ggwet%]ﬁ&egsg]J%gagng@ﬁ gé the example shown in Fig
view of the o ed inclu

used; Fig. 65 is a sectiona
the multiphoton
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Fig. 39is aview showingelliptically polarized laser

light in accordance with the third example of the embodiment,
and a crack region formed thereby;

Fig. 40 is a schematic diagram of the laser processing
apparatus 1in accordance with the third example of the
embodiment;

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

Fig. 42 is a perspective view of a half-wave plate
included in a 90° rotation regulator part in accordance with
the third example of the embodiment;

Fig. 43 1is a flowchart for explaining the laser
processing method in accordance with the thir& example of
the embodiment;

Fig. 44 is a plan view of a silicon wafer irradiated
with elliptically polarized laser light by the laser
prccessing methed 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
methodinaccordancéwiththethirdexampleoftheembodiment;

Fig. 46 is a plan view of a silicon wafer in which the
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ing a crack spot formed due to




C_ absorption caused by irradiation with laser light shown in Fig. 64; 20 Fig. 66 is 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'is a schematic diagram showing 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 76
of overall controller provided in the laser processing apparatus in accordance with the fifth example, of
the embodiment; Fig. 69 is a view showing an example of table of a 5 correlation storing - section
included in the overall controller of the laser processing apparatus in accordance with the fifth
example of the embodiment; Fig. 70 is a view showing another example of the table of the correlation
storing section inclided MRE BYEMR A RIMroR&H of tht Jader desSinyidpbardtt8 it G8ddrdance

with the fifth example of the emb?diment; Fiaﬁn Is a view showing still another examp fthe table
0

of the correlation stofi arsleﬁﬁgn efidedtih HE (:]Rf\éraﬁlhc%n i #Dtﬁ%ﬁcex?esrlﬁ]r%cglsesir% pﬁgratus in
et A h o K et

Fig. 47 is a plan view of a silicon wafer in which the

5 silicon wafer shown in Fig. 45 is irradiated with linearly
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. 49 is a plan view of a silicon wafer in which the
siliconwafer shown inFig. 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 accordance 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 1is a sectional view taken along LII-LII

orthogonal to the line along which the object is intended

to be cut shown in Fig. 50;
25 Fig. 53 1s a sectional view taken along LIII-LIII

orthogonal to the line along which the object 1is intended
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Fig..73 is a view showing the convergence of laser light 20 caused by a light-converging lens in the
case where no beam expander is disposed; Fig. 79 is a view showing the convergence of laser light
caused by the light-converging lens in the case where a beam expander is disposed; 25 Fig. 75 is a
schematic diagram of the laser processing apparatus in accordance with a seventh example of the 77
embodiment; Fig. 76 is a view showing the convergence of laser light caused by the light-converging
lens in the case where no iris diaphragm is disposed; S Fig. 77 is a view showing the convergence of
laser light caused by the light-converging lens in the case where an iris diaphragm is disposed; Fig.
78 is a block diagrarposh}g\évinc%%n g%%mpleigf ?.\ﬁerall Scd)ntroller provided in a modified example of the
laser 10 processing apparatus in accordance With tha embodiment; Fig. 79 is a block diagram of '

another example of overall ganirolleyprouded in the modified example ofdhe lasey, progessingy

apparatus in accordance with the embodiment; Fig. 80 Is a block diagram of still another example 15
of overall controller proviieddn the vyodiechexamples) (theraser RIcessNgAPPAsalS iR nged

accordance with the embodiment; Fig. 81 is a plan view of an example of the part of object to be
processed extending alang aline alopgvhishrig. 50;

5 Fig. 55 is a plan view of the object to be processed
shown in Fig. 50 cut along the line along which the object
1s intended to be cut;

Fig. 56is asectional view of the object tobe processed
taken along the line along which the object is intended to
10 | be cut in the case where a crack spot is formed relatively
}small 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 object

b
n

is intended to be cut;

Fig. 58 isasectional viewof theobject tobe processed
showing a state where pulse laser light is converged within
Q the object by using a light-converging lens having a

predetermined numerical aperture;

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

Fig. 60isa sectional viewof the object tobe processed

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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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. 82 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 region is formed by the laser processing method in accordance 78 with the
eighth example of the embodiment; Fig. 83 is a plan view of still another example of the part of object
to be processed extending along the line along which the object is intended to be cut, in which a crack
5 region is formed by the laser processing method in accordance with the eighth example of the
embodiment; Fig. 81 is a schematic diagram of a Q-switch laser provided in a laser light source of the
laser processing apparatasdi accordance with the eighth example of the 10 embodiment; Fig. 85 is a
block diagram showing a part of an example of overall controller of the laser processing apparatus in
accordance with the eighth &Xgmpd disifesarbddinrehty Fry! 86 ishg BIBdk BiagraReshERFARFE Art of
another 15 example of overall controller of the laser processing apparatus in accordance with the

eighth example of tHé €hsBdiPerit; €I Rigk 8ARY bId K @&Fraf Sholihg BFart®i Stift BRSHR?
gﬁgﬂg:g g]‘: e Al e Qe JaSR RIS SSNE. 30 2PParatys 1 acgordance with the eiahth
5 Fig. 60;

Fig. 62 is asectional viewof theobject tobe processed
in the case where pulse laser light having a power lower
than that of the example shown in Fig. 58 is used;

Fig. 63 isa sectional viewof theobject tobe processed

10 including a crack spot fogmed due to the multiphoton
absorption caused by irradiation with laser light shown in

Fig. 62;
Fig. 64 isasectionalviewof theobject tobe processed

in the case where pulse laser light having a power lower
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Fig. 651isasectional viewof theobject tobe processed

including a crack spot formed due to the multiphoton

(ﬂ‘ absorption caused by irradiation with laser light shown in
Fig. 64:
20 Fig. 66 1s 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 showing 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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embodiment; Fig. 88 is a block diagram showing a part of still another example of overall controller of
the laser processing apparatus in accordance with the eighth example of the 25 embodiment; Fig _
89 is a perspective view of an example of the object 79 to be processed within which a crack region is
formed by using the laser processing method in accordance with a ninth example of the embodiment;
Fig. 90 is a perspective view of the object to be 5 processed formed with a crack extending from the
crack region shown in Fig. 89; 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 method in accordance
10 with the ninth example of the_.embodiment; Fig. 92 is a perspective view of still another example of
the object to be prdtbsSRRRRIA WHRTH & Rlatkire§iOR Vit 46Aned by BSing #7€ s HiotasdiRg
method in accordance with the ninth examplg of the emb dirgc}gent;%SfFi . 93 is a view SEOV%/W the
state where a Iightcjc%Jrﬁ/Jeiilgti1‘11(3S pdiﬂt of Taser @ﬂﬁg pgéiﬁ ned’6n the %Erfaedvéagﬁ & ~08j cttobe

processed; Fig. 944’(?“%5/' x%gp](%wing the state where a light-converging point of laser light is
positioned within 20 the onject fo be processed; Fig. 95 is a flowchart for explaining the laser

Fig. 69 is a view showing an example of table of a

5 correlation " storing- section included in the overall

controller of the laser processing apparatusvin accordance
with the fifth example of the embodiment;

Fig. 70 is a view showing another 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 of 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=
W

accordance with the fifth example of the embodiment:

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

Fig..73 isaview showing 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 disposed;

25 Fig. 75 1is a schematicAdiagram of the laser processing

apparatus in accordance with a seventh example of the
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processing method in accordance with the ninth example of the embodiment; Fig. 96 is a perspective
view of an example of the object 25 to be processed within which a crack region is formed by using
the laser processing method in accordance with a tenth 80 example of the embodiment; Fig. 97 is a
partly sectional view of the object to be processed shown in Fig. 96; Fig. 98 is a perspective view of
another example of 5 the object to be processed within which a crack region is formed by using the
laser processing method in accordance with the tenth example of the embodiment; Fig. 99 is a partly
sectional view of the object to be processed shown in Fig. 98; and 10 Fig. 100 is a perspective view of
still another example ,pf$he Abjact to be processed within which a crack region 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; i thes foklowinge A prefeireg ermbediment of thepresent drvergion will be
explained with reference to the drawings. The laser processing method and laser processing
apparatus C in accardaneeiwiih this €mboghimentiorera imagifiecheegion dhemaokiphotoneaksorption.
The multiphoton absorption is 20 a phenomenon occurring when the intensity of laser light is made
very high. First, the prultiplibtep absgrption will Sgeerglained in brief,

5 Fig. 77 is aview showing the convergence of laser light
caused by the light-converging lens in the case where an
iris diaphragm is disposed;

Fig. 78 isablockdiagram showing an example of overall
controller provided in a modified example of the laser
10 processing apparatus in accordance with the embodiment;
Fig. 79 is ablockdiagramof 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 diagram of still another example
15 of overall controller provided in the modified example of
the laser processing apparatus 1in accordance with the
embodiment;
(L 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. 82 is a plan view of another example of the part
of objéct to bhe procéssed extending along the line along
25 which the object i1s intended to be cut, in which a crack

regionis formedby the laser processingmethod in accordance
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A material becomes optically transparent when the energy by of a photon is lower than the band gap
EG of absorption 25 of the material. Therefore, the condition under which absorption occurs in the
material is by > Er. Even when 81 optically transparent, however, absorption occurs in the material
under the condition of nhv > EG (n = 2, 3, 4, ...) when the intensity of laser light is made very high.
This phenomenon is known as multiphoton absorption. In the case 5 of pulse wave, the intensity of
laser light is determined by the peak power density (W/cm2) of laser light at the light-converging
point, whereas the multiphoton absorption occurs under the condition with a peak power density of at
least 1 x 108 (W/cm2), for example. The peak power density 10 is determined by (energy of laser light
at the light-convertying pdifpet iiidd)/(B&amPdot OrobB S erlibyPs 1R bf laser light x pulse width) In
the case of a continuous wave, tgﬁ intens;ﬁ/ of laser light is det rminechby the eleciric figld intensity
t

t g
(W/cm2) of laser 15 light at te ligRt-corery ity Boimt. ‘Pﬁesﬁr}ﬁc?pﬁe”&ﬁ §&r provdRsndh &

e
| hcCordance

with the embodiment ytilizing, such, multiphoton absarption will C. now be explain d.withr(g rence to
Flgs. 110 6. T, 1082 Do G B B A e B B R

septional view of t%gl&jﬁct&) éh@ﬂﬂ ei_@tFigsl 1%@%@'88%'86 lipe _élL-JIJC.IFignB \Fhﬁ‘ @Igrgvig\_tva of.the

object 1 after laser processing. Fig. 4 is a sectional view of the object 1 shown in Fig. 3 taken along

the line 5 regionis formed by the laser processing method in accordance
with the eighth example of the embodiment;

Fig. 84 is a schematic diagram of a Q-switch laser
provided in a laser light source 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 controller of the laser processing apparatus in

accordance with the eighth example of the embodiment;

Fig. 86 1s a block diagram showing a part of another

[
U

examplé of overall controller of the laser processing
apparatus 1in accordance with the eighth example of the
embodiment;
(M | Fig. 87isablockdiagramshowingapartofstill another
“example of overall controller of the laser processing
20 apparatus in accordance with the eighth example of the
embodiment;
Fig. 88 isablockdiagramshowingapartof still another
example oI overall controller of the laser processing

apparatus in accordance with the eighth example of the

25 embodiment;

Fig. 89 is aperspective viewof anexample of the object
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IV-IV. Fig. 5 is a sectional 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. 82 As shown in Figs. | and 2, the object 1 has a surface 3 with a line
along which the object is intended to be cut 5. The line along which the object is intended to be cut 5
is a linearly extending virtual line. In the laser 5 processing in accordance with this embodiment, the
object 1 is irradiated with laser light L while locating a light-converging point P within the object 1
under a condition generating multiphoton absorption, so as to form a modified 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 along the line along which the object is intended to be cut 5 (i.e., along the
direction of arrow AP, the lightcenergingipoint P is) nadvesl aloag ¥he tige alongswHich tiea object is
intended to 15 be cut 5. This forms the modified region 7 along the line along which the object is
intended to be cut&sarihg vithen L theesbjete ¢ esssiovm ¢t Fis 13)t6 S: o tedlae et Prbce siny: 'method
in accordance with this embodiment, the modified region 7 is not formed by heating the object 1 due
to the 20 absorptiGi'éMRset light £ Afer@RP aHEN&8&r light L is transmitted through the object 1, so as

to generate multiphoton absorption therewithin, therebg,forming the rgodifieddr?%gjon 7. Therbefore, the
laser light L is hardly absordét atthe Strfic® $o1RRE bBjETt ¥ \ekHereby IS siiect to Pe

5 processed formedwith a crack extending fromthe crack region
shown in Fig. 89;

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 method in accordance

10 with the ninth example of the embodiment;

Fig. 92 is a perspective view of still another example
of the object to be processed within which a crack region
is formed by using the laser processing method in accordance
with the ninth example of the embodiment;

Fig. 93 1is a view showing the state where a

[}
(€3]

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. 95 1is a flowchart for explaining the laser
processing method in accordance with the ninth example of
the embodiment;

Fig. S96isaperspective viewof anexample of theobject

25 to be processed within which a crack region 1is formed by

using the laser processing method in accordance with a tenth




25 3 of the object 1 will not melt. If a starting point exists in a part to be cut when 83 cutting the object
1, the object 1 will break from the starting point, whereby the object 1 can be cut with a relatively
small force as shown in Fig. 6. Hence, the object 1 can be cut without generating unnecessary
fractures in the surface 5 3 of the object 1. The following two cases seem to exist in the cutting of the
object to be processed using the modified region as rr a starting point. The first case is where, after
themodified region is formed, an artificial force is applied to the object, 10 whereby the object breaks
while using the modified region as a starting point, and thus is cut. This is cutting in the case where

the object to be. prog%%%&glkéaso%lagg% trgﬁﬁg%%sls}h ef%e,;xample. Applying an artific@al force inclgdes, for
example, applying a Ing stress or shearing stress to 15 the object along the line along which the

object is intended to be cutgn the ghject tq bg nreqessed Or impaiting a,tempeiatursdiference to the

object so as to generate a thefmal stress. Another Case is where a modified region is Tormed, so that

the object naturally jpeeaksdn éke 2Q cegssapedtional direagign (thickness direction) of the object while
using the modified region as a starting point, whereby the object is cut. This can be achieved by a

single modified region wherihke tltiéknessaobhesghient isysmall eansitby adqulbiratityeofampdiiedfregions
formed in the thickness 25 direction when the thickness of the object to be processed
5 the object to be processed within which a crack region is
formed by using the laser processing method in éccordance
with the tenth example of the embodiment;
Fig. 99 is a partly sectional view of the object to
be processed shown in Fig. 98; and
10 Fig. 100 is a perspective viewof still another example
of the object to be processed within which a crack region
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, apreferred embodiment of the present
invention will be explained with reference to the drawings.
The laser processing method and laser processing apparatus
(_ in accordance with this embodiment form a modified region
by multiphoton absorption. The multiphoton absorption is
20 a phenomenon occurring 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 thanthebandgapEgof absorption

25 of the material. Therefore, the condition under which

absorption occurs in the material is hv > E;. Even when
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is large. Breaking and cutting can be carried out with 84 favorablecontrol even in this nat_urally
breaking case, since breaks will not reach the part formed with no modified region on the surface in
the part to be cut, so that only the part formed with the modified region can be broken and cut. Such 5
a breaking and cutting method with favorable controllability is quite effective, since semiconductor
wafers such as silicon wafers have recently been prone to decrease their thickness. The modified
region formed by multiphoton absorption 10 in this embodiment includes the following (1) to (3): (1)
Case where the modified region is a crack region including one or a plurality of cracks An object to be
processed (¢.9- dlapqta Piezasiasilp MAIRHE AR GLEITa0R) s Badipled il 45 Jgserignt

while the light-converging point is ‘ocated therewithin under a conditio a peak power density of

at least 1 x 108 (Wirn2)and a.use widh ofshus 0% less, at the light-copveraing goint,

Thismagnitude ofpulse width is a condition under which a crack region can be formed only 20 within
the object to be pragessed Mailergenesating saultiphetom absarptionuitoutsaysiig innetassary
damages to the surface of the object. This generates a phenomenon of optical damage caused by
multiphoton absorptibanvdtiem dheiabjecbionbe procéssarh dtis gitisalgemage induces 25 thermal
distortion within the object to be processed, thereby forming a crack region therewithin. The upper
limit of S of pulse wave, the intensity of laser light is determined

by the peak power density (W/cm?) of laser light at the

light-converging point, whereas the multiphoton absorption

occurs under the condition with a peak power density of at

least 1 x 10° (W/cm?), 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 continuous 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 vutilizing 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 viewof the object 1 shown
in Fig. 1 taken along the line II-11I. Fig. 3 is a plan view
of the object 1 after laser processing. Fig. 4 isasectional
view of the object 1 shown in Fig. 3 taken along the line
IV-IV. Fig. 5 is a sectional 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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85 electric field intensity is 1 x 1012 (W/cm2), for example. The pulse width is preferably 1 ns to 200
ns, for example. The forming of a crack region caused bymultiphoton absorption is described, for
example, in "internal Marking of Glass 5 Substrate by Solid-state Laser Harmonics", Proceedings 45th
Laser Materials Processing Conference (December 1998), pp. 23-28. 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 of 700 pm) (B) Laser Light source: semiconductor laser pumping 15 Nd:YAG laser

Wavelength: 1064 nm Laser light spot ,cross,-sectiolnal are\g: 3.14 X C,10-8§T 2 Oscillation mode:
Q-switch pulse 20 Repetition FaqUBhdy? Tob%Hz 1PARE width" S0 &Gtout: Bathdt SUEhéAsulse

Laser light qualiy: JEMog, Polarzation haragterisic, ineas, 25 Aolalan.(QdJopi egaversing lens
5. The line along which the object i1s intended to be cut
5 1s a linéarly extending virtual line. In the laser
5 processing in accordance with this embodiment, the object
1 1is irradiated with laser light L while locating a
light-convergingpoint Pwithinthe object 1undera condition
generating multiphoton absorption, so as to form a modified
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 along 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
along which the object is intended to be cut 5 only within
the object 1 asshowninFigs. 3to5. Inthelaser processing

(: method in accordance with this embodiment, the modified
region 7 is not formed by heating the object 1 due to the

20 absorption of 1aéer light L therein. The laser light L is
transmitted through the object 1, so as to generate
multiphoton absorption therewithin, thereby forming the
modified region 7. Therefore, the laser light L is hardly

absorbed at the surface 3 0of the object 1, whereby the surface

25 3 of the object 1 will not melt.

If a starting point exists 1in a part to be cut when




Transmittance with respect to laser light wavelength: 60% (D) Moving speed of a mounting table
mounting the "object to be processed: 100 mrn/sec 5 The laser light quality of TENop indicates that the
light convergence is so high that light can be converged up to about the wavelength of laser light. Fig.
7 is 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 one pulse of laser light. An assembly of crack spots forms 15 a crack region. The

size of a crack spot refers to that of_the part of dimensions.of the crack spet yielding the maximum
length. The datain&i%é%eﬁnk%/%n a?cﬂbc?r%%%a][ﬁ tﬁre)eg?ap]neétrelfé”r cl)claa%ggipvf\)/ é?‘e hgg ﬁﬁt}golnr{/%rging

glass (C) has a mi%w\g'qgtioyr} o(_g %%B? agg 2 %B:E gigalla%eg;]ur% éN@\)‘1 Qf 20, .89. letgl_g R}g?r hand,

the data indicated ité circles in the grap ers to a case where the light-converging g ayss ©

has a magnification,af:¥50 apg anymesigal,aperugg (NA) of G55l is spenJhaLerack spafsihegin o

occur within the object to be processed when the peak power density 25 reaches 1011 (W/cm’), and

become greater asdhe paaknRawes densty inaases 85 Aanochanist by whighthe ebjees texbe
processed is cut _
5 3 of the object 1.

The following two cases seem to 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 forceisappliedtotheobject,

10 whereby the object breaks while using the modified region
as a starting point, and thus is cut. This is cutting in
thecasewheretheobjecttobeprocessedhasalargethickness,

for example. Applying an artificial force includes, for
example, applying a bending stress or sﬁearing stress to

15 the object along the line along which the object is intended
to be cut in‘the object to be processed or imparting a
temperature difference to the object so 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 directicn) of the
object while using the medified region as a starting péint,

whereby the object is cut. This can be achieved by a single

modified region when the thickness of the object is small,

andby apluralityofmodifiedregions 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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upon formation of a crack region in the laser processing in accordance with this embodiment will now
be explained with reference to Figs. 8 to 11. As shown in Fig. 8, the 5 object to be processed 1 is
irradiated with laser light L while locating the light-converging point P within the object 1 under a
condition where multiphoton absorption occurs, 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 point. 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 object 1 breaks, so as to be cut.
The crack reaching the surface and rear face of the 15 object to be processed may grow naturally or
grow as a force is fppliaciolthe ohjeet (B Keasenvhiete theduedified ragien isg meoklien pimcessed
region An object to be processed (e.g.,,a semiconductor 20 material such as silicon) is irradiated with
laser light whiletheligrticomierdimgp pairtds lotatethetréwithindindeh a conditichiwithra peak power
density of at least 1 x 108 (W/cm2) and a pulse width oflpsorless atthelight-converging point. As a
consequence, the PRideef therdbiest torbd 26 rocdsdat kelovally Heated by winkipHdienzbsbrption.

This heating forms_a molten processed region within the object 88 to be processed. The molten
processed region refsr8 €6l at JbAst Bﬁé'ﬂ%r@b@& bRgeHehad Asdrrek pe-soldifistf, - Such

5 abreaking andcuttingmethod with favorable controllability
is gquite effective, since semiconductor wafers such as
silicon wafers have recently been prone to decrease their

( thickness.
| The modified region formed by multiphoton absorption
10 in this embodiment includes the following (1) to (3):
(1) Case where themodified region is a crack region
including one or a plurality of cracks
An object to be processed (e.g., glass or a
piezoelectric material made of LiTa0O3) is irradiated with

WS PN

laser light while the light-converging point is located

[y
(2]

W2

therewithin 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 thelight-convergingpoint. Thismagnitudeofpulsewidth
is a condition under which a crack region can be formed only

20 within the object to be processed while generating
multiphoton abscrption without causing unnecessary damages

to the surface of the object. 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 a crack region therewithin. The upper limit of

—_— e



a region in a melted state, and a region in the process of re-solidifying from its melted state. The
molten processed 5 region may also be defined as a phase-changed region or a region having
changed its crystal structure. The molten processed region may also be regarded as a region in which
a certain structure has changed into another structure in monocrystal, amorphous,
andpolycrystalstructures. 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 into a
polycrystal structure, and a region in which a monocrystal structure has changed into a structure

including an amorphous simuetuyre 15.a1d, g polycrystalsugtuygdor example. Vihen the,pbject to be
processed is a siliconmonocrystal structure, themdltén processed region is an amorpﬁou silicon

structure, for exar@RIg.gQ%@Rﬂ Amit qfselsgéifef&egqg' ensity.is }, é&@]ﬁéW/gglz)ej%rnﬁﬁa@ple. The

pulse width is preferably 20 1 nsto 200 ns, for example: By an experiment, the inventor has verified

that a molten procegsedhiegiqnis fosned withip 2 siliconyatet, GRnditionsfos therexpesiment is as
follows: (A) Object to be processed: silicon wafer (having 25 a t%ickness of 350 pm and an outer
diameter of 4 inches) (B)daser88 Lightsosregiseajicarducterlasaspumpingi Ng: ¥AG I ases
Wavelength: 1064 nm .

5 Substrate by Solid-state Laser Harmonics”, Proceedings of

45th Laser Materials Processing Conference (December 1998),

pp. 23-28.
The inventor determined relationships between the
C_ ' 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 of 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
(; _ 107 cm?
Oscillation mode: Q~switch pulse
20 Repetition fregquency: 100 kHz
Pulse width: 30 ns
Output: output < 1 mJ/pulse
Laser light quality: TEMgg
Polarization characteristic: linear
25 polarization

(C) Light-converging lens
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Laser light spot cross-sectional area: 3.14 5 10-1 cm, Oscillation mode: Q-switch pulse Repetition
frequency: 100 kHz Pulse width: 30 ns Output: 20 pJ/pulse 10 Laser light quality: TEMoo Polarization
characteristic: linear polarization (C) Light-converging lens Magnification: x50 15 NA: 0.55
Transmittance with respect to laser light wavelength: 60% ( (D) Moving speed of a mounting table
mounting the object to be processed: 100 mm/sec 20 Fig . 12 is a view showing a photograph of a
cross section in a part of a silicon wafer cut by laser processing under the above-mentioned
conditions. A molten processed region 13 is formed within a silicon wafer 11. The size of the molten

processed region formed under th%ggg\é%-mecndti]gggd anﬁgtior}% ‘%SGiéﬁabQ%t 19Q pmin Ehﬁﬁ thickness
[ y 90 multip [ Il

direction. The forming of the molten processed region 13 oton absorption wi
beer,plained. Fig. 13.is.a grapty shgwing relationships between the wavelength of laser light and the
transmittance within the silicon substrate. Here, respective reflecting components on the surface and

rear (D) Moving speed of a mounting table mounting the
object to be processed: 100 mm/sec
5 The laser light guality of TEMy, indicates that the
light convergence is so high that light can be converged
up to about the wavelength of laser light.
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
one pulse of laser light. An assembly of crack spots 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 %100 and a numerical aperture (NA) of
20 0.80. (mutheotherhand,'thedataindicatedknthitecircles
in the graph refers to a case where the light—convérging
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 power

density increases.
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5 face sides of the silicon substrate are eliminated, whereby only the transmittance therewithin is
represented. The above-mentioned relationships are shown in the cases where the thickness t of the
silicon substrate is 50 pm, 100 pm, 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 80% at 1064 nm, which is the
wavelength of Nd:YAG laser, when the silicon substrate has a thickness of 500 pm or less. Since the
silicon wafer 11 shown in Fig. 12 has a thickness of 350 pm, the 15 molten processed region caused
by multiphoton absorption is formed near the center of the silicon wafer, i.e., at a part separated from
he surface by 175 pm. The transmittance in this case is 90% or %reater with reference to a silicon

afer having a thickness of*206 P ViiRareby 2018 1586 ABAES B BR PRRRIRIRE Sikco i Wafer 11

nly slightly and is substantially transmitted therethrough. . This means thflt the molten grocessed
egion is not formedPHy 1as_F 5t aB8 orptich WitRin hégesﬁi]c%ﬂ wief 1 (i'¢ S Hot FhRTeP dporf usual

heatlnglwnh laser Iliqjht)é Q(% %g% Crgug; Q%toghalbsso‘[:pt oondiThg nfgl’l‘Ul{]ngOf ﬁlowo tgn )ré%%easjfsgg gregion
by multiphoton absorption’is described, for example, 91 In "Processing Characteristic' evaluation of

Silicon by Picosecgnd Pulse Lager-Prepripis,af the Natiqnal Mgeting, of Japanpglding Sogiet, No.
66 (April 2000), pp. 72-73. Here, a fracture Is generated in the cross-sectional 5 direction while using
the molten processgghregionas Be processed 1 is irradiated with laser light L
while locatingthe light-convergingpoint Pwithin the object
1 under a condition where multiphoton absorption occurs,
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 point. 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 object 1 breaks, so as to be

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

j=
n

object to be processed may grow naturally or grow as a force

1s applied to the object.
(2) Case where the modified region is a molten

(;. processed region

An object to be processed (e.g., a semiconductor
20 material such as silicon) is irradiated with laser light
whilethelight~convergingpointislocatedtherewithinunder
a condition with a peak power density of at least 1 x 108
(W/cmz)andapulseWidﬂdoflpsorlessatthelight—converging
point. As a consequence, the inside of the object to be
25 prccessed is locally heatedbymultiphoton absorption. This

heating forms a molten processed region within the object
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tarting point, whereby the silicon wafer is cut when the fracture reaches the surface and rear face of
he silicon wafer. The fracture reaching the surface and rear face of the object to be processed ma
row naturally or grow as 10 a force is applied to the object. The fracture naturally grows from the
olten processed region to the surface and rear face of the silicon wafer in one of the cases where
he fracture grows from a region once melted and then re-solidified, where the fracture grows from
egion in 15 a melted state, and where the fracture grows from a region in the process of re-solidifying
rom a melted state. In any of these cases, the molten processed region is formed // only within the
cross section after coittirg gs sheweda FigrHz.yhee @ melien pseecessash iegion isformesl within the
20 object tobe processed, unnecessary fractures deviating from a line along which the object is
intended to be cut heex bardbte asfur at thei time @f beealdidg edidacudting ewhichakesi itféasier to
control the breaking and cutting. (3) Case where the modified region is a refractive 25 index chang
region An object tabe ocessen (@.g¢ flass) i rtaeliatedd92 witly laser light vbile the $ight-@énverging
point is located therewithin under a condition with a peak power density of at least 1 x 108 (Gd/cm2)
and a pulse width SEr§Si @58 vartaellight-ddriverRyirig foritdivhen RURIPIOLER ARG FEST Bds

generated within the object to be grocessed with a very short Rulse width, the energy caused by
multiphotbn reglon may also be defined as a phase-changed redion or a

region having changed its crystal structure. The molten
processed region may also be regarded as a region in which
a certain structure has changed into another structure in
- monocrystal, amorphous, 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 into a polycrystal
structure, and a region in which a monocrystal structure
’ haschangedintoastructureincludinganamorphousstruéture
15 and a polycrystal structure, for example. When the object
tobeprocessedisasiliconmonocrystal structure, themolten
processed region 1s 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.
Ry an experiment, the inventor has verified that a
molten processed region is formed within a silicon wafer.

Conditions for the experiment is as follows:

(R) Object to be processed: silicon wafer (having
25 a thickness of 350 pm and an outer diameter of 4 inches)
(B) Laser
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absorption is not transformed into thermal energy, so that a permanent structural change such as ionic
valence change, crystallization, or polarization orientation is induced 10 within the object, whereby a
refractive index change region is formed. The upper limit of electric field intensity is 1 x 1012 (W/cmZ)
, for example. The pulse width is preferably 1 ns or less, more preferably 1 ps or less, for example.
The forming of a refractive index change region bymultiphoton 15 absorption is described, for example,
in "Formation of Photoinduced Structure within Glass by Femtosecond Laser Irradiation”, '
Proceedings of92thLaser Materials Processing Conference (November 1997), pp. 105-111. -Specific
examples of this embodiment will now Ee 20 explain.ed.%First Example] The laser processing method
in accordance with a first examplelbW eterrchooud}i'fﬁ%htWIFB‘é%%B ihe .|L—ig.lf4S sta éac%aﬁ[‘?c
diagram of a laser ﬁao_cﬁegﬁingaagggratus 100 usable 25 in this method. The laser processing apparatus
100 comprises a laser light source 101 for generating laser light L; a 93 laser light source controller
102 for controlling the laser light sg,lén\ggﬂgqgstq@s i reoylate the output and pulse width of laser light
Land the like; a dichroic mirror 103, arranged so as to change the orientation of the optical axis of
laser 5 light L by 90, having a functigisefrefleghirg ihe taser olight L& adigbhgonyereing lens4l05 for
converging the laser light L reflected by the dichroic mirror 103; a mounting

5 107% cm?
Oscillation mode: Q-switch pulse
Repetition frequency: 100 kHz
A Pulse width: 30 ns
( Qutput: 20 pJ/pulse
10 Laser light quality: TEMgo

Polarization characteristic: linear
polarization
(C) Light-converging lens
Magnification: x50
15 NA: 0.55
Transmittance Qith respect to laser 1light
wavelength: 60%
(_ (D) Moving speed of a mounting table mounting the
object to be processed: 100 mm/sec
20 Fig. 12 isaviewshowinga photograph of across section
in a part of 2 silicon wafer cut by laser processing under
the above-mentioned conditions. A molten processed region
131s formedwithinasiliconwafer 11. Thesizeof themolten
processedregionformedundertheabéve—mentionedconditions
25 is about 100 pm in the thickness direction.

The forming of the molten processed region 13 by
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table 107 for mounting an object to be processed 1 irradiated C with the laser light L converged by the
light-converging 10 lens 105; an X-axis stage 109 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 orthogonal 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. C 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 object 1. Thergfane; Ipo\ing theldsaxip stage Ll Blinthe x&axisdisectian eanlgcadesthe aph
light-converging point P of laser light L within the object 1. This movement of light-converging point P
in X(Y) -axis directtrisieftectetd 25imynmioving thetolyect 1He the v Y¢axisndoectionduy theyhX(Y)-axis
stage 109 (111). The X(Y)-axis stage 109 (111) 94 is an example of moving means. The laser light
source 101 is an Ndidy Alelasee generating qaulse tasen light. Knownas ethies kirmdseof laser eisable as
the laser light source 101 include Nd: YVO4 laser, Nd:YLF laser, 5 and titanium sapphire laser. For
forming a crack regRFPECHiolten frédeasbdt8gieAMRENERGIaseY, Neley Wos faer, and NELF laser

are used_preferably. For forming a refractive index chan%e region, titanium sapphire laser isbused
5 ace sides of the silicon substrate are eliminated, whereby

only the transmittance therewithin is represented. The

above-mentioned relationships are shown in the cases where

the thickness t of the silicon substrate is 50 pm, 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 80% at 1064 nm,
which is the wavelength of Nd:YAG laser, when the silicon
substratehasathicknessof 500umor less. Sincethesilicon
wafer 11 shown in Fig. 12 has a thickness of 350 pm, the

15 molten processed region caused by multiphoton absorption
is formed near the center of the silicon wafer, i.e., at
a part separated from the surface by 175 uym. The

( ‘ transmittanée in this case is 90% or greater with reference
to a silicon wafer having a thickness of 200 um, whereby

20 the laser light is absorbed within the silicon wafer 11 only
slightly and is 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 absorption. The forming of a molten processed

region by multiphoton absorption is described, for example,
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referably. 10 Though pulse laser light is used for processing the object 1 in the first example,
ontinuous wave laser light may also be used as long as it can generate multiphoton absorption. In
he present invention, laser light means to include laser beams. The light-converging lens 105 is an 15
xample of light-converging means. The Z-axis stage 113 is an example of means for locating the
ight-converging point within the object to be processed. The light-converging pcint of laser light can

e located within the object to be processed by relatively moving the light-converging lens 20 105 in
he Z-axis direction. The laser processing apparatus 100 further comprises an observation light source

117 for generating avisible Jight beary ferjiradiating the pbiegt,lopgarogassed 1ypeuntad gg the

mounting table 107; and a visible light'’beam splitter 25 119 disposed on the same optical axis as that

of the dichroic mirey d93andighicosuerging lens 4PapThe dichyeic 195 Mirep193 igcispased
between the beam splitter 119 and light-convergingTens T05. The beam Splitter 119 has a function o
reflecting about a hatf @fa@iﬁuwlel'[gm hgagb@ngttga,nsmittir@gtheArI@malinmgoi@alf, thesethrough3,.and is 5
arranged so as to change the orientation of the optical axis of the visual light beam by 90. A half of the
visible light beam generatett by the ohservation lightsouecs 1 16 IS reflected by she beamsplifter 119,

and thus reflected visible light beam is transmitted through the dichroic mirror 103
5 direction while using the molten 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

N

the object to be processed may grow naturally or grow as

10 a force is applied to the object. The fracture naturally
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 fractﬁre grows from a region
in the process of re-solidifying from a melted state. In
any of these cases, the molten processed region is formed
only within the cross section after cutting as shown in Fig.
12. When a molten processed region is formed within the

20 object tobe processed, unnecessary fractures deviating from
a 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 region is a refractive

25 index change region

An object to be processed (e.g., glass) is irradiated
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10 and light-converging lens 105, so as to illuminate the surface 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, dichroic mirror 103, and light-converging lens 105. An example of
the image pickup device 121 is a CCD (charge-coupled device)camera. The reflected light of the
visual light beam having illuminated 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 mirror
103, and beam splitter 119 and forms an image by way of the imaging lens 123, whereas thus formed
image is captured “By-the fi&dingt @Vice ke &di8sb3idia PRy Figeddis. % e 15stP pAdésing
apparatus 100 furtpﬁr comprises an i(?aéging dat$£)rocessor 25 for in uttin% th_eéma ing data 96
outputted from the'iagiy-devide 129 San DVeral coAPOISH 157F0F 8AtBMKG the Faset proRssing

apparatus 100 as g?JEIWPO|eS gn? axn‘apgéto I/i([ 9. ccxé)rr]((j%ng to l} e émggi@ﬁ;nd%%, fh(;lém ginge%%ta

processor 125 cal ates foal point data orcf(n)catmg heé f5ca point of the visible light generated in

the observation light sgpcce 1i-0ntg e sUaces s Aecording 1o-406 facal pory dajaothestage
controller 115 controls the movement of the Z-axis stage 113, so that the focal point of visible light is
located an the suriace 3 nkrdeaee . DeHMaging:dat RIOEess0p & 25 fUREIDNSAS/AR N a very
short pulse width, the energy caused by mﬁltiphoton
absorption is not transformed into thermal energy, so that

a permanent structural change such as ionic valence change,
crystallization, or polarization orientation 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*2 (W/cm?), for example. The pulse width is preferably

1 ns or less, more preferably 1 ps or less, for example.

The formingof a refractive index change regionbymultiphoton

absorption is described, for example, in “Formation of

=

-
(92l

Photoinduced Structure within Glass by Femtosecond Laser

Irradiation”, Proceedingsof 42thLaser Materials Processing

(“ Conference (November 1897), 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 100comprises

a laser light source 101 for generating laser light L; a
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autofocus unit. Also, 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 129. As a consequence, an
enlarged image or the like is displayed on the monitor 129. C Data from the stage controller 115,
image data from the imaging data processor 125, and the like are fed into 20 the overall controller
127. According to these data as well, the overall controller 127 regulates the laser light source
controller 102, observation light source 117, and stage controller 115, thereby controlling the laser
processing appardtes 400lasya whale r Teus pthieravierall codrdiler 12h 25cfuhitians hs d gsrputer
unit. With reference to Figs. 14 and 15, the laser processing L 97 method in accordance with a first
example of the embadiniestowiiceowWBesaxplaitiedr S 1stie & flevweHartforaxbrRining thistaser

processing method. The object to be processed 1'is a silicon wafer. 5 First, a light absorption
characteristic of the bBjase Fid deterrkisdd g dpdtrogrdtchatet Githerie Which2isToteRPicted.
According to the results of measurement, a laser light source 101 generating laser light L having a

wavelength to whiGPtie obfe G 2idHrakdifardnt BF EXAibRE £ a0 BB5SARIOPE ThSEr fSEF1). Next,
the thickness of the;object 1 5 megsured; According [0 18 I8PUYOT e f1ecting the laser
light L; a light~-converging lens 105 for converging the laser
light L reflected by the dichroic mirror 103; a mounting
table 107 for mounting an object to be processed 1 irradiated
(’ : with the laser light L converged by the light~converging
10 lens 105; an X-axis stage 109 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 orthogonal
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 object 1. Therefore, moving the Z-axis stage 113 in the
Z-axls 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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measurement of thickness and the refractive index of the object 1, the amount of movement of the
object | in the Z-axis direction is determined (S103) . This isanamount of movement 15 of the object 1
in the Z-axis direction with reference to the light-converging point of laser light L positioned at the
surface 3 of the object | in order for the light-converging point P of laser light L to be positioned within
the object 1. This amount of movement is fed into the overall controller 20 127. The object 1 is
mounted on the mounting 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 (5105). The
illuminated surface 3256f tREHE& 19hc@irgBeMpdtong which the object is intended to be cut 5

is captured by the image pickup device_98 121. Thus obtained imaging data is sent to the imaging
data processor 125. Accordiig t¢ fifetimhagihg Hats thel rating” égﬁgcleﬁ&rlgz%n@a‘iéﬁléf such

focal point data that_t efo<‘1al gin %f % ible lj%hotvgrom thgtcijbeslgr%?trioslig?t 5 sourcesljb7lies gsitioned
at the surface 3 (ST07)>fhe 166G poift data iS'$81LS the s J

. € Stage cont.roller ﬂ%f%%q%rtﬁ_ngtot e
focalpointdata, the $tage 58%@%'?5}%‘%?6@ Vce?s oul %‘ﬁé'fu%@%?Jr%‘_‘l@s%??"ﬁc‘?!r?ﬁ%%@e"zo?)- AS
a consequence, the focal point of visible light fr

om the 10 observation 1|ght source 117 is positioned at
the surface 3. Accarding lctmeiima%iﬂﬁlﬂﬁ%éh?aig@ﬁmg fgta PEeGeSS9ra1eB selcyatessentarged

image data of the surface 3 of the

molten processed region, Nd:YAG laser, Nd:YVO, laser, and

Nd:YLF laser are used preferably. For forming a refractive

index change region, titanium sapphire laser 1is used

( ' preferably.

10 Though pulse laser light is used for processing the
object 1 in the first example, continuous wave laser light
may also be used as long as it can generate multiphoton
absorption. In the present invention, laser light means to
include laser beams. The light-converging lens 105 is an

15 example of light—conve;ging 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 located 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
light beamforirradiating theobject tobeprocessed 1l mounted
on the mounting table 107; and a visible 1ight beam splitter

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

mirror 103 and light-converging lens 105. The dichroic
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object including the line along which the object is intended to be cut 5. The enlarged image data is
sent to 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 S103 has been fed into the overall controller 127
beforehand, and is sent 20 to the stage controller 115. According to themovement 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-converging point P of laser light L is located within the object 1 (5111). 25

Next, laser light L isrgenesategofsomdhe jases dight 1seurce-10% 150 axiqinadiate the-ling alangwhich
the object 99 is intended to be cut 5 in the surface 3 of the object with the laser light L. Since the

light-converging point &£raf- lesak kghtis gosidased wihin thesbjrcin., apnaltere pracegsed segion is
formed only within the object 1. 5 Subsequently, the X-axis stage 109 and Y-axis stage 111 are moved
along the lint to be €utry; tsocars tof farat a ewndlteny processead regidn atorg tieslzel alonghwhickethe
object is intended to he cut 5 within the object 1 (5113) . Then, the object 1 is bent along the line
along which the objedistiRindhidetitobet et 5 enelithds is dwtl(5115E Thishdiowies, thendbjest 1 into
silicon chips. Effects of the first example will be explained. Here, the line along which the object is
intended tb be cut Bisfanged so as to change the orientation of the optical axis
" of the visual light beamby 90°. Ahalf of the visible light
beam generated by the observation 1light source 117 1is
reflectedbythebeamsplitter 119, andthusreflectedvisible
( light beam i1s transmitted through the dichroic mirror 103
10 andlight~converging1ens105,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’imaéing lens 123 disposed
15 on the same optical axis as that of the beam splitter 119,
dichroic mirror 103, and light-converging lens 105. An
example of the imagepickupdevice 121 isaCCD (charge-coupled
( device) camera. Thereflectedlight of the visual light beam
having illuminated the surface 3 including the line along
20 which the object is intended to be cut 5 and the like'is
trensmitted through the light-converging lens 105, dichroic
mirror 103, and beam splitter 119 and forms an image by way
of the imaging lens 123, whereas thus formed image 1s 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



irradiated with the pulse laser light L under a condition 15 causing multiphoton absorption while
locating the light-converging point P within the object 1. Then, the X-axis stage 109 and Y-axis stage
111 are moved, so as to move the light-converging point P along the line along which the object is
intended to be cut 5. As a consequence, a 20 modified region (e.g.,crack region, molten 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. When a certain starting point exists at a 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 ' 00 is intended to be cut S while using a modified

region as a startingyrginttcasdcatthe ohieaidayith @ celativelyismallafoteee Fhisicasreut He ebject |
without generating unnecessary fractures deviating from the line along which 5 the object is intended
to be cut 5 in the sufface Srofctbe takjéttih.Alsbeinltae dirstexamEe ) the algjpetrh tsuisradid@teds with the
pulse laser light L at the line along which the object is intended to be cut 5 under a condition
generating 10 muléphdtoheabsorgtianinnikidé objelct 1 -whie fwoadhy 3heolightecomeargirg peirat P withjn
the object 1. Therefore, the pulse laser-light L is transmitted through the object 1 without substantially
being absorbed at A& siiffagé @q)fdmbaomé@tcra%ﬁé%e%%hé%&ﬁagéé BRAll R IndtR demdgés

5 for locating the focal point of the visible light generated
in the observation light source 117 onto the surface 3.
According to the focal point data, the stage controller 115
controls the movement of the Z-axis stage 113, so that the
focal point of visible light is located on the surface 3.

10 Hence, the 1imaging data processor 125 functions as an
autofocus unit. Also, 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 tc the moniter 129. As a
conseqguence, an enlarged image or the like is displayed on
the monitor 129.

(: Data from the stage controller 115, image data from
the imaging data processor 125, and the like are fed into

20 the overall controller 127. Accordingtothesedataaswell,
the overall controller 127 regulates the laser light scurce
controller 102, observation light source 117, and stage
controller 115, thereby controlling the laser processing
apparatus 100 as a whole. Thus, the overall controller 127

25 funcfions as a computer unit.

With reference toFigs. 14 and 15, the laser procéssing
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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 tobe cut 5 and melt in the surface 3 of the obj ect. Therefore, 20 when
the object is a semiconductor wafer, for example, a semiconductor 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 objects to
be processed whose surface is formed with electrode patterns, and those whose surface is formed

with electronic 101rdeViees sHchasoRiezealectic:walers; andt glassryibstratesh boramgcb withahsplay

devices such as liquid crystals. Therefore, the first example can improve the yield of products (e.g.,
semiconductor chipsj piezoeslestriegeyicerchins, anid)5 displayadéevices sueh & oeicbarystaihprepared
by cutting the object to be processed. Also, since the line along which the object is intended to be cut
5 in the surface 3 dfthe objece t duesams melly thetfirstiexaMbke canl detreasdibepvidtteokthe line
along 10 which the object is intended to be cut 5 (the width being the interval between regions to
become semiconddctéEchips lih 8@ Base? 68& semiconductor wafer, for example). This increases the

number of products prepared from a single object to be processed 1, whereby the productivity of
products tan 15 be imprO\FeJdl.'St' a 11ght absorption characteristic of the object

1 is determined by a spectrophotometer or the like which
is not depicted. According to the results of measurement,
a laser light source 101 generating laser light L having
C awavelength to which the object 1 is transparent or exhibits
10 a low absorption is chosen (S101). Next, the thickness of
the object 1 1is 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 (5103). Thisisanamount of movement
15 of the object 1 in the Z-axis direction with reference to
the light-converging point of laser light L positioned at
thesurface 3 of theobjectlinorder for thelight-converging
C‘ point P of laser light L to be positioned within the object
1. This amount of movement is fed into the overall controller
20 127.

The object 1 is mounted on the mounting table 107 of
the laser prbcessing apparatus 100. Then, visible light is
generated from the observation light source 117, so as to
illuminate the object 1 (5105). The illuminated surface 3

25 of 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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Since laser light is used for cutting the object 1, the first example enables processing more
complicated than C that obtained by dicing with a diamond cutter. For example, even when the line
along which the object 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.
Not only a single laser light source but also a plurality 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 102 plurality of laser light sources are provided. Here, the

object 1 is irradiated with three Jasgr bgams £mitiash frem JesPestive jasellightsonres b dbt.519

from different directions while the light-converging point P is located 5 within the object 1. The

respective laser beams trerstbe laser light sewrgesd S5t d tae masigiingideat en theobjectgiftpm the
surface 3 thereof. The laser beam from the laser light source 19 is made incident on the object 1 from

the C rear face 21 tieresf. Sincea phurality of taske lightt 46 sources arealsesh this miakes it passible
for the light-converging point to have an electric field intensity with such a magnitude that multiphoton
absorption occurs, &henivenlaser figheis vértidubaslware Idsamighthaisg wvpdwernidwehthan
that of pulse laser light. For the same 15 reason; multiphoton absorption can be generated ever,
without alight-com@Pying fens! ThbagR e igrasvelging pomir face 3 (SI07).

The focal point data is sent to the stage controller
115. Accordingto the focal point data, the stage controller
115moves the Z-axisstage 113 inthe Z-axisdirection (S109).
As a conseqguence, the focal point of visible light from the
10 observation light source 117 is positioned at the surface
3. According tothe imagingdata, the imagingdata processor
125 calculates enlarged image data of the surface 3 of the
object including the line along which the object is intended
to be cut 5. The enlarged image data is sent to 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 1is displayed on the monitor 129.
C Movement amount data determined at step $103 has been
fed into the overall controller 127 beforehand, and is sent
- 20 tothestagecontroller 115. Accordingtothemovement amount
data, the stage contreller 115 causes the Z-axis stage 113
to move the object 1 in the Z-axis direction at a position
where the light-converging point Pof laser light L is located

within the object 1 (S111).

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

source 101, soas toirradiatethe linealongwhich the object



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 sources exist therein. 20 Fig. 18 is a schematic view for explaining
another 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 sources 23 aligning along the line along which the
object is intended to be cut 5. Among the array light source 103 sections 25, 27, 29, laser beams
emitted from laser light sources 23 arranged in the same row form a single light-converging point
(e.g., light-convergingspeiit Bl ethis &xsamplecrcan farrmeplality o light-conmerging peints 5ctRl, P2,
... along the line along which the object is intended to be cut 5, whereby the processing speed can be
improved. Also, in thiseeXarsple, a pdirality.of iveef modifiedgiegionsn can berformed at thie sdme
time upon laser-scanning on the surface 3 in a direction orthogonal to the line along which 10 the
object is intended tollees eut 5. {§btoricsEranple] dnsstondtexampié of thejembodimeat williew be

explained. This example is directed to a cutting method and cutting apparatus for a light-transmitting
material. The i5 lighREGRSARERY ASEHANIs f efamPrf tHel gbjetts Nbrbe bGce SEE & this:

example, a piezoelectric device wafer (substrate) having a thickness of about 400 pm made
) Subsequently, the X-axis stage 109 and Y-axis stage 111 are

moved along the lint to be cut 5, so as to form a molten
processed region along the line along which the object is
intended to be cut 5 within the object 1 (S113). Then, the
( object 1 is bent along the line along which the object is
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 object 1. Then, the

X-axis stage 109 and Y-axis stage 111 are movea, S0 as to

(;t_ move the light-converging point P along the line along which
the object is intended to be cut 5. As a consequence, a

20 modifiedregion (e.g., crackregion, moltenprocessedregion,
orrefractive indexchangeregion) isformedwithinthe object

1 aldng the line along which the object is intended to be

cut 5. When a certain starting point exists at a 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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l‘oTLiTaO?; is used as a light-transmitting material. ? | nd
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
piezoelectric 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 1C4 like, and has an elasticity. The wafer sheet 33 is set on a mounting table 107
while being held with a sample holder 35. As shown in Fig. 19, the piezoelectric device wafer 31
includes a number of piezoelectric device chips 37 which 5 will be cut and separated later. Each
piezoelectric device ichip 87 dhaseal citeuiteection 39. ihelcircuit segtian 89d isffoeded @nithe sasface of
the piezoelectric device wafer 31 for each piezoelectric device chip 37, whereas a predetermined gap
a (about 80 pm) is farméd beiween atliacertil 0 whcuitsedtiphst39. Wid.126 skoved & stdtg whaid minute
crack regions 9 as modified parts are formed within the piezoelectric device wafer 31. Next, with
reference to Fig. 21,ftA&¢Rethod dficuttibgna Fytt-trahsmigigsrsterdal miadovdanee Wathathesecond

15 example will be explained. First, a light absorption characteristic of the light-transmitting material
(piezoelectric device WAt SA5Rade of 2FfAES i BRVdddohd ekaRTPIE) R t?édb?né LAR&terH €5 be cut

iSdeE”nﬂ@?d(8201%he object is intended to be cut 5 in the surface 3 of the
object 1.

Also, in the first example, the object 1 is irradiated
with the pulse laser light L at the line along which the
object is intended to be cut 5 under a condition generating

10 multipheton absorption in the object 1 while locating the
light-converging point P within the obhject 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 a2 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
tobe cut 5andmelt inthe surface 30f theobject. Therefore,

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

wafer without generating unnecessary fractures deviating

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

and melt in the semiconductor chip. The same holds for

25 .objectstobeprocessedwhose surfaceis formedwithelectrode

patterns, and those whose surface is formed with electronic
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The light absorption characteristic can be measured by using 20 a spectrophotometer or the like. Cnce
the light absorption characteristic is determined, a laser light source 101 generating laser light L
having a wavelength to which the material to be cut is transparent or exhibits a low absorption is
chosen according to the result of determination (5203). 25 In the second example, a YAG laser of
pulse wave (PW) type having a fundamental wave wavelength of 1064 nm is chosen. 105 This YAG
laser has a pulse repetition frequency of 20 Hz, a pulse width of 6 ns, and a pulse energy of 300 pi.
The spot diameter of laser light L emitted from the YAG laser is about 20 pm. 5 Next, the thickness of
thematerial tobe cut is measured (S205). Once the thickness qof the material to be c\;t%gqmeasured,

[

the amount of displ4E&mMERS(EMSUhtET MOvERENS SOThE 1IGht-3bRveRinG pBft of ghee

fromthe surface (e tcg%l;ln%e dfaceifg}r] Ia%elrsl{g{g L) %I t(}% épezas'[eriéall tccg] bea%ut %O in tlhﬁ o] tricasl tg:txissdirection
of laser light L is determined soO as to po o the ﬁght-conver‘émg point of 138er igh ¥ Swithis the

material 1o be out ageIging pdh el pLSESHSeNt (G300, or sl LG he

thickness and refractive index of the material to be'c mount of displacem amount of

movement) of the lightzconverging pointof daser light L is setioild2of sthesthickness,eithe paterial to

be cut. As shown in Fig: 22, due to the difference between the refractive index in the atmosphere
(e.g., air) surroundipgsplay devices such as liquid crystal) prepared by cutting

the object to be processed.
Also, since the line alongwhich the object is intended
to be cut 5 in the surface 3 of the object 1 does 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 of productsprepared froma singleobject
to be processed 1, whereby the productivity of products can
15 be imprcved.
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 object 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.
Notonlyasingle laser light sourcebutalsoaplurality
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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20 the material to be cut and the refractive index of thematerial to be cut, the actual position of the
light-converging point P of laser light is located deeper than the position of the 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 106 the optical axis direction of laser light L x refractive index of the material to be cut = actual
amount of movement of light-converging point of laser light L" holds in the air. The amount of
displacement (amount of movement) of the 5 light-converging point of laser light L is set in view of the

above-mentioned r ationghig) (be%\:vien the thickness and refractive index qf the rrhaterial tﬁ be cut).
Thereafter, the m&teriaftobe’cdt ed"%?ﬂih WIS SR RRisThSuREd bR ¢ e'moﬁrﬁ?rig abie 107

placed on the XY 438 81305 10 Gansuted by e s13qe 109, Lals siagecl oy Z-axi

stage 113 in this embodiment) er the mounting of the material to be cut Is completed, light

is emitted from the gbservation lightSojrae Jf%- VA% 10 drgdiate e matefialo be eubwithithus

emitted light. 15 Then, according to the result of imaging at the image pickup device 121, focus
adjustment is carrigg o8t BY SnQViRgh ie: Zcads stager 11389 8849 Resiion:the tightscaryerging point

of laser light L onto the surface of the material to be cut (5211). Here, the surface observation image

of 20 piezoelectricudenvicenwates 3dioptained by thesohsesvaltani ve laser beams from the
laser light sources 15, 17 are made incident on the object
1 from the surface 3 thereof. The laser beam from the laser
light source 19 is made incident on the object 1 from the

(” | rear face Zi thereof. Since a plurality of laser light

10 sources 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 of pulse laser light. For the same

15 reason; multiphoton absorption can be generated evenwithout
a light-converging lens. Thoughthe light-convergingpoint
P is formed by the three laser light sources 15, 17, 19,

( the present invention is not restricted thereto as long as
a8 plurality of laser light sources exist therein.

20 Fig. 18 isaschematicviewfor explaininganother 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 sources 23 aligning along the line along which the

object is intended to be cut 5. Among the array light source
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light source 117 is captured by the image pickup device 121, whereas the imaging data processor 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 outputs thus determined position 107 to the stage controller 115.-According to
an output signal from the imaging data processor 125, the stage controller 115 controls the Z-axis
stage 113 such that themoving position of the Z-axis stage 113 is located at a position for making 5
the light emitted from the observation light 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 adjustment of B§htiéiittedfrom the 220 ob3éR/AtiBRIHAt SBdicESH s Tbmiietd, tHoht
light-converging point of laser light L is moved to a light-converging point corresponding to the
thickness and refri@R&SRdexof thé i858 % b cut:(821352M8re, FHE ot &HEN cohtroieP22 % sends
an output signal to the 15 stage controller 115 so z?%to mOV§.the Z-axis staét_%e.bll?{in the o ti)cal axis

direction of laser Iiéﬁ‘tq_hfi? T SR 8 BRpikcentertt of t é%ﬁt_-ggﬁ\/ve? Ry BRI tseright
ciage controller 20/ 116 Mo oSe el 1oL B SHLl o et TS ool po APt RE . axie
stage 113. As mengioned ,ab.QV.eéti'%ng the line along which the object is intended
to be cut 5, whereby the processing speed can be improved.
Also, inthis example, aplurality of rowsof modified regions
can be formed at the same time upon laser-scanning on the
surface 3 in a direction orthogonal to the line along which
10 the object is intended to be cut 5.
[Second Example]
A secondexample of the embodiment will nowbe explained.
This example is directed to a cutting method and cutting
apparatus for a light-transmitting material. The
15 light-transmitting material is an example of the objects
to be processed. In this example, a piezoelectric device
wafer (substrate) having a thickness of about 400 pm made
(w of LiTa03 1is 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 piezoelectric 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 1s made of an adhesive resin tape or the
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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 direction of laser light 25 L by the amount of
displacement of the light-converging point of laser light L determined in conformity to the thickness
108 and refractive index of the material to be cut (5215). After the placement of the light-converging
point of laser light L within the material to be cut is completed, the material to be cut is irradiated with
laser light L, 5 and the X-axis stage 109 and the Y-axis stage 111 are moved inconformity to a
desirable cutting pattern (S217). As shown in Fig. 22, the laser light L emitted from the laser light
source 101 is converged by ihe faht-converging Jens. 105 sich that lhe lightsonueraing point P is
positioned within 1 the piezoelectric device Warer ¥acmg apre etérmine gap ( Bpmasmentloned
above) formed betwe j[acent cireyi To The. - ioped_d ;@?1 ClEtH attern is
set such that the g\gp %c%@n%%fgvfege%%t%i@ ja‘gérﬁ%rc%%tﬁspg%\{%r?? 3?95 ?r? @rge%?o e%ar}l;%qgep%urality of
piezoelectric 15 deyige chins 37Jremithernigzoglectric, dexice wafer 34 i3 dreadiated with the daser light
L, whereas the laser light L is irradiated while the state of irradiation of laser light L is seen through
the monitor 129. Herec as &bewa indnig 22, dife aset behtele irraiating, 20<the imateriahtodpa eut is

converged by the light-converging lens 105 by an angle at which the circuit sections 39 formed on the
surface ob the piezeelédtrir=devicewdfarcdbtheted later. Each piezoelectric device
chip 37 has a circuit section 39. The circuit section 39
i1s formed on the surface of the piezoelectric device wafer
31 for each piezoelectric device chip 37, whereas a
(\ predetermined gap a (about 80 ym) is formed between adjacent
10 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

@ light-transmitting material in accordance with the second

[}
(W)

example will be explained. First, a light absorption
characteristic of the light-transmitting material
(piezoelectric device wafer 31 made of LiTa0O; in the second
example) tobecome amaterial to be cut is determined (5201).
The light absorption characteristic can be measured by using
20 a spectrophotometer or the like. Once the light absorption
characteristic 1is determined, a laser light source 101
generating laser light L having a wavelength to which the
material tobe cut istransparent or exhibits a low absorption
is 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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surface on which the laser light L is incident) are not irradiated with the laser light L. Converging the
laser light 25 L by an angle at which the circuit sections 39 are not irradiated with the laser light L can
prevent the laser light 109 L from entering the circuit sections 39 and protect the circuit sections 39
against the laser light L. When the laser light L emitted from the laser light source 101 is converged
such that thelight -converging point 5 P is positioned within the piezoelectric device wafer 31 while the
energy density of laser light L at the light-converging point P exceeds a threshold of optical 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 fadei of heGmatsiat tdbe cut fpiézeeleeie devicenwhfer3ig nwill ndt B8 damaged.
Now, with reference to Figs. 23 to 27, the forming of 15 cracks by moving the light-converging point of
laser light L will be® eRplamRdy THE In&terifl frshe e0E32 (RghtstasAittng Matefal) hdving B
substantially rectanguIarég)arallelepiped form shown in Fi\% 23 is irradiated with laser light L such that

thelight -convergingP0pSAeBIaaSer IRfht 128 Siosttichel Wit thé $RatkHam 15 be dit B2l dtereby

minute crack regions 9 req‘gr f%g only at the light-converging point within the material to be cut 32
G igs 4'8hd 25. The scanning

and its vicinity as shown

) Next, thethicknessof thematerial tobe cut ismeasured
(S205). Once the thickness of the material to be cut 1is
measured, the amount cf displacement (amount of movement)
of thelight-convergingpointof laserlightL fromthe surface
(entrance face for laser light L) of the material to be cut
10 in the optical axis direction of laser light L is determined
SO0 as to position the light-converging point of laser light
L within the material to be cut according to the result of
measurement (S5207). For example, 1in conformity to the
thickness and refractive index of the material to be cut,
15 the amount of displacement (amount of movement) of the
light~converging point of laser light L is set to 1/2 of

the thickness of the material to be cut.
Q, ' 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
to be cut, the actual position 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 (plezoelectric device wafer 31). Namely,-the

relationship of “amount of movement of Z-axis stage 113 in

— s



of laser light L or movement of the material to be cut 32 25 is regulated so as to move the
light-converging point of laser light L in the longitudinal direction D of material 110 to be cut 32
intérsecting the optical axis of laser light L. Since the laser light L is emitted from the laser light
source 101 in a pulsating manner, a plurality of crack regions 5 9 are formed with a gap therebetween
corresponding to the scanning speed of laser light L or the moving speed of the material to be cut 32
along the longitudinal direction D of the material 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 laser light L or the moving speed of material

to be cut 32 may be siowed daun, sgas tasharian e gap beticen i, erakyregions. deeby

increasing the number of thus formed crack regions 9 as shown in Fig.26. The scanning speed of

laser light L or the me\iag speeghef material 9 beyamaytls fydhenhe siowed dewmsethas the

crack region 9 is continuously formed in the scanning direction of laser light L or the moving direction
of material to be cub32,lisghrcthednowng dirgciai attherlighi-<enverging pont nbbser Jight heas
shown in Fig. 27. Adjustment of the gap between 20 the crack regions 9 (number of crack regions 9 to
be formed) can als@be realized yahangiigthepélationstip hetwsent thé repedtien frequiehby of laser
light L and the moving speed of the material to be cut 32 (X-axis stage or Y-axis stage). Also,
throughpu can be itig#dved ®REA A Pepaibpt of laser light L is set in view of

the above-mentioned relationship (between the thickness and
refractive index of the material to be cut). Thereafter,

the material to be cut held by the wafer sheet 33 is mounted

on the mounting table 107 placed on the X-Y-Z-axis stage

10 (constituted by the X-axis stage 109, Y-axis stage 111, and
Z-axis stage 113 in this embodiment) (5209). 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 to be cut with thus emitted light.

15 Then, according to the result of imaging at the image pickup
device 121, focus adjustment is carried out by moving the

Z-axlis stage 113 soas toposition the light-converging point

(_~' of laser light L onto the surface of the material to be cut
- (8211) . Here, the surface observation image of

20 piezoelectric device wafer 31 obtained by the observation

light source 117 is captured by the image pickup device 121,

whereas the imaging data processor 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 outputs thus determined position
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25 frequency of laser light L and the moving speed of material to be cut 32 are increased. 111 Once
the crack regions 9 are formed along the above-mentioned desirable cutting pattern (5219), a stress
is generated due to physical external force application, environmental changes, and the like within the
material to 5 he cut_, the part formed with the crack regions 9 in particular, so as to grow the crack
regions 9 formed only within the material to be cut (the light-converging point and its vicinity) , thereby
‘cutting the material to be cut at a position formed with the crack regions 9 (S221). 10 With reference
to Figs. 28 to 32, the cutting of the material to be cut upon physical external force application will be
explained. First, the material to be cut (piezoelectric device wafer 31) formed with the crack regions 9
along the desirable"SUthRG pati?f iS PRackalin @lcdtling 1245542 PWIEh 8LtaR h&dBiPa wafer
sheet 33 grasped by the sample flolder,35. The cuting.apparatye has.a suetion chydk 34 which wil
be explained later, a'suction pump St eplctéj tonnacted fo’the stiction chuck C&, a pressure

needle 36 (pressingymembe). press negdle driving moars (7ot 20 depisieo) for maving the

pressure needle 36, an € pressure n riving means is an actuator of
electric, hydraulic, grother tynes, sFigs 2810 82 %1q Natglepiddhecircyib setions 38.,0nse1hg

piezoelectric device wafer 31 is placed in~ 25 the cutting apparatus, the suction chuck 39 approaches
the 5 the light emitted from the observation light source 117 form
a focal point on thematerial tobecut, i.e., for positioning
the focal point of laser light'L onto the surface of the
material to be cut.
h | After the focus adjustment of light emitted from the
10 observation light source 117 1s 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 overall controller 127 sends an output signal to 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

L

index of the material 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 ﬁo be cut is completed by moving the
Z-axis stage 113 in the optical axis direction of laser light
25 Ibetheamountofdisplacementofthelight—conveigingpoin£

of laser light L determined in conformity to the thickness
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position corresponding to the piezoelectric device chip 37 112 to be isolated as shown in Fig. 28. A
suction pump apparatus is actuated while in a state where the suction chuck 31 is located closer to or
abuts against the piezoelectric device chip 37 to be isolated, whereby the suction chuck 34 attracts 5
the piezoelectric device chip 37 (piezoelectric device wafer 31) to be isolated as shown in Fig. 29.
Once the suction chuck 31 attracts the piezoelectric device chip 37 (piezoelectric device wafer 31) to
beisolated, the pressure needle 36 is moved to the position corresponding to the 10 piezoelectric
device chip 37 to be isclated 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 againsiJhe searfac ok the walersheet, 33 1hee 13 yvafersheet 33.defgrms, while the

pressure needle 36 applies a stress to the piezoelectric device wafer 31 fromthe outside, whereby a

stress is generated in the waferpartiermed vthe the sragk 2dions O- whichear@wsdhesaraekgegions 9.

When the crack regions 9 grow to the surface and rear face of 20 the piezoelectric device wafer 31,
the piezoelectric davice: wvafeyB1 i3, cutiatham end partafthe piezaeleetricedevice ehipIétede
isolated as shown in Fig. 31, whereby the piezoelectric device chip 37 is isolated from. the
piezoelectric devict hafee3k Trelwaferisheet 33 has anda2b adieskivertdss lassmentidndd above,
thereby belng able to prevent cut and separated piezoelectric device chips 37 from

and the X-axis stage 109 and the Y-axis stage 111 are moved
inconformitytoadesirablecuttingpattern (S217). Asshown

in Fig. 22, the laser light L emitted from the laser light

source 101 i1s converged by the light-converging lens 105

~

such that the light-converging point P is positioned within
10 the piezoelectric device wafer 31 facing a predetermined
gap (80umasmentionedabove) formedbetween adjacent circuit
sections 39. Theabove—ﬁentioneddesirablecuttingpattern
is set such that the gap formed between the adjacent circuit
sections 39 in order to separate a plurality of piezoelectric
15 device chips 37 from the piezoelectric device wafer 31 is
irradiated with the laser light L, whereas the laser light
Lisirradiatedwhile the state of irradiation of laser light

(ﬁ L is seen through the monitor 129.
Here, asshowninFig. 22, the laser light Lirradiating
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
irradiatedwiththelaserlightl. Convergingthelaserlight
25 L by ah angle at which the circuit sections 39 are not

irradiatedwith the laser light L can prevent the laser light
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113 L flying away. Once the piezoelectric device chip 37 is separated from the piezoelectric device
wafer 31, the suction chuck 34 and pressure needle 36 are moved away from the wafer sheet 33. 5
When the suction chuck 34 and pressure needle 36 are moved, the isolated piezoelectric device chip
37 is released from the wafer sheet 33 as shown in Fig. 32, since the former is attracted to the
suction chuck 34. Here, an ion air blow ~. apparatus, which is not depicted, is used for sending an 10
ion air in the direction 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, a suction apparatus may be provided in 15 place of the ion

air cleaning, such that the oyt 20d, sepsratert piezoslectic devise ships 27,204 niszaelaats device

wafer 31 are cleaned as dust an Ike are aspirated. Known as a method of cutting the material to

be cut due to envirgrmental changes.isane imparting atempgrature change 20 to the material to be
cut having the crack regions 9 only therewithin. When a temperature change is imparted to the

material to he cut as suchya éheromd difedipniGaghecaureinithednateriahpaHdonmed withitercrack
regions 9, so that the crack regions grow, whereby the material to he cut 25 can be cut. Thus, in the

second_ example, thedighé-ddivergingteressrged such that the light-converging point
5 P is positioned within the piezoelectric device wafer 31
while the. energy density of laser 1light L at the
light-converging point P exceeds a threshold of optical
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 surfa;e and rear face
of the material to be cut (piezoelectric device wafer 31)

will not be damaged.
Now, with reference to Figs. 23 to 27, the forming of
15 cracks by moving the light-converging point of laser light
L will be explained. The material to be cut 32
(light—transmitting material) having a substantially
( rectangular parallelepiped form shown in Fig. 23 1is
irradiatedwith laser 1light L such that the light—conve?ging
20 point of laser light L is 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 1ts vicinity as shown in Figs. 24 and 25. The scanning
bf laser light L or movement of the material to be cut 372
25 1s regulated so as to move the light-converging point of

laser light L in the longitudinal direction D of material

110



114 105 converges the laser light L emitted from the laser light source 101 such that its
light-converging point is positioned within the light-transmitting material (piezoelectric device wafer
31), whereby the energy density of laser light S at the light-converging point exceeds the threshold of
optical damage or optical dielectric breakdown, which forms the minute cracks 9-only at the
light-convercing point within the light-transmitting material and its vicinity. Since the C
light-transmitting material is cut at the positions of thus 10 formed crack regions 9, the amount of dust
emission is very small, whereby the possibility of dicing damages, chipping, cracks on the material
surface, and the like occurring also becomes very low. Since the light-transmitting material is cut
along the crack reRn2 farmetiby i S5 Hathddes P5 bt epticardiciettriclBreakddna bt the
light-transmitting material, the directional stability of cutting improves, so that cutting direction can be
controlled easily. ,&Iso, the dicing width can be made smaller than that attained in the dicing with a
diamond cutter, whereby tgle numpﬁr qf 20 IiIth.-tr%rtls ittin%?ms%éceri I cg}no#rt) fram one

light-transmitting material 2aN be mcfeadsl as'dresalt 8 the ' 4etBnd Sxa‘?nspﬁel; clalrg}c?lﬁt the

lght transmiting nteal qitescasiy AL IONORIRIEY, A3 R3S s genegted vdlhin fhe materia

to be 25 cut due to physical external force application, environmental changes, and thé like, so as to

grow thesformed cgagk EeqieRsedd,ith a gap therebetween corresponding to the
scanning speed of laser light L or the moving speed of the

material to be cut 32 along the longitudinal direction D

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 laser 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 9, thereby inCreasiﬁg 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, so thet the crack région 9 1is
continuouslyformedjj]tﬁescanningdirectionoflaserlight
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. 27f Adjustment of the gap between

20 the crack regions 9 (number of crack regions 9 to be formed)
can also 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

vstage). Also, throughput canbe improvedwhen the repetition

25 . frequency of laser light L and the moving speed of material

to be cut 32 are increased.



9 to cut the light-transmitting material (piezoelectric device wafer 31), whereby the light-transmitting
material can reliably be cut at the positions of formed crack regions 9. 5 Also, the pressure needle 36
is used for applying a stress to the light-transmitting material (piezoelectric device wafer 31), so as to
grow the formed crack regions 9 to cut the light-transmitting material (piezoelectric C device wafer
31), whereby the light-transmitting material 10 can further reliably be cut at the positions of formed
crack regions 9. When the piezoelectric device wafer 31 (light-transmitting material) formed with a
plurality of circuit sections 39 is cut and separated into individual i5 ezo lec ri device chips 37, the
light-converging lens 105 converges the laser light L such that the light-converging point is positioned

within the wafer part facin%gpgega[e thrnlﬁdalEG?JW‘?PeQ; adjacent cirguit segtions 39, g\pg]{grmhtge crack

regions 9, whereby the piezoelectric device wafer 3120 can reliably be cut at the position of the gap

formed between agaceBL FiEGIHY SeRIIPRR39YAbER hediohtdransmilling magertgl (piezaslgelic

device wafer 31) is moved or laser light L is scanned so as to move the light-converging point in a

direction 25 intersedingdhe pptieal axis ot asgr lightda 1. xta 1diertien orhogppalitbareionthe crack

region 9 is 116 continuously formed along the moving direction of the
environmental changes, and the like within the material to
5 be cut, thepart formedwith thecrackregions 9inparticular,
SO as to grow the crack regions 9 formed only within the
material to be cut (the light—converging point and its
vicinity), therebycuttingthematerial tobecutataposition
formed with the crack regions 9 (S221).

10 With reference to Figs. 28 to 32, the cutting of the
material to be cut upon physical external force application
will be explained. First, +the material to be cut
(piezoelectricdevicewafer 31) formedwiththecrack 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 suction chuck 34, apressureneedle

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. 28 to 32 do
not depict the circuit sections 39.
Once the piezoelectric device wafer 31 is piaced in

25 the cutting apparatus, the suction chuck 34 approaches the

position corresponding to the piezoelectric device chip 37
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light-converging point, so that the directional stability of cutting further improves, which makes it
possible to control the cutting direction more easily. 5 Also, in the second example, dust-emitting
powders hardly exist, so that no lubricating/cleaning water for preventing the dust-emitting powders
from flying away is necessary, whereby dry processing can be realized in the cutting step. 10 In the
econd example, since the forming of a modified part (crack region 9) is realized by non-contact
rocessing with the laser light L, problems of durability of blades, their replacement frequency, and
he like in the dicing caused by diamond cutters will not occur. Also, since the forming of d t (cra_jck
egion 9) is realized by non-contact to modified pa,._r processingg with the laser light L, the second
xample can cut thelBAtiemsatithg maerdlaldh§ Bcuttfyg pgttéﬁ?tv\ﬂ%kpéﬁf@ GUtRR&Eatus
ight-transmitting material without completely cutting the same. The present invention is not 20limjted

otheabove-mention&d £eb8fd 8Ratibie-Fdefampre: SHEIRRE-trAHsnit g At fayte &°

emiconductor waf r.a géa%?]ssc :iuobssetrrate or lthe] Iik{e Withoutn betinghrgstrlictgd et(i tQ% lpiecz%elecl:tcrit(e: device
afer 31. Also, the 1aser Ight "sSourcé f(ﬁ canaé’bjprgpar%?éy be sdigdied fnoconeformify to 25an optical
bsorpiion characteyistc ofbe Nantliansmiting meseia) ohe it Taggh Jas mipye: Hg rgoions ©
are formed as a modified part upon irradiation
5 the piezoelectric device chip 37 (piezoelectric device wafer

31) to be isolated as shown in Fig. 28. Once the suction

chuck 34 attracts the piezoelectric device chip 37
(plezoelectric devicewafer 31) to be isolated, the pressure
( needle 36 1s moved to the position corresponding to the
10 piezoelectric device chip 37 to be isclated 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 1s further moved after
abutting against the rear face of the wafer sheet 33, the
15 wafer sheet 33 deforms, while the pressure needle 36 applies
astresstothepiezoelectricdevicewafer 31 fromtheoutside,

whereby a stress is generated in the wafer part formed with

the crack regions 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 piezoelectric device
wafer 31 is cuf at an end part of the piezoelectric device
chip 37 to be isolated as shown in Fig. 31, whereby the
piezoelectric device <chip 37 1i1s isolated from the
plezoelectric device wafer 31. The wafer sheet 33 has an

25 adhesiveness as mentioned above, thereby being able to

prevent cut and separated piezoelectric device chips 37 from
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with the laser light L in the second example, it is not restrictive. For example, using an ultrashort pulse
laser light source (e.g., femto second (fs) laser) can form a S modified part caused by a refractive
index change (higher refractive index), thus being able to cut the light-transmitting material without
generating the crack regions 9 by utilizing such a mechanical characteristic C change. 10 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. 15 Though the X-axis stage 109 and Y-axis stage 111
are moved in conformity to a desirable cutting pattern in the laser processing apparatus 100, it is not
restrictive, wherelyy thedgsendight L may be scanned in conformity to a desirable cutting pattern. 20
Though the piezoelectric device wafer 31 is cut by the pressure needle 36 after being attracted to the
suction chuck 34, it is not pesfective, pikereby éhe piezeriedite devipes wates Spanay be cubhy the
pressure needle 36, and then the cut and isolated piezoelectric device chip 37 maybe attracted 25 to
the suction chuck Bi4eHeie, avledre therpiezdelectric weviee Mafet B2 iswtt byrnhelpressure aeedle 36
after the 118 piezoelectric device wafer 31 is attracted to the suction chuck 34, the surface of the cut
and isolated piezoeleefrfnre needle 36 are moved away from the wafer sheet 33.
5 When the suction chuck 34 and pressure needle 36 are moved,
the isolated piezoelectric device chip 37 is released from
the wafer sheet 33 as shown in Fig. 32, since the former
is attracted to the suction chuck 34. Here, an ion air blow
( ' apparatus, which is not depicted, is used for sending an
10 ion air -in the direction 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 lon air. Here, a suction apparatus may be provided in
15 place of theionair cleaning, such that the cut and seperated
piezoelectric device chips 37 and piezoelectric devicewafer
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 only
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 regions 9, so

that the crack 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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device chip 37 is covered with the suction chuck 34, which can prevent dust and the like from
adhering to the surface 5 of the piezoelectric device chip 37. Also, when an image pickup device 121
for infrared rays is used, focus adjustment can be carried out by utilizing reflected light of laser light L.
In this case, it is ~- necessary that a half mirror be used instead of the dichroic 10 mirror 103, 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 15 be set to an energy level lower than
that of the output for forming cracks, such that the laser light L for carrying aout focus adjustment does

not damage the mateyial ( be 4L Chamgtedstc featies afthe nieseativenionull now be

explained from the viewpoints of the second example. 20 The method of cutting a light-transmitting
material in accordanee with an aspest:fdhe; presentipvention. compsises 8 Mmodifisd partfarming step

of converging laser light emitted from a laser light source such that its light-converging point is
positioned within the 2flighttraasmittigernatesiakwotasi iogformea erodified paiteeBly1atdhe: c

light-converging point within the 119 light-transmitting material and its vicinity; and a cutting step of
cutting the light-transmittiagsaaterial Bt the heasition of ¢hes &argied enodified partaser light
5 at the light-converging point exceeds the threshold of
optical damage or optical dielectric breakdown, which forms
theminute cracks 9onlyat the light-convergingpoint within
thelight~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 possibility of dicing damages, chipping,
cracks on the material surface, and the like occurring also
becomes very low. Since the light-transmitting material is
cut along the crack regions 9 formed by the optical damages
15 or optical dielectric breakdown of the light-transmitting
material, the directional 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 out 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 duetophysical external forceapplication, environmental

changes, and the like, so as to grow the formed crack regions
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In the method of cutting a light-transmitting material 5 in accordance with this aspect of the present
invention, .the laser light is converged such that the light-converging point of laser light is positioned
within the 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 is 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, I5 chipping,
cracks on the material surface, and the like occurring also becomes very low. Since the
light-transmitting material is cut at the position of thus formed modified part, the directional stability of

cutting improves, so that cutting direction can _be controlled easily, 20 Also, the dicing,wi ? an be
made smaller than%tha %tt%}#'edgc %eth% ld?cﬁ%g Svft%nas{jnié%olnnogcﬂétr? vrvﬁgreb;i/%ee %\8?%%%%) :

ight transmitting mateyials cyt outfra one fobbansmitinagpteril fap, be inipassd s ayresult of
g n

these, the present invention can cut the 25 light-fransmitting material quite easily appropriately.

Also, in the method gf.Cuinga ight;ansmisting k20 sagterighin aecerdance with diis,aspech of the
present invention, dust-emitting powders hardly exist, so that no lubricating/cleaning water for
preventing the dusg-emitting powders from flying away is necessary, whereby dry processing

5 Also, the pressure needle 36 is used for applying a
stress to the light-transmitting material (piezoelectric
device wafer 31), so as to grow the formed crack regions
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 9.

When the piezoelectric device wafer 31

(light~transmitting material) formed with a plurality of

circuit sections 39 is cut and separated into individual

iezoelectric device chips 37, the light-converging lerns

[
(@2}

U
| =

105 converges 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 9, whereby the piezoelectric 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 (pilezoelectric
device wafer 31) is moved or laser light L is scanned so
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 1is

-l



5 can be realized in the cutting step. In the method of cutting a light-transmitting material in
accordance with this aspect of the present invention, since the forming of a modified part is realized
by non-contact processing with laser light, problems of durability of blades, 10 their replacement
frequency, and the like in the dicing caused by diamond cutters will not occur. Also, since the forming
of a modified part is realized by non-contact processing with the laser light, the method of cutting a
light-transmitting material in accordance with this aspect i5 of the present invention can cut-the
light-transmitting material along a cutting pattern which cuts out the light-transmitting material without
completely cutting the | same. Preferably, the light-transmitting material is formed 20 with a plurality of
circuit sections, Wf}zecgg?[si ]I,]asgr quht i§ggn\é%rgea ggch t (t_}thg Iighkcongg:ggeiréq 98§{1t ig pc;ai}t{iaoned
within the light-transmi ingum‘étseri%ll partl ’Pacmg the &ap ormed betwaen adjacent circuit sections in
the modified part f9ifing siep: 20,43 InJogthe modiied2S pad- Withaudn,g sontigyiation, ine
light-transmitting material ¢an reliably e cut at the position of the gap formed 121 between adjacent
circuit sections. Whenjrtadiatingthslightsransmisiagroateriahwith lasek dightiip the modified part

forming step, it is preferred that the laser light be converged by an angle at which the 5 circuit
sections are not iragliated withibe dager light.direction more easily.

5 Also, in the second example, dust-emitting powders

hardly exist, so that no lubricating/cleaning water for

preventing the dust-emitting powders from flying away is

necessary, whereby dry processing can be realized in the

N

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, problems of durability of blades,
their replacement frequency, andthelikeinthedicingcaused
by diamond cutters will not occur. Also, since the forming
) 5dif

B -
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dpart (crackregion 8) isrealizedbynon-contact
processing with the laser light L, the second example can

cut the light-transmittingmaterial along a cutting pattern

( which cuts out the light-transmitting material without
completely cutting the same. The present invention is not

20 limited to the above-mentioned second example. For example,
thelight-transmittingmaterialmaybe asemiconductor wafer,

a 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

e & & B



Converging the laser light by an angle at which the circuit sections are not irradiated 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 from entering the circuit sections and protect the circuit
sections against the laser light. Preferably, in the modified part forming step, the light-converging point
is moved in a direction intersecting the optical axis of laser light, so as to form a modified 15 art
continuously along the moving direction of the r- light-converging point. When thelight -converging
pointis moved in a direction intersecting the optical axis of laser light in the modified part forming step
as such, so as to form the modified part continuously along the moving 20 direction of the
light-converging point, the directional stability of cutting further improves, which makes it further easier
to control the cuttifi§ @ireotfor? Theeméthaetest austig adighttradsmitiig wizreridl rheatcdidaice with
an aspect of the present invention 25 comprises a crack forming step of converging laser light emitted
from a laser light $btitée &lich thatRs 1oXlightkoAver§ing poisaB Positidfad ithirkthes Not
light-transmitting material, so as to form a crack qnly at the light-converging point within_the

light-transmitting Friztdrial Ghdl¥& vichiy: SREHPdfeing S of Ruttrig § T ighRY A Emiting lfnat-erial

at the position Ofﬂflilsght source (e.g., femto second (fs) laser) can form a
5 modified part caused by a refractive index change (higher
refractive index), thus being able to cut the

light-transmitting material without generating the crack
regions 9 by utilizing such a mechanical characteristic
( ‘ change.

10 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 stage 109 and Y-axis stage 111 are

[}
wn

moved in 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 piezoelectric 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 isolatedpiezoelectricdevicechip37maybe attracted

25 to the suctionchuck 34. Here, whenthepiezoelectricdevice

wafer 31 1is cut by the pressure needle 36 after the
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formed crack. In the method of cutting a light-transmitting material in accordance with this aspect of
the present invention, laser light is converged such that the ligh*-con verging point 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 a threshold of optical damage or optical dielectric breakdown of the
light-transmitting material, whereby a crack is formed only at the 15 light-converging point within the -
light-transmitting material and its vicinity. In the cutting step, the light-transmitting material is cut at the
position 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 'OWP:?‘E‘%%%%J;%E‘E& ting magerialis qut %W‘iﬁ’?%l%‘ nQf the cragk fqumed by an

optical damage of opt lelectric breakdown, the directional stability of cutting improves, so that

cutting direction car,be R5qontrplled gasily. Alse. the diciRg mdth can bednadesmaller thanthat

attained in the dicing with a diamond cutter, whereby 123 the number of light-transmitting materials cut
out from one lightdteanseaittingi paterialcanbe ingeased Asa wsult jofithesacthespresantdmvention

can cut the light-transmitting material quite easily and appropriately. 5 Also, in the method of cutting a
light-transmitting oetepaldy ancortiasnceanith this aspeet ot the prisenting to the surface
5 of the piezoelectric device chip 37.
Also, when an image pickup device 121 forinfraredrays
is used, focus adjustment can be carried out by utilizing
reflected light of laser light L. 1In this case, it 1is
( " necessary that a half mirror be used instead of the dichroic
10 mirror 103, 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

(@]

I>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 second 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 of 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 modified part

only at the light-converging point within the

— o ns



invention, dust-emitting powders hardly exist, so that no lubricating/cleaning water for preventing the
dust-emitting C powders from flying away is necessary, whereby dry processing 10 can be realized in
the cutting step. In the method of cutting alight-transmitting material” in accordance with this aspect of
the present invention, since the forming of a crack is realized by non-contact processing with laser
light, problems of durability of blades, la, their replacement frequency, and the like in the dicing 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 lighhtrarsraitting matedahwitbeutaoamietaly cuiting.theysames Rreferatilyigin the
cutting step, the light-transmitting material is cut by growing the formed 25 crack. Cutting the
light-transmitting matepal &y grawingtige fonmed crack-in the snitingistep as saeli ean eddiablye 124 cut
the light-transmitting material at the position of the formed crack. Preferably, in the cutting step, a
stress is applied tpadlse lightrtranntitting nateriatbyasing isepressing-member, 5 so as to grow a
crack, thereby cutting the light-transmitting material. When a stress is applied to the light-transmitting
material in the cutting stepl8y Usmhp atpredsfg fHérhbBeas 1 ight ~transmittingmaterial

5 in accordance with this aspect of the present invention,
the laser light is converged such that the light-cconverging
point of laser light 1is positioned within the
light-transmitting material in the modified part forming
step, whereby the modified part is formed only at the

10 light-converging point within the 1light-transmitting
material and its wvicinity. In the cutting step, the
light-transmitting material is 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,

15 chipping, cracks on the material surface, and the 1like
occurring also becomes very low. Since the

light~transmitting material is cut at the position 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 diamond cutter, whereby the number of
light-transmitting materials cut out from one
light~transmitting material can be increased. As a result

of these, thé present invention can cut  the

25 light-transmittingmaterial quiteeasily andappropriately.

Also, in the method of cutting a light-transmitting
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such, so 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 in accordance with an aspect of the present invention comprises a laser
light source; holding means for holding 15 the light-transn-itting material; an optical device for
converging the laser light emitted from the laser light 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 of a modified 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 ma;cerial inlaccordance with this as(fect of the present 25 i ver%ion, the optjcal

device converges T485F figiit'suah thr 1ie iGhtonvérging paift RS lightis pogitiBA& within

the lignttransiting ateral wherely amadfisg, Rart s Jarmed ogly, atthe Jght converging point

within the light-transmitting material an nity. n, the™ cutting means cuts the light-transmitting

material at the 5 pesiiieq of the,gedified,partiauned only 31 G ightoRY GG PR Wihip dhe
light-transmitting material and itS vicinity, whereby the light-transmitting material is reliably cut along
thus formed modifigshpRits from flying away is necessary, wherebydry processing

5 can be realized in the cutting step.

Inthemethod of cuttinga light-transmittingmaterial
in accordance with this aspect of the present invention,
sincethe formingofamodifiedpart isrealizedbynon~contact
processingwith laser 1ight, problems of durability of blades,

10 theirreplacement frequency, andthelike inthedicing caused
by diamond cutters wiil not occur. Also, since the forming
of a 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

= e T
L

the present invention can cut ‘'the light-transmitting

b}

O

[
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G

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 @ plurality of circuit sections, whereas laser light

is converged such that the 1light-converging point is

positioned 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 canreliably be cut at thepositionof the gap formed
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As a consequence, the amount of dust emission is very small, 10 whereas the possibility of dicing
damages, chipping, cracks on the material surface, and the like occurring also becomes very low.
Also, since the light-transmitting material is cut along the modified part, the directional stability of
cutting improves, whereby the cutting direction can be 15 cunt rolled easi-y. Also, the dicing width can
be made smaller than that attained in the dicing with a diamond 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 20 light-transmitting material quite easily and appropriately.
Also, in the apparatus for cutting a light-transmitting material in accordance with this aspect of the
present invention,lgistemitting jpawsiets handtyrexist sotthatzo lubricating/cleaning water for
preventing the dust-emitting 25 powders from flying away is necessary, whereby dry processing can
be realized in the cutting stépen26riratié appagatisefdriqitting adighntransndttieg: swatedialifh
accordance with this aspect of the present invention, since the modified part is formed by non-contact
processing with laset F§kt pibleids Ot emiasiifyi sCpadds £5 ¥sip e plaeBméht Fregued&r 5 the like
in the dicing caused b%diamond cutters will not occur as in the conventional techniques. Also, since

the modified part i$ fo#met 5y JoteconttairdiR sSMYARHIT i Pt Tight 3 mahtisihed , the

appaﬁnu§f0rmﬂU@%%égQ%Ugg%@gggg are not irradiated with the laser light.

Converging the laser light by an angle at which the circuit

sections are not irradiated 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 thelaser 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 a direction intersecting

the optical axis of laser light, so as tc form a modified

[
o

art continuously a&along the moving direction of the

&)

light-converging point. When the light-converging point is
moved in a direction intersecting the optical axis of laser
( o light in the modified part forming step as such, so as to
form the modified part continuously along the moving
20 direction of the light-converging point, the directional
stabilityofcuttingfurtherimproVes,whichmakesitfurther
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 1light source such that 1its
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10 material in accordance with this aspect of the present invention can cut the light-transmitting
material along a cutting pattern which cuts out the light-transmitting material without completely
cutting the same. The apparatus for cutting a light-transmitting 15 material in accordance with an
aspect of the present invention comprises a laser light source; 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 light-transmitting material and its vicinity. 25 In the
apparatus for (:uttirig]r ahligbt-transmittin% material in accordance with. this spect.%g]the present 127

invention, the optica 8ewc§%8ﬁ§ér%é§ aserpl?g]r‘ff uch™that tﬁ@ﬁdﬁ&@% erginwglp it of Iase?light is

positioned within t e ight-transmitting material, so that the energy_density of laser. Ii% t A tgg
light-converging poi:ntcjgg:e%{jg%sé %ht%ééﬁlgldm (?ftc?p]ii%:gﬁdarsn%g%so%é/gp |8§Imdiglé:clf%g rea down of

thelight-transmittingmaterjal,wbereby A grack is farmed, pply; af thedight-gonverging.paint within the
light-transmitting material and its vicinity.”Then, the cuttingmeans cutsthe light-transmitting material by
growing 10 the craek farmed oalyat the light-gonveyging p@ing VEthiR ing step of cutting
5 the light-transmitting material at the position of thus
formed crack.
In themethod of cuttinga light~-transmittingmaterial
in accordance with this aspect of the present invention,
1aserlightisconvergedsuchthatthelight—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 a threshold of optical damage
or optical dielectric breakdown of the light-transmitting
material, whereby a crack 1is formed only at the

light-converging peoint within the light-transmitting

(5=
w

material and its vicinity. In the cutting step, the
light-transmitting material is cut at the position of thus

(L | 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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the light-transmitting material and its vicinity, whereby the light-transmitting material is reliably cut
along the crack formed by an optical damage or optical dielectric breakdown of the light-transmitting
material. As a 15 consequence, the amount of dust emission is very small, whereas the possibility of
dicing damages, chipping, cracks on the material surface, and the like occurring also becomes very
low. Since thelight-transmitting material is cut along the crack, the directional stability of cutting
improves, 20 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

light-transmitting materials cut out from one light-transmitting material can be increased. As a result 25
of these, the presentiavantign.¢ap 4t b cightdraasmiting Material ayite easilyRnd approgrately.
128 FPO1-0144-00 Also, in the apparafus for cutting alight-fransmitting material in accordance with
this aspect of the presgnt irveition; dustremitting powrers hasdly; existe s@ dbpt na Jupricatingicleaning
water for preventing the dust-emitting 5 powders from f lying away is necessary, whereby
dryprocessing candg reatined i, the aliéng stefs drthe apparaéus: fos cuttingsa lighttransmittiag
material in accordance with this aspect of the present | invention, since the crack is formed by
non-contact light-transmittingmaterial quite easily andappropriately.

5 Also, in the method of cutting a light-transmitting
material in 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 from flying away is necessary, whereby dry processing

10 can be realized in the cutting step.

In themethod of cutting a light-transmittingmaterial
in accordance with this aspect of the present invention,
since the forming of a crack is realized by non-contact
processingwithlaserlight,problemsofdﬁrabilityofblades,

15 theirreplacement freguency, andthe likeinthedicing 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

B V-



10 processing with laser light, problems of durability of blades, their replacement frequency, and the
like in the dicing caused by diamond cutters will not occur as in the conventional techniques. Also,
since the crack is formed by non-contact processing with the laser light as mentioned above, the
method 15 of cutting a light-transmitting material in accordance with this aspect of the present
invention can cut the light-transmitting material along a cutting pattern which cuts out the
light-transmitting material without 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 to the light-transmitting material 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-trartsmittng mgtesrial can Sodtherimdiabbtise catlat t1 20 eppasiticneof the theck
formed. Preferably, the light-transmitting material is one whose surface is formed with a plurality of
circuit sections, whev&asthecaystiell device converges the laser light such 5 that the light-converging
point is positioned within the light-transmitting material part facing the gap formed between adjacent
circuit sections. With such & ®hfigarativn, e igst-FahdhRrEng FeReridl 844 fsimbly BERULE the

osition of the gap formed between adjacent 10 circuit sections.
P g ptot%e??é%t—tr nsmittingmatergalbyusingapmessingmember,

5 soastx)groweacrack,therebycuttingthelight—transmitting'
material. Whenastressisappliedtothelight-transmitting
material in the cutting step by using a pressing member as

such, so 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 inaccordancewith anaspect of the present invention

comprises a laser light source; holding means for holding

[
(oa]

the light-transmitting material; an optical device for
convergingthelaserlightemittedfrdmthelaserlightsource
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 of 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 optical device converges laser light such

that the light-converging point of laser light is positioned
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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 15 not irradiated with the laser light as such, it can prevent the laser light
fromentering the circuit sections and protect the circuit sections against the laser light. Preferably, the
apparatus further comprises light-converging point moving means for moving the 20 light-converging
point in a direction intersecting the optical axis of laser light. When the apparatus further comprises
light-converging point moving means for moving the light-converging point in a direction intersecting
the optical axis of laser light as such, a crack can continuously 25 be formed along the moving
direction of thelight-convergi int, so that the directional stability of cutting further 130.improves,
whereby the directivéﬁtg?%ﬁttg:%e (F:)l;lwggﬁe%éc}n]iraorilgal urthef er%asﬁ)?.r[ |1rd @Srﬁ%i%m A g(éren%ple of

this embodiment wil . explaes, &, e i exgmple and 2 Jouth exagple hish il

“explained later, an‘object to be processed Is irradiated with laser light such that the direction of linear

polarization of linearfy.polayized-lageriont exiends along, @ ling aleag,whichithg objeglds intgrded to

be cut in the 10 object to be processed, whereby a modified region is formed in the object to be
processed. As a canseguggcadaitBecuts the light-transmitting material at the
5 position of the modified part formed only at the
light-converging point within the light—transmitting'

material and its vicinity, whereby the light-transmitting

material is reliably cut along thus formed modified part.

( As a consequence, the amount of dust emission is very small,
10 whereas the possibility of dicing damages, chipping, cracks

on the material surface, and the like occurring also becomes

very low. Also, since the light-transmitting material is

cut along the modified part, the directional stability of

cutting improves, whereby the cutting direction can be

2
N

controlledeasily. Also, thedicingwidthcankbemade smaller
thanthatattainedinthedicingwithadiamondcutter, whereby
the number of light-transmitting materials cut out from one

light-transmitting material can be increased. As a result

7N

of these, the present invention can cut the

20 light-transmittingmaterial quiteeasilyand appropriately.
Also, intheapparatus forcuttingalight-transmitting

material in accordance with this aspect of the present
invention, dust-emitting powders hardly exist, so that no
lubricating/cleaning water for preventing the dust-emitting

25 powders from flying away is necessary, whereby dry processing

can be realized in the cutting step.
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modified spot formed with a single pulse of shot (i.e., a single pulse of laser irradiation) , the size in
the direction extending along the line along which the object is intended 15 to be C. can be made
relatively large when the laser light is pulse laser light. The inventor has confirmed it by an
experiment. Conditions for the experiment are as follows: (A) Object to be processed: Pyrexglasswafer
(having a thickness of 700 pm and an outer diameter 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 2510.11 cm” Oscillation mode: Q-switch pulse 131 Repetition frequency: 100 kHz Pulse
width: 30 ns Output: output < | mi/pulse Laser light quality: TEN()o 5 Polarization characteristic: linear
polarization (C) Light-converging lens Maggi{icatiop: >r<SO N@: 0.55 101'I.'raw§mcitlt_%r})csemvlvigta {%%Dect to

laser light wavelength: 60% (D ov?r?éjcsapeed%f a %ou%ﬁﬁg table ?nouﬁﬁng the
material in accordance with this aspect of the present
invention, since the modified part is formed by non-contact
processingwithlaser light, problems of durabilityof blades,

5 thelrreplacement frequency, andthelike inthedicingcaused
by diamond cutters wiil not occur as in the conventional
techniques. Also, since the modified part is formed by
non-contact processing with the laser light as mentioned
above, the apparatus for cuttihg a light-transmitting

10 material 1in 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 same.

The apparatus for cutting a light-transmitting

[}
n

material inaccordsncewithanaspect of thepresent invention
comprises a laser light source; 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 light-transmitting material and 1its

vicinity.
25 In the apparatus for cutting a light-transmitting

material in accordance with this aspect of the present

_— e



object to be processed: 100 mm/sec Each of Samples 1, 2, which was an object tobe processed, 15
was exposed to a single pulse shot of pulse laser light while the light-converging point is located within
the object to be processed, whereby a crack region caused by multiphoton absorption is formed
within the object to be processed. Sample 1 was irradiated with linearly polarized pulse laser 20 light,
whereas Sample 2 was irradiated with circularly polarized pulse laser light. Fig. 33 is a 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. Letters LP and
CPschematicallyindicatelinear polarization and circular polarization, respectively. Fig. 132 35isa

view schematically showin acros section of ple. 1 shown in Fig. 33 taken along the lin
XXXV-XXXV. Fig. 36 i§2 t?h&ﬂ}'sc hBfMatiRahr& ?1[ :Eu‘ﬁ}jlac&o‘ég%‘é%ﬁ&g%fi % %ﬁ&wﬁ th 34

taken along the lin XVI XXXV A crack 5 spot 90 is formed within S. wafer 211 which is the
object to be proce%s]%((;ét n t%e cgse 8reVSuI%E)}?gs%r Ilgr%lt |SPI%eary lp?cl)%ﬁéeds |I8ﬂt ;ts s%ové; in Fig.

35, the size of crack;spot .99 formed by asingle nulse shopis.relatively largein the 10 direction

aligning with the direction of linear polarization. This indicates that the forming of the crack spot 90 is

accelira;]ted in this girestion, Wihen e puismiasar gl is seulady polayized Baht byegenieasy, the
size of the
5 athresholdof optical damage or optical dielectricbreakdown

of thelight-transmittingmaterial, whereby a crack is formed
only at the light-converging point within the
light—transmittiné material and its vicinity. Then, the
cuttingmeans cutsthelight-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 formed by an optical damage or optical dielectric
breakdown of the light-transmitting material. As a

the amount o¢f dust emission is very small,

[

o
R}
)
3
n
D
2
®
0
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whereasthepossibilityofdicingdamages,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. Also,

the dicing width can be made smaller than that attained in

the dicing with a diamond cutter, whereby the number of
light-transmitting materials cut out from one
light~-transmitting material can be increased. As a result

25 of these, the  present invention can cut the

light-transmittingmaterial quiteeasilyandappropriately.
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crack spot 90 formed by a single pulse shot will not become greater in any specific direction as shown

in Fig. 36. The size of the crack spot 90 in the direction yielding the maximum length is greater in
Sample 1 than in Sample 2. C 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 anﬁS%ﬁiQH fﬁe-oo
object 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 133 which the object is intended to be cut 5 is formed.
Fig. 37 shows the crack region 9 formed upaon irradiati it e lase ,ﬂ ht s girection

of linear polarization of plﬁgjesééelrgfiétﬁeaﬁgﬁsa %%‘[?ﬁ\{ﬁep i{l]rrlevx grl%)tr% vet?%cl}ét ge 0 ﬁ%ﬁ%@ﬁl{t{e%% d to be

cut 5. The forming,gf cGracl spols 945 aeselerated alpng the,diedion it heline: plong deh the

object is intended to be cut 5, whereby their size is relatively large in this direction. Therefore, the

crack region 9 extangiag along thedine-alana which the.eliect 18 issinienderkto be sut b sambe formed
by a smaller number of shots. On the other hand, Fig. 38 shows the crack region 9 formed upon

irradiation with pulsetaset ightsychltbat the; dierctiorr ot linear potatizationeod palsedaserligh is
orthogonal to the line along which the object is intended
5 powders fromflying away isnecessary, whereby dry processing
can be realized in the cutting step.
In the apparatus for cutting a light-transmitting

material in accordance with this aspect of the present

~

invention, since the crack is formed by non-contact
10 processingwith laser 1light, problems of durabilityof blades,
their replacement frequency, andthelike inthedicing caused
by diamond cutters will not occur as in the conventional
techniques. Also, since the crack is formed by non-contact

processingwith the laser light asmentionedabove, themethod

bt
w

of cutting a light-transmittingmaterial in accordance with

this aspect of the present invention ican cut the

light~-transmitting material along a cutting pattern which

( cuts out the light-transmittingmaterial without 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 tc grow a crack, whereby ﬁhe

light-transmitting material can further reliably be cut at
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I5 to be cut 5. Since the size of crack sth"-9O in the directicn of the line along which the object is
intended to be cut 5 is relatively small, the humberof shots required for f orming 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 to
be cut 5, the forming of the crack spot 90 formed at the 134 shot is accelerated in the width direction
of the line along which the object is intended to be cut 5. Therefore, when the crack spot 90 extends
in the width directianef the $ine ialong fvhitke therakjectfisintetided to he cut 5 too much, 5 the object to
be processed cannot precisely he cut along the line along which the object is intended to be cut 5. By
contrast, the crack spot 90 Farefezkraithg shobdoés abt extenmsmuchin direetionsiethet tharnthe
direction aligning with the line along which the object is intended to be cut 10 5 in the method in
accordance with thishériBotihEREShbivA dRTEE. 37t WihePdby: theldbjet i€ pideessetichshe cut
precisely. Though making the size in a predetermined direction relatively large amagng the sizes of a

modified region ha¥ "EF68&n ERBIREd Mathe XSSt IMRAY PHRFZAtBA, " &imd19ht such

5 that the light-converging point is positioned within the
light-transmitting material part facing the gap formed
Ibetween adjacent circuit sections. With such a

configuration, the light-transmittingmaterial canreliably

7 ™

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

r
wn

neot irradiated with the laser light as such, it can prevent
theiaserlightfromenteringthecircuitsectionsandprotect
the circuit sections against the laser light.

Preferably, the apparatus further comprises

N

light~-converging point moving means for moving the
20 light-converging point in a direction intersecting the
optical axis of laser light. When the apparatus further
comprises light-converging point moving means for moving
the light-converging point in a direction intersecting the
optical axis of laser l'ight as such, a crack can continuously
25 beformedalongthemovingdirectionofthelight;converging

point, so that the directional stability of cutting further
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holds in elliptical polarization as well. Namely, as shown .in Fig. 39, the forming of the crack spot 90 is
accelerated in the direction of 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 the major axis of an ellipse indicative of the elliptical
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 to be processed, effects similar to those in the case of
linear polarization 135 occur. Here, the ellipticity is half the length of minor axis a/half the length of
major axis b. As the ellipticity is smaller, the size of the crack spot 90 along the direction of major axis

bb ter, Linearly polarized |ight 5 is elliptically polarized light with an ellipticit .
Circtarty polarzed TEHCE BOtaRaa WG 105 STER) e ARHH EAARE ALK e AECaT e crack

region relatively Iafg _{r}]g redegq:r ined direction. Therefore, this embodiment does not encompass
the case where the ellipticity 16 IS .yThough making the size in a predetermined direction relatively
large among the sizes of amgqiggd Fegi pg§ been explained in the case of a crack region, the same
holds in molten processed regions and refractive index change 15 -egionsaswell. Also, though pulse

laser light isexplained, thezsame holds ingantinous wavandsser ighias well. Thexplained.
5 In the third example and a fourth example which will be
explained later, an object to be processed is irradiated

with laser 1light such that the direction of linear
polarizationof linearlypolarizedlaser light extends along

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 conseguence, in the
modified spot formed with a single pulée of shot (i.e., a

single pulse of laser irradiation), thesize inthedirection
extending along the line along which the object is intended

to be cut can be made relatively large when the laser light

,_—I
w

is pulse laser light. The inventor has confirmed it by an
experiment. Conditions for the experiment are as follows:
C_ (A) Objectto]xaprocessed:Pyrexglasswéfer(having
a thickness of 700 um and an outer diameter 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
25 1078 cm

Oscillation mode: Q-switch pulse
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foregoing also hold in a fourth examplewhich will be explained C later. The laser processing apparatus
in accordance with the 20 third example of this embodiment will now be explained. Fig. 40 is a
schematic diagram of this laser processing apparatus. The laser processing apparatus 200 will be
explained mainly in terms of its differences from the laser processing 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 136 of polarization of laser light L emitted from a laser light
source 101, and a 90 rotation regulator 203 for adjusting the rotation of polarization of the laser light L
emitted from the ellipticity regulator 201 by about 90. 5 The ellipticity regulator 201 includes a quarter
wave plate 207 shown in Fig. 41. The quarter wave plate 207 can_adjust the ellipticity of elliptically
polarized light by changing the an§@RS dhetfidn 6 REANFENF KiheR HgrtiFith linear polarization LP is
made incident on the quarter wave iﬁ late 2Q7, the fransmitted light attains elliptical polarization EP
with a predetermined ellipticity. Thg g%g OF F&tioé@ an angle formed between the major axis of
the ellipse and the X axis. As mentioned above, a number. other than 1 is employed as the ellipticity in
this embodiment, i5 1;e ellipticity rg%u gt%% ZOfucglr%u%alge emﬂﬁﬁggt?on of laser light L become

elliptically polarized light EP havingJ%gg,siﬁaM% glliaggiiyi gl')pga qlggtggity is adjusted in view
5 Polarization characteristic: linear
polarization
(C) Light-converging lens
Magnification: x50
NA: 0.55
10 Transmittance with respect to laser 1light
wavelength: 60%
(D) Moving speed of a mounting table mounting the
object to be processed: 100 mm/sec

Eachof Samples 1, 2, whichwasanobject tobeprocessed,

Q.

3
(@)}

was exposed tc a single pulse shot of pulse laser light while

the light-converging point is located within the object to

be processed, whereby a crack region caused by multiphoton

N

absorption is formed within the object to be processed.

Sample 1 was irradiated with linearly polarized pulse laser

20 light, whereas Sample 2 was irradiated with circularly
polarized pulse laser light.

Fig. 33 is a 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.
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of the thickness and material of the object to be processed 1, and the like. 20 When irradiating the
object to be processed 1 with laser light L having linear polarization LP, the laser light L emitted from
the laser light source 101 is linearly polarized light LP, whereby the ellipticity regulator 201 adjusts the
angle of direction 9 of the quarter wave plate 207 such that 25 the laser light L passes through the
guarter wave plate while being the linearly polarized light LP. Also, the laser light 137 source 101
emits linearly polarized laser light L, whereby the ellipticity regulator 201 is unnecessary when only
laser light of linear polarization LP is utilized for irradiating the object to be processed with laser. 5
The 90 rotation regulator 203 includes a half wave plate 205 as shown in Fig. 12. The half wave plate
205 is a wavelength plate for.making, polarization,orthogonal to_ linearly polatized.inci ight.
Namely, when Iinearylrs)o?a?leeedd |I8h%}‘l|_e|g‘f %%tﬁaﬁl n%ﬁeggfl crﬁ?egtigﬁ %?%53 i%%{éé i#&i%gr?tg éﬁ] llflﬁle% half

wave plate 205, fo example. fiansymited lih brcgmes insarivnglarized oA R2 rofated byedo with

respect to the incident light LP1. When rotating the polarization of laser light L emitted from the

ellipticity regulator;201, by 99,,the-9Q fotatien I%%'@P%@ﬂ@gogeré&e&sjé seasipPlage Higpak wave

plate 205 onto the optical axis of laser light L. en not rotating the polarization of laser light L
emitted from the eliptiety regulator 2014 the 19OnG nasatippireguiater 2OZperaies 5o as orplage the
half wave
5 spot 90 is formed within a glass wafey 211 which is the ocbject
to be processed.
In the case where pulse laser light 1is linearly
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 directionaligningwiththedirectionoflinearpolarization.
This indicates that the forming of the crack spot 90 1is
accelerated in this direction. When the pulse laser light

is circularly polarized light, by contrast, the size of the

crack spot 90 formed by a single pulse shot will not become

w

reater in any specific direction as shown in Fig. 36. The

oy

sizeof the crack spot 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 1s 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 élong a line along which the object 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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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 mirror 103 is disposed such that the laser light L whose
rotation of polarization is regulated 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 by90. The laser processing apparatus
200 comprises 138 a 9-axis stage 213 for rotating the X-Y plane of the mounting table 107 about the
thickness direction of the object to be processed 1. The stage controller 115 regulates not only the
movement of stages 109, 111, 113, but also the movement 5 of stage 213. With reference to Figs. 40
and 43, the laserprocessing method in accordance with the third example of this embodiment will now
be explained. Fig. 48ris@flaweharn fiorexplainingt thisl kser proeessing hetlsod okine dbjedtig be
processed 10 1 is a silicon wafer. Steps S101 to 5111 are the same as those of the first example
shown in Fig. 15. TRé eflipicity tegulator 281 aejlisenthe dlipticity oplet kgadipsviag linekh
polarization LF emitted from the laser light source 101 (3121) . The laser light L having 15 --------- 1
polarization EP with & d&3irabfe Efiptitk@g8an BE ObtafeditwheReheldrigis b BitecBdn 9 dPERFquarter

wave plate is chan%eccﬂtin the ellipticity regulator 201. Fi|5:,t, for processing the object to he [l)rocessed 1
along the Y-axis dirSctidh: AR @b Axi din EAPRE inticativie 19ns with the line along

5 which the object is intended to be cut 5. The forming of
crack spots 9 is accelerated along the direction of the line
along which the object is intended to be cut 5, whereby their
size is relatively large in this direction. Therefore, the
crackregion 9extending alongtheline along which theobject

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 irradiation with pulse laser light such that
the direction of linear polarization of pulse laser light

is orthogonal to the line along which the object is intended

[y
o

tobecut 5. Since the size of crack spot 90 in the direction
cof the line along which the object is intended to be cut
S5isrelativelysmall, thenumberof 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

to be cut 5, the forming of the crack spot 90 formed at the
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20 of the elliptical polarization 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 td be
processed 1 (5123). This is achieved by rotating the 9-axis stage 213. Therefore, the 25 9-axis stage
213 functions as major axis adjusting means or linear polarization adjusting means. 139 For
processing the object 1 along the Y-axis direction, the 90 rotation regulator 203 carries out adjustment
which does not rotate the polarization of laser light L (S125). Namely, it operates so as to place the
half wave plate to 5 the outside of the optical path of laser light L. The laser light source 101
generates laser light L, whereas the line along which the object is intended to be cut 5 extending|in

. the Y-axis direction isiibe sisface 31efrtheabjeant thbewirocassed dds ivadiatedheith the lasendO light
- L. Fig. 44 is a plan view of the object 1. The object 1 is irradiated with the laser light L such that the

- .major axis indicativevbfittie ¢lipselof eltiptical polagzatoh &P of laser light Senvsfaloag theen
rightmost line along which the object is intended to be cut 5 in the object 1. 15 Since the
light-converging poiritlFeof fasek lighe £ B0posipnéd withilthe'dbjdetdl Aesifehasrotesded fddiBns are
formed only within the_object 1. The Y-axis stage 111 is moved along the line along which the object

is intended to be cuf 5988 a¥’td fotnt A tnGReHSrocessed tegictefithih 6 tre Shject & Pficessed

1abngth%hneakmgﬁgm8%§@%t to be processed cannot precisely be cut along

the line along which the object is intended to be cut 5.
By contrast, the crack spot 90 formed at the shot does not
extend much in directions other than the direction aligning
C with the line along which the object is intended to be cut
10 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 large among the sizes of a hodified region has

been explained in the case of linear polarization, the same

(6]

=t

holds in elliptical polarization as well. Namely, as shown
in Fig. 39, the forming of the crack spot 90 is accelerated

in the direction of major axis b of an ellipse representing

f' hS

" elliptical polarizationEP 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 themajor axisof 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 tobe cut in the object to be processed,

effects similar to those in the case of linear polarization
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object is intended to be cut 5. Then, the X-axis stage 109 is moved, so as to irradiate the neighboring
line along which the objectls 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 140 similar to that mentioned above. By repeating this, amolten processed region is
formed within the object 1 along the lines to be cut 5 successively from the right side (5127). Fig. 45
shows the case where the object 1 is irradiated with 5 the laser light L having linear polarization.
Namely, the obj ect 1 is irradiated with laser 14 ght such that the direction of linear polarization LP of
laser light extends along the line along which the object is intended to be cut 5 in the object 1. 10
Next, the 900 rotatiarcregtilator 203 pperates sbiast i@ plageitberalffwave plate @0b (619.rt2)anto the
optical axis of laser light L. This carries out adjustment for rotating the polarization of laser light
emitted from the ellipticikyaéhalatort2d byraix (S210)nd 5 Bulbseaudntlv AhetlaseelightiiOicgénerates
laser light L, whereas the line along which the object is intended to be cut extending in the X-axis
direction of the surface 3nef thelobjelke 15is3f aulfatdtonithané leBet(iBhta ! Fig YWedsid pretdiew of the
object 1. The object 1 is irradiated 20 with the laser light L such that the direction of the major_axis of
an ellipse indicative®f té #ptRAfFolrRafigRes greater. Linearly polarized light

5 isellipticallypolarizedlight withanellipticity of zero.
Circularlypolarized light is obtained when the ellipticity
is 1, whichcannotmake thesizeof thecrackregionrelatively
large in a predetermined direction. Therefore, this
embodiment does not encompass the case where the ellipticity

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 molten processed regions and refractive index change

b3
(€2}

regionsaswell. Also, thoughpulselaserlight isexplained,

the same holds in continuous wave laser light as well. The

foregoingalsoholdina fourthexamplewhichwillbeexplained
( later.

The laser processing apparatus in accordance with the

20 third example of this embodiment will now be explained. Fig.

40 1s a schematic diagrém .of this laser processing apparatus.

The laser processing apparatus 200 will be explained mainly

in terms of its differences from the laser processing

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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EP of laser light L extends along the lowest line along which the object is intended to be cut 5
extending in the X-axis direction of 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 241
X-axis stage 109 is moved along the line along which the object is intended to be cut 5, so as to forma
molten processed region within the object 1 extending along the line along which the object is
intended to be cut 5. 5 Then, the Y-axis stage is moved, such that the immediately upper line along
which the object is intended to be cut 5 is irradiated with the laser light L, whereby a molten
processed region is formed within the object 1 along the line along which the object is intended to be

cut S in 10 a manner similar to.that mentioned above..By repeating thi espectiyve molten. processed
regions are formed (\?le:? i ;ael lof)fé:cjtanaf%ﬁé Seelﬁd?v}&ﬁ I%e%"ﬁ)%éee?ug sll?(gncedsgil\?gﬁrff%l {hte lower

sd (SLa). Fig. 97 shaws dhe gase uhere dhe ect s madited wih s faserighi 1 auigg 10

linear polarization LP. Then, the object 1 is bent along the lines’to be cut 5, whereby the object 1 is

cut (5133) . This diviges therahjeet, 1dptq-siliaan chips Jrffegtsafdhe thicd-example yilkhe explained.
20 According to the third example, the object 1 is irradiated with pulse laser light L such that the
direction of the maj@rr@xistof@neql_rm@wiqqtive@@m%elcﬁpticza}pq@rizgxﬁent 90°.

5 The ellipticity regulator 201 includes a quarter vave
plate 207 shown in Fig. 41. The quarter wave plate 207 can
adjust the ellipticity of elliptically polarized light by
changing the angle of direction 8. Namely, when light with
linear polarization LP is made incident on the quarter wave

10 plate 207, the transmitted 1light attains elliptical
polarization EPwith apredeterminedellipticity. The angle
of direction is an angle formed between the major axis of
the ellipse and the X axis. As mentioned above, a number
otherthanlisemployedastheellipticityinthisembodiment.

The ellipticity requlator 201 can make the polarization of

-
W

laser light L become elliptically pdlarized light EP having

adesirableellipticity. Theellipticityisadjustedinview

(> of the thickness and material of the object to be processed
1, and the like.

20 Whenirradiating theobject tobeprocessedl withlaser

light L having linear polarization LP, the laser light L

emitted from the laser light source 101 islinearly polarized

light LP, whereby the ellipticity regulator 201 adjusts the

angle of direction 0 of the gquarter wave plate 207 such that

25 the laser light L passes through the quarter wave plate while

being the linearly polarized 1light LP. Also, the laser light



- EP of pulse laser light L extends along the lines to be cut 5 as shown in Figs. 44 and 96. As a
conséquence, the size 25 of crack spots in the direction.of lines to be cut 5 becomes relatively large,
~whereby crack regions extending along lines 142 to be cut can be formed by a smaller number of
shots. The third example can efficiently form crack regions as such, thus being able to improve the
processing speed of the object 1. Also, the crack spot formed at the shot does not extend 5 in
directions other than the direction aligning with the line along which the object is intended to be cut 5,
whereby the object 1 can be cut precisely along the line along which the object is intended to be cut
S. These results are similar to those of the fourth example which will be explained later. 10 [Fourth
Example] The fourtls example 6fithis enddimeat Wiyl pe explairet Imamty In Brnd.of itd eliftdrgnces
from the third example. Fig. 48 is a schematic diagram of this laser processing apparatus 300.
Among the constituéie 6flthelaserity precaskirigrapparais B00e trpseddentitanetonstitidts of the
laser processing apparatus 200 in accordance with the third example shown in Fig. 40 will be referred
to with numerals ideAticH! tRérdtb \RioRCEpEARRY e IRvdrfapbing B@higtons Z RS 1a%r
processing apparatus 300 is not equipped with the 90 rotation regulator 203 of the third example. A
0-axis stage 213 can fot3BXREX- pl%r‘?e Bf 8 SfoutiiRg HAbIe 167 Hbout the thickness direction of the

objecttoboeprocessed The 90° rotation regulator 203 includes a half wave
plate 205 as shown in Fig. 42. The half wave plate 205 is
a wavelength plate for making polarization orthogonal to
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 LPy. When rotating the
polarization of laser light L emitted from the ellipticity

regulator 201 by 90°, the 90° rotation regulator 203 operates

o

g0 as to place the half wave plate 205 onto the optical axis
of laser light 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 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 dichroicmirror 103 isdisposed such that the laser
light L whose rotation of polarization is regulated by 90°
or not by the 90° rotation regulator 203 is incident thereon

25 and that the direction of opt.ical axis of laser light L is

changedby 90°. The laser processingapparatus 200 comprises
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rotate by 90. The laser processing method in accordance with the 143 fourth example of this

5 the major axis o cal polarization e caused to align wit

. This makes the polarization of laser light L emitted from 25 the ellipticity regulator 201 relatively

mbodiment will be explained. Operations of step 5101 to step 5123 in the laser processing method
accordance with the third example shown in Fig. 43 are carried out in the fourth example as well.
he 5 operation of subsequent step S125 is not carried out, since the fourth example is not equipped
ith the 90 rotation regulator 203. After step 5123, the operaticn of step 5127 is carried out. The
perations carried out so far process the object 10 1 as shown in Fig. 44 in a manner similar to that in
he third example. Thereafter, the stage controller 115 regulates the 9-axis stage 213 so as to rotate it
y 90. The rotation of (e penxis age 213 [qtales e phiseicl by 90 e, X-¥ialape, fonss

s shown in Fig. 49, ellipti P ca

long which the objeqt is.infended g, begit intarsecting theyjne alopg-whjeh the object isrintended C
0 be cut 5 having already completed the modified region forming step. 20 Then, like step 5127, the

bject 1 is irradiategkwitho theslaser light iwhegehy meltan pwcessed regiens.are-tosmed within the

guently,
aline

object to he processed 1 along lines to be cut 5 successively from the right side. Finally, as with step
S133, the object 1 iheuyavieatehy the abjecidsisldigideldl 1, 113, but also the movement

5

10

-
(€2}

20

25

of stage 213.

With reference to Figs. 40and 43, the laser processing
methodin accordancewiththethirdexample of thisembodiment
will now be explained. Fig. 43 isa flowchart for explaining
this laser processing method. The object to be processed
1l is a silicon wafer. Steps S101 to S111 are the same as
those of the first example shown in Fig. 15.

The ellipticity regulator 201 adjusts theellipticity
of laser light L having linear polarization LP emitted from
the laser light source 101 (S121). The laser light L having
elliptical polarization EP with a desirableellipticitycan
be obtained when the angle of direction 6 of the guarter
wave plate i1s changed in the ellipticity regulator 201.

First, for processing theobject tobeprocessedlalong
the Y-axis direction, themajor axis of anellipse indicative
of theelliptical polarizationEPof 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 6~axis stage 213. Therefore, the
6-axis stage 213 functions as major axis adjdstiné means

or linear polarization adjusting means.
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25 into silicon chips. The third and fourth examples of this embodiment 144 explained in the foregoing
relate to the forming of modified regions by multiphoton absorption. However, the present invention
may cut the object to be processed by irradiating it with laser light while locating its light-converging
point 5 within the object so as to make the major axis direction of an ellipse indicative of elliptical
polarization extend along a line along which the object is intended to be cut 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, 15 sizes of

modified. Spots are controllﬁglbg f%%‘é@%iq% he,m nitggh% ?f Ppwer QL?LQS_G IalsgrA%% ggg dhe size of

numerical aperture of an optical‘'system including a C light-converging lens. The mo spot refers

to a modified part formed by 3 5ingle pHisa.shotof pulse kaser, 20ight (i.e, Pneulss asali cn

irradiation), whereas an assembly of modified spots forms a modified region.” The necessity to control

the sizes of modifiegkapots yill be c@xplaingd With Easpest to-erack spots by waynaf examples YWhen a
crack spot is too large, the accuracy of cutting 25 an object to be cut along a line along which the

object is Namely, it operates so as to place the half wave plate to
5 the outside of the optical path of laser light L.

The laser light source 101 generates laser light L,

whereas the line along which the object is intended to be

cut 5 extending in the Y-axis direction in the surface 3

of the object to be processed 1 is irradiated with the laser

10 light L. Fig. 44 is a plan view of the object 1. The object
1 is 1rradiated 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 object is intended to be cut 5 in the object 1.

______ the light-converging point P c¢f laser light L 1is

[
w
N
3
A
D

positioned within the object 1, molten processed regions

are formed only within the object 1. The Y-axis stage 111

I

is moved along the line along which the object is intended
to be cut 5, so as to form a molten processed region within

20 the object to be processed 1 along the line along which the
object is intended to bhe 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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intended to be cut decreases, and the flathess of the cross 245 section deteriorates. This willbe
explained with reference to Figs. 50 to 55. Fig. 50 is-a plan view of an object to be processed 1 in the
case where crack spots are formed relatively large by using the laser processing method in 5
accordance with this embodiment. Fig. 51 is a sectional view taken along LI-LI on the line along which
the object is intended to be cut 5 in Fig. 50. Figs. 52, 53, and 54 are sectional views taken along lines
LII-L1, LHI-LII, and LIV-LIV orthogonal to the line along which the object is intended 10 to be cut 5 in
Fig. 50, respectively. As can be seen from thesedrawings, the deviation in sizes of crack spots
9becomes greater when the crack spots 90 are too large. Therefore, as shown in Fig. 55, the
accuracy of cuttingsthe obigct L, @lengiibe tne akenawiieh the ohjeglds intgpdadite be puieh
becomes lower. Also, irregularities of cross sections 43 in the object 1 become so large that the

flatness of the crogg sectinne4B deteriorates. \WenR«gack spats Aharedoreed relativetysmak(e.g.,
20 pm or less) by using the laser processing apparatus in accordance with this embodiment, 20 by

contrast, crack spadts 88 canché fgorned Mntfoumbsandiedry e resttdired frpimt wadel@ng i dirgctions
deviating from that of the line along which the object is intended to be cut as shown in Fig. 56.
Therefore, as shown - Fith Bhote abeurscseoibigting the sijsiclt along the lind bidrep28 itiich the

object is intended to be cut 5 and the flatness of cross sections 43 can be improved as shown in Fig.
57. 5 the laser light L having linear polarization. Namely, the

objectlisirradiatedwithlaser light suchthat thedirection
of linear polarization LP of laser light extends along the
line along which the object is intended to be cut 5 in the
object 1.

10 Next, the 90° 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)
w

Subsequently, the laser 1ight 101 generates laser 1ight

L, whereas the line along which the object i1s intended to
be cut extending in the X-axis direction of the surface 3
(j of the object 1 is irradiated with the laser light L. Fig.
46 1is aplanview of the object 1. The object 1 is irradiated

20 with the laser light L such that the direction of the major

axlis of anellipse indicative of the elliptical polarization

EP of laser 1ight L extends along the lowest line along which

the object is intended to be cut 5 extending in the X-axis

direction of 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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146 r When crack spots are too large as such, precise cutting along a line along which the object is
intended to be cut and cutting for yielding a flat cross section cannot he carried out. If crack spots are -
extremely small with respect to an 5 object to he processed having a large thickness, however, the
object will he hard to cut. The fact that this embodiment can control sizes of 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 x10 and an NA of 0.8 is smaller
than that of a crack spot in the case where the light-converging lens has a
magnificationofx50andanNAof0.55. The peak power density is proportional to the energy of laser light
per pulse, i.e. , 15 the poner of patselladerilghtcaexplaimed aboye] wherellyoithe samshpéale power
density means the same laser light power. When the laser light power is the same while the beam
spot cross-sectionglareatisithe samedsiddsdieiaek Spots cent be ragulared sceasobeesarIsmaller

(greater) as the numerical 20 aperture of a light-converging lens is greater (smaller). Also, even when
the numerical aperfifs éPthe” ligRtEorwWetgrigligRs id trfesane 18ized bP eAAdK Spots ran? beYegulated
SO as to become smgller an%lgrg r when the laser light power (peak power density) is made lower

and 25 higher, resPEctiIy- ThePSdRs hs'can'te 8885 fohPtHegraph shown in Fig.

5 Then, the Y-axis stage is moved, such that the
immediately upper line along which the object is intended
to be cut 5 is irradiated with the laser light L, whereby
a molten processed region is formedwithin 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 along thé lines to be cut
5, wherebytheobject 1iscut (S133). Thisdividestheobject

(; 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 1ight L such that the direction of themajor
axi$<3fan ellipse 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 direct'ion'of lines to be cut 5 becomes

relativelylarge, wherebycrackregionsextendingalonglines
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147 7, sizes of crack spots can be regulated so as to become smaller when the numerical aperture of
a light-converging lens is made greater or the laser light power is. made lower. On the contrary, sizes
of crack spots can be regulated so 5 as to become greater when the numerical aperture of a
light-converging lens is made smaller or when the laser light power is made higher. The crack spot
size control will further be explained with reference to the drawings. The example shown in Fig. 10 58
is a sectional view of an object to be processed 1 within which pulse laser light L is converged by use
of a light-converging lens having a predetermined numerical aperture. Regions 41 are those having
yielded an electric field intensity at a threshold for causing multiphoton 15 absorption or higher by this

laser irradiation. Fig,, 59,58 sectianalview.afacragk snal 90;formed e to,thes multiphotane

absorption caused by irradiation with the laser light L. On the other hand, the example shown in Fig.

60 is a sectional view £f agehieatdoheprocessad 4 within 2Onwhichpulse ipser Y9BEL 43 eanverged
by use of a light-converging lens having a numerical aperture greater, than that in the example shown

in Fig. 58. Fig. 61 israr sseetionglanew elaiciaek spatR0fered duea Josthedn utipbabtoiajzsotption
caused by irradiation with the laser light L. 25 The height h of crack spot 90 depends on the size of
regions 11 in the thickAéssdirédtiorcobthe spjett fowherbag thdh 4ot does not extend
5 in directions other than the direction aligning with the
line along which the object is intended to be cut 5, whereby
the object 1 can be cut precisely along the line along which
theobject is intendedtobe cut 5. These results are similar
( to those of the fourth example whichwill 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

\

preocessing apparatus 300, those identical to constituents

[)
(%2l

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 explanations.
20 The laser processing apparatus 300 isnot equipped with
the 90° rotation requlator 203 of thethirdexample. AB8-axis
stage 213 can rotate the X-Y plane of a mounting table 107
about the thiékness direction of the object to be processed
1. Thismakes thepolarization of laser light Lemitted from
25 £he ellipticity.regulator 201 relatively rotate by 90°.

The laser processing method in accordance with the
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width w of crack spot 90 depends on the size of regions 41 in a direction orthogonal to the thickness
direction of the object 1. Namely, when these sizes of regions 41 are made smaller and greater, the
height h and width w of crack spot 5 90 can be made smaller and greater, respectively. As can be
seen when Figs. 59 and 61 are compared with each other, in the case where the laser light power is
the same, the sizes of height h and width w of crack spot 90 can be regulated C so as to become
smaller (greater) when the numerical aperture 10 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. In the
example shown inflig.r6?, siegerdsitee laser tightspowebisinagedower ] the arcaefpegionsd4l is
smaller than that of regions 41 shown in Fig. 58. Fig. 63 is a sectional view of a crack spot 90 formed
due to the multiptiaten absorptionfcaused bydiradiatiare wigl the lasenh € liglstelr. Asaamsise seen when
Figs. 59 and 63 are compared 20 with each other, in the case where the numerical aperture of the
light-converging lergtis @itk sames #es Sizes of Meight thandwidth fXciepack SPetI0 taneregulated
so as to become smaller (greater) when the laser light power is made lower (higher). 25 The example

shown in Fig. 64 id 3 s2Eforfaf FiehPEf QK bbjelt th'e prob&dseder #tRhSwIRch Bkt lasdfght 149

5

(;
10
15

C
20
25

operation of subsequent step S125 is not carried out, since
the fourth example is not equipped with the 90° rotation
regulator 203. | |

After step S123, the operation of step S127 is carried
out. The operations carried out so far process the object
1 as shown in Fig. 44 in a manner similar to that in the
third example. Thereaftef, the stage controller 115
regulates the 8-axis stage 213 so as to rotate it by 90°.
The rotation of the 8-axis stage 213 rotates the object 1
by 90° in the X-Y plane. Conséquently, as shown in Fig. 49,
the major axis of elliptical polarization EP can be caused
to align with a line along which the object 1s intended to
becutintersectingthelinealongwhichtheobject isintended
to be cut 5 having already completed the modified region
forming step.

Then, like step S127, the object 1 is irradiated with
thelaserlight,wherebynbltenprocessedregionsareformed
within the object to be processed 1 along lines to be cut
5 successively from the right side. Finally, as with step
S133, the object 1 is cut, whereby the object 1 is divided
into silicon chips.

The third and fourth examples of this embodiment
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L having a power lower than that in the example shown in Fig. 60 is converged. Fig. 65 is a sectional
view of a crack spot 90 formed due to the multiphoton absorption caused by irradiation with the laser
light L. As can be seen when Figs. 5 59 and 65 are compared with each other, the sizes of height h
and width w of crack spot 90 can be regulated so as to become smaller (greater) when the numerical
aperture of the 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 an electric field 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 a laser light source with i5 a
high beam quality is xitiizech dbisi emipadimant a6 hr@?/&se rahigh:eonrergence: ofdaseright and gan
converge light up to about the wavelength of laser light. As a consequence, the beam profile of this
laser light attains afsausstan rhstributton, Mdweseby hsoelectisrfieldHnteasity is 2hdisisibetechso as to
become the highest at the center of the beam and gradually lowers as the distance from the center
increases. The lasemighm tsibasitally convergediin thet Statd ef ar@aessiad distributied ke thiegrocess
of being converged by a light-converging lens in practice as well. 25 Therefore, the regions 41 are

restricted to the light-edriVerqisg pAinth amd itd SibiE Tt 160 AS nltheToreg@iite #9s RenBodihient can

control sizes o ) ‘ , , _
5 within the object so as to make the major axis direction

of an ellipse indicative of élliptical polarization extend
along a line along which the object is intended to be cut
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,.
f med

ified spots are controlled Iy regulating the

S1Zes ©

fa
(@3]

magnitude of power of pulse laser light and the size of

numerical aperture of an optical system including a

(. light-converging lens. The modified spot refers to a
modified part formed by a single pulse shot of pulge 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 of modified spots Qill 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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‘of crack spots. Sizes of crack spots are determined in view of a requirement fora degree of precise
‘cutting, a requirement for a degree of flatness in cross sections, and the magnitude 5 of thickness of
the object to be processed. Sizes of crack spots can be determined in view of the material of an object
to be processed as well. This embodiment can control sizes ofmodifiedspots, thus making it possible
to carry out 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. 15 There are cases where an object to be

processed has respective ditections easy and hargito gyt dus ta the grysiab erieptatign ot thesobject,

for example. When cutting such an object, the size of crack spots 0 formed in the easy-to-cut

direction is made greatey @s shawn i bigs. 56ad 56, fos 20 exarmple; ¥Wheyy the digsiien ot a line
along which the object is intended to be cut orthogonal to the line along which the object is intended

to be cut 5 is a hangletoiis direetian, 10n thewiberdaand, the size of stack spots 9@ ferneskinetbis
direction is made greater as shown in Figs. 57 and 66. Here, 25 Fig. 66 is a sectional view of the
object 1 shown in Eigl B7itaken alenmpleX ViyLX VL Hendes alffetcrogsrsentionioam 181 hedobtained in
the easy -to-cut direction, while cutting is possible in the hard-to-cut direction as well.
accordance with this embodiment. Fig. 51 isasectional view
takenalongLI-LIonthelinealongwhichtheobject is intended
to be cut 5 in Fig. 50. Figs. 52, 53, and 54 are sectional
views taken along lines LII-LII, LIII-LIII, and LIV-LIV
( orthogonal to the line along which the object 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 90 are too large. Therefore,
as shown 1in Fig. 55, the accuracy of cutting the object 1
along the line along which the object is intended to be cut
15 5 becomes lower. Alsb, irreqularities of cross sections 43
in the object 1 become so large that the flatness of the
crosssectiond43deteriorates. Whencrackspots90are formed
(; relatively small (e.g., 20 um or less) by using the laser
processing apparatus in accordance with this embodiment,
20 by contrast, crack spots 90 can be formed uniformly and can
be restrained from widening in directions deviating from
that of 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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Though the fact that sizes of modified spots are controllable has been explained in the case of crack
spots, 5 the same holds in melting spots and refractive index change spots. For example, the power of
pulse laser light can be expressed by energy per pulse (J), or average output (W) which is a value
obtained by multiplying the energy per pulse by the frequency of laser light. The foregoing holds in
sixth 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 400. 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 Figw%%nTB%A@@g?&@%%gtwa@%%%@%wi %8 Power regigtor 401
for adjusting the power of laser light L emitted 20 from a laser light source 101. The power regulator
401 comprises, forexample, a piyealdy o Nk kneuiral glensity)e ilterss andwemesharisnbiorameving the
individual ND filters to positions perpendicular to the optical axis of the laser light L and to the outside
of the optical path aflasertighihsflorAn NDAfilkey ista diternhiehs eadites thenintaniséycafr ightwithout
changing the relative spectral distribution 152 of energy. A plurality of ND filters have respective
extinction factors diffetent frént eactk otipert 8\awsing-onedinefla phurality sfiND fikesrp ot ttdmbéiing
some of tEI?em, the

object to be processed having a large thickness, however,
the object will be hard to cut.

The fact that this embodiment 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 x10 and an NA of 0.8 is smaller than that of a crack spot
in the <case where the light-converging 1lens has a
magnificationof x50andanNAof 0.55. Thepeak power density

1s proportional to the energy of laser light per pulse, i.e.,

ot
n

the power of pulse laser light, as explained above, whereby
the same peak power density means the same laser light power.
When the laser light power is the same while the beam spot
{ cross-sectional area is the same, sizes of crack spots can
beregulatedsoastobecomesmaller (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) 1s made lower and

25 higher, respectively.

Therefore, as can be seen from the graph shown in Fig.
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power regulator 401 adjusts the power of laser light Lemitted 5 from the laser light source 101. Here,
a plurality of ND filters may have the same extinction factor, and the power regulator 401 may change
the number of ND filters to be moved to positions perpendicular 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 filter disposed perpendicular to the 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 emitted from the laser light source 101. Here,
the driving current for aspurrping Semieandugtor: 20daserlie thetasks tight saures 10¢ dascome
regulated by a laser light source controller 102 which is an example of driving current control means,
So as to regulate theMpolWerr of faeer tiglet D ensited #rbre Hreeciagerlight sodrce M01¢ o eforegd the
power of laser light L can be adjusted by 25 at least one of the power regulator 401 and laser light
source controller 1091 f the Bi26dfH RdEfe® Fe§idh dar Sfanl A58 BUEsTable VAR 4OBSS the
adjustment of power of laser Ii%ht L by the laser light source controller 102 alone, the power regulator

401 is unnecessary’ THe HowBP4djAS et 6%f1a oci’ﬁatﬁé fORYo G W efiecttd &4 operator of

5 as to become greater when the numerical aperture of a
light-converginglensisnadesnwllerorwhenthelaserlight.
power 1is made higher.

The crack spot size control will further be explained

( with reference to the drawings. The example shown in Fig.
10 58 is a sectional view of an object to be processed 1 within
which pulse laser 1light L 1is converged by use of a
light-converging lens having a predetermined numerical

aperture. Regions 41 are those having yielded an electric

field intensity at a threshold for causing multiphoton

15 absorption or higher by this laser irradiation. Fig. 59 is

a sectional view of a crack spot 90 formed due to the

multiphoton absorption caused by irradiation with the laser

( light L. On the other hand, the example shown in Fig. 60
; is a sectional view of an object to 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 a

sectional viewof acrack spot 30 formed due tothemultiphoton

absorption caused by irradiation with the laser light L.

25 The height h of crack spot 90 depends on the size of regions

41 in the thickness direction of the object 1, whereas the
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5 the laser processing apparatus inputs the magnitude of power into an overall controller 127, which
will be explained later, by using a keyboard or the like. The laser processing apparatus 400 further
comprises a dichroic mirror 103 disposed such that the laser light 10 Lwhosepower is adjusted by the
power regulator 401 is incident thereon whereas the orientation of the optical axis of laser light L is
changed by 90; a lens selecting mechanism 403 including a plurality of light-converging lenses for
converging the laser light L reflected by the dichroic mirror 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, 105c¢, and a support plate 407 for supporting them.
The numerical apertudesho20 fespectivesputical 8y stepenidsluming ltlee ightecorvergiigoendes 105a,
205b, 105c differ from each other. According to a signal from the lens selecting mechanism controller
405, the lens selectingEntEichafishe A 03t iotate s tieel stippbhte platedoTe sfebbyecausiny @ deshable light
-converginglens 25 among the I-ig{ht-converging lenses 105a, 105b, 105c to be placed onto the optical
axis of laser light LORiE#ely L the MEREIbKs Selsting HREEN&HidM5403 i€ 88/RdR el typ& STRE Himber of
light-converging Ienseijllttached to the lens selecting mechanism 403 s hot reitricted 0 3 byt may

be other numbers SRR&n Te YpRrafct dF tHe 1452F procedding 5 3FpariL inhGts & 57 o Rimerical

apertureor an 90 can be made smaller and greater, respectively. As can
be seen when Figs. 59 and 61 are compared with each other,
in the case where the laser light power is the same, the
sizes of height hand width wof crack spot 90 can be regulated
( ) so as to become smaller (greater) when the numerical aperture
10 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
15 the laser light power is made lower, the area of regions
41 is smaller than that of regions 41 shown in Fig. 58. Fig.
63 1s a sectional view of a crack spot 90 formed due to the
(: : multiphoton absorption caused by irradiation with the laser
light L. As can be seen when Figs. 59 and 63 are compared
20 with each other, 1in 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).
25 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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instruction for choosing one of the light-converging lenses 105a, 10Sh, 105c into the overall controller
127, which will be explained later, by using a keyboard or the like, the light-converging lens is
chosen, namely, the numerical 10 aperture is chosen. Mounted on the mounting table 107 of the laser
processing apparatus 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¢ which is disposed on 15 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 controller 127, the latter controls the
power regulator 401, thereby 20 adjusting the power. Fig. 68 is a block diagram showing a part of an
example of the overal sentgller 14 dheieyesall epntroliend27i gompeises anghiae selestar 4%, a
correlation storing section 413, and an image preparing section 415. The operator of 25 the laser
processing apparatmisdnpeas ikedoagritugtedal pawer. d@pulselaserdigbhan tha size of numetical
aperture of 155 the optical system including the light-converging lens to the size selector 411 by
using a keyboard os tieet [iIR€. Ifo tinis @xdneplepthishimput hiayptivdase ehe of thellightecorsetging lenses
105a, 105b, 105c instead of the numerical aperture 5 size being directly inputted. In this case, the
respective numeriéal Bp@raresPof hié lightedeeding lehtds 1084,can be seen when Figs.

5 59 and 65 are compared with each other, the sizes of height
h and width w of crack spot 90 can be regulated so as to
become smaller (greater) when the numerical aperture of the
light-cénverging 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 sourcewith

—
on

a high beam quality is utilized, this embodiment achieves
a high convergence of laser light and can converge light
up to-about the wavelength of laser 1ight. As a conseguence,
(> the beam profile of this laser light 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 of 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 its vicinity.
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05b, 105c are registered in the overall controller 127 beforehand, and data of the numerical aperture
f the optical system including the chosen light-converging lens is 10 automatically fed into the size
elector 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 registered in / the
olumn for numerical aperture. In the column for power, i magnitudes of power attained by the power
regulator 401 are 20 registered. In the column for size, sizes of modified spots formed by
ombinations of powers of eiri cor espfoondén sets ar d.nurenm rical aper%uresnarerr] %igtfrseldz. gsor
xample, the modified spo fsormeﬁ When th pow%f is 124X 16 f‘@ﬁ/‘/"cm%? while the numerical
perture is 0.55 hag 2 size of 120,p10. 255The daig of this eqirelation can be ohiained by,carying out
xperiments explained in Figs. 58 to 65 before laser 156 processing, for example. When the
agnitude of poweg ﬁ'édrrélém%i%l@rpﬁ”f'éﬁeasgég%@e%@ Inte the sigg) §€|?19§3,r 4%k dhe ftirimghooses
he set having their corresponding values from the correlation 5 storing section 413, and sends data of
ize correspondings torthisisefrte shefmoniton d 29. As aconseguencenthe sive tofannmegified spot
ormed at thus inputted magnitude of power
5 of thickness of the object to be processed. Sizes of crack

spots can be determined in view of the material of an object
to be processed as well. This embodiment can control sizes

of modifiedspots, thusmakingitpossibletocarryout precise

N

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 1'elati*;7‘ely small thickness. Also, by making
modified 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

§—
¥

respectivedirectionseasyandhard1x>cutdue1x>thecrystal

orientation of the object, for example. When cutting such

(. anobject, thesizeof crack spots 90 formed in theeasy-to-cut
direction is made greater as shown in Figs. 56 and 57, for

20 example. When the direction of a 1ine along which the object

is intended to be cut orthogonal to the line along which

the object is intended tobe cut 5is 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. 'He‘re,

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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and numerical aperture size is displayed on the monitor 129. C 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 to 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 of modified spot can be seen before laser 20 processing. The size of
numerical aperture may be made variable while the magnitude of power is fixed. The table in this

case will be as shayn i,Fig: 04Far examRlg s themodified; spet-formed when the aumerical aperture
is 0.55 while the 25 power is fixed at 1.49 x 1011 (W/cm2) has a size of. 150 pm. Alternatively, the

magnitude of poweyJaay hednade vadable r45% while the sizecaf imimeyical apgrture is fixed. The table
in this case will be as shown in Fig. 71. For example, the modified spot formed when the power is

fixed at 1.19 x 10" (W/cm2)hwhitehtheeimesical apesturesisfixed &f Orolisra e size of 80 pae The
laser processing method in accordance with the fifth example of this embodiment will now be
explained with referemtedd Fidp.167 hElselobjattetarheproedssedtb s asflieat crack spots,

5 the same holds in melting spots and refractive index change
spots. For example, the power of pulse laser light can be
expressed by energy per pulse (J), or average output (W)
which is a value obtained by multiplying the energy per pulse
by the frequency of laser 1light. The foregoingholds insixth

10 and seventh examples which will be expleined 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

400. The laser processing apparatus 400 will be explained

1=
i

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 amechanism for moving the individual ND filters

to positions perpendiculéf 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 intensity of

light without changing the relative spectral distribution

_— s



‘wafef. In 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 controller 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 405, thereby
adjusting the numerical aperture. These data are 20 also fed into the size selector 411 of the overall
controller 127. (Fig. 68) . Asa consequence, the size and form of a melting spot formed within the
object 1 upon irradiatioff BFSAY pulsé 7 tae? fighl a?r% dipia éato%rﬁe%?o‘%toffﬁ@fgﬁéﬁfe
operations of stepsé 8%13 (t:Qc 5115 are carrie oy% 2r5eastir}tr§n Iaséeré)rotc]gssing rgleth%c_jL ;]n agggrdance

with the first exam >fe %}’r].]OWI’:ILIOI’P |a.cl%c.)ﬁis ld|V| es fPle 06 ectel i 8ointoe§i[icon36rlﬁ S. [Sixth
p g J p

Example] A sixth example of i embadimentyilnovd bs.explgined; iuly, o tsgme gl s diferences

from the fifth examp Fig. 72 Is a schematic diagram of aser processing apparatus 500.
Among the constityenfs phiBgJasaroProeessing ARPaRaL those identiqal 4a cqnstitiients of the
laser processing apparatus 400 in accordance with C the fifth example shown in Fig. 67 are referred to
with nunterals from the laser light source 101. Here, a plurality of ND

filters may have the same extinction factor, and the power

regulator 401 may change the number of ND filters to be moved

to positions perpendicular to theoptical 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 comprisé a polarization
filter disposedperpendicular totheoptical 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 angie. Rotating the polarization filter
about the optical axis by a desirable angle in the power
regulator 401 adjusts the power of laser light L emitﬁed

( from the laser light source 101.

Here, the driving current for a pumping semiconductor

20 laser in the laser light source 101 can be regulated by a
laser light source controller 102 which is an example of

driving current control means, so as to regulate the power

of laservlight 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 amodified region can attain
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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 a 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 so as to increase the beam diameter of laser light L. The
beam expander 501 is an example of C 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 numgriegl aperyie.farkinte the,averall 2bcconimller A27 « This willhe-explaingdsip the

following. The overall controller 127 is electrically connected to the 159 beam expander 501. Fig. 72
does not depict thisi When thg, siee of nsiererical apestise issfedbinte the evernadlcentisller 4R¢, the

latter carriesout control for changing themagnitude of beam expander 501. This regulates the
magnification of 5 peasvdiasgiéraafdhe 4dserilighthrincidestary the Tightmomnyerging lensndos.
Therefore, with only one light-converging lens 105, adjustment for increasing the numerical aperture
of the optical syst&midclidirg the fdht-donvesging tens 1051s possibiédicThigwitiber 40@xpdined with
reference to Figs. 73 and 74.

5 the laser processing apparatus inputs the magnitude of power
intoanoverall controller 127, whichwill beexplainedlater,
by using a keyboard or the like.

The laser processing apparatus 400 further comprises

(‘ a dichroic mirror 103 disbosed such that the laser light

10 Lwhosepower isadjustedby thepowerregulator40lisincident

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 lenses for

converging the laser light Lreflectedby the dichroicmirror

15 1032; 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¢c, 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
plate 407, thereby causingadesirable light-converging lens
25 among the light-converging lenses 105a, 105b, 105c to be

placed onto the optical axis of laser light L. Namely, the
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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 showing the
convergence of laser light L effected 15 by the light-converging lens 105 when the beam expander 501
is provided. As can be seen when 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 embodiment 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 laset prozessihga@ppagatus 608n AsmongitBeiconstituent dfv 4 60tthe daser processing
apparatus 600, those identical to constituents of the laser processing apparatus in accordance with
the fifthand sixth examples dfeerefemed tonith hgineralonidentdalankestoasithdtitrebeating tHesr
overlapping 5 explanations. In the laser processing apparatus 600, anirisdiaphragm 601 is disposed
on the optical axis of faseriryht EiAsedte ehtelsdarh Ekpand6rts0 e Hetwsdid diehrole Hhirfe'103

and C a light-converging lens 105. Changing the aperture size of 10 the iris diaphragm 601 adjusts the
effective diameter df - ifHt-BHRRSE ging 1N 205 ThERRT diaphragnt BB 1ligser processin

5 apparatus inputs a size of numerical aperture or an
instruction for choosing one of the light-converging lenses
105a, 105b, 105c¢c into the overall controller 127, whichwill
be explained later, by using a keyboard or the like, the

C light-converging lens is chosen, namely, the numerical
10 aperture is chosen.
Mounted on the mounting table 107 of the laser
processing apparatus 400 is an object to be processed 1
irradiated with the laser light L converged by one of the‘
light-converging lenses 105a to 105c which is disposed on
15 the optical axis of laser light L.
The overall controller 127 is electrically connected
tothe power regulator 401. Fig. 67 does not depict it. When
<; , the magnitude of power is fed into the overall controller
127, the latter controls the power regulator 401, thereby
20 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 operator of
25 the laser processing apparatus inputs the magnitude of power

of pulse laser light or the size of numerical aperture of
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an example of numerical aperture regulating means. 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 600 differ from those of the laser processing apparatus of the C_ fifth and
sixth examples in the adjustment of numerical 20 aperture based on the size of numerical aperture fed
into the overall controller 127. According to the inputted size of numerical aperture, the:laser
processing apparatus 600 changes the size of aperture of the iris diaphragm 601, thereby carrying
out adjustment for decreasing the effective diameter 25 of the light-converging lens 105. Therefore,
with only one lighttenvesgingdéns 18beadjlistrbentifoy deseedsing thec dbtenmiercdl apertuse of the
optical system including the light-converging lens 105 is possible. This will be explained with
reference to Figs. TBarglize. Biglz6 toa view shpwisg e @oheeigeacd of tagérdighit ks L effacted by
the light-converging lens 105 when no iris diaphragm is provided. On the other hand, Fig. 77 is a view
showing the converfércamadear ligheLl affeciatt byctheo kgHrto MekdiAg el tTOBPWHERA 388 His
diaphragm 601 is provided. As can be seen when Figs. 76 and 77 are compared_10 with each other,

the seventh exampRtehsadiede adfieinehP 26 dPRREAERE s iBI Shbrils With Rference

to . . . . . .
5 size being directly inputted. 1In this case, the respective

numerical apertures of the light-converging lenses 105a,

105b, 105c are registered in the overall controller 127

beforehand, anddata of the numerical aperture of the optical

( . system including the chosen 1light-converging lens 1is
10 automatically 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 afe registefed in

( the column for numerical aperture. In the column for power,
magnitudes of power attained by the power regulator 401 are

20 registered. 1In the column for size, sizes of modified spots
formed by combinations of powers of their corresponding sets
and numerical apertures are registered. For 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 um.

25 The data of this correlation can be obtained by carrying

out experiments explained in Figs. 58 to 65 before laser
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the numerical aperture of the optical system including the light-converging lens 105 in the case where
the iris diaphragm 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 controller 127 provided in
a modified example of the laser processing apparatus in accordance with this embodiment. The
overall controller 127 comprises 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 Thesizeofmodifiedspotisdeterminedinviewofthethickness and material of the
object to be modifiRbC e like. 182 /Ec*c?f‘r‘ma to this input, the power selector 417 chooses a

power corresponding to t_tﬁhvarllughof size id ntiggl tq thus inp%t ed size tro%the cggglragi%q Zsteoring

section 413, and sends it to fiie po%vrélra %nglu ator PPhére ore, When'the 5 1586 proCessing

apparatus regulated o fis magnitude,of, poweL s used orgser prcepsing, 2 pdiied sngjaving a

desirable size can be forme ata concerning this magnitude of power is also sent to the monitor
129, whereby thespagnilyde, gf pawerisdisplaysdninthis example, the G pumesicabaperyre is fixed

while power is variable. If no sSize at the value identical to that of thus inputted value is stored in the
correlatign storingssestion413e pewendate3d, and sends data of size corresponding

to this set to the monitor 129. As a consequence, the size

of amodified spot formed at thus inputted magnitude of power

and numerical aperture size is displayed on the monitor 129.
(j , 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 to 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 coﬁsequence, an image of the
modified spot is also displayed on the monitor 129. Hence,
the size and form of modified spot can be seen before laser

20 processing.

The size of numerical.aperture.may be made variable
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 apertuvre 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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corresponding to 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 is 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 controller 127 comprises a numerical
aperture 20 selector 419 and a correlation storing section 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 shown 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 163 like. Agd tdmseduenee ztheofummeniealiapettireselecter 459 fchoodes 4 hamerledraperture
corresponding to a size having a value identical to that of the inputted size from the correlation,
storing section 413"aRA senas tatd bl thi8 s AantdiruNaperttiidto fHe lefer exemple, the |
selectingmechanismcc)ntroller 405, beam expander 501, or iris diaphragm controller 603, Therefore,

when the laser prB&ssinkSh iR atud Rigitdet BinsEe il fhetical df&turtistiséd forider

processing, a modified spot qziw'n desirable size can be formed. The.10 data cangerning this
numerical apertur ‘Illgs? a jﬁsé"n (})L?%ghr%o]ﬁl oF ﬁiavghgl%%{/ttﬁé %izlesofJ ﬁﬁ%%rﬁ%&ﬂ gp%rtﬁ?es%sa
displayeg. In this g)ia{gplgfthgoo%gr is fixed while numerical aperture is variable.

The laser processingmethodinaccordancewiththefifth
example of this embodiment will now be explained with
referencetoFig. 67. Theobjecttobeprocessedlisasilicon

( wafer. In 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 controller 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 405,
thereby adjusting the numerical aperture. These data are

20 also fed into the size selector 411 of the overall controller
127(Eig.68). As aconsequence, 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 S113 to S115 are carried out

25 as in the laser processing method in accordance with the

first example shown in Fig. 15. This divides the object 1
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Fig. 80 is a block diagram of the overall controller 15 127 provided in still another modified er>,ample
of the laser processing apparatus in accordance with this embodiment. The overall controller 127
comprises a set selector 421 and a correlation storing section 413. It differs from the examples of
Figs. 78 and 79 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 beforehand. An operator of the laser processing apparatus inputs a desirable size of a
modified spot to the set selector 421 by using 25 a keyboard or the like. As a consequence, the set
selector 421 chooses a set of power and numerical aperture 164 corresponding to thus inputted size
from the correlationn§wriag section 413 PBata of power in thus chosen set is sent to the power
regulator 401. On the other hand, data of numerical aperture in the chosen set is sent to the lens 5
selecting mechanism contﬁoﬁlé#&bS,Eb@é?ﬁJe&ﬂJander 501, or iris diaphragm controller 603. Therefore,
when the laser processing apparatus regulated to the power and numerical aperture of this set is

used for laser processing,’a odifietl eFBL R ING L FeeaBR GS EAH b fRMMEE. SRR FHAD
concerning the ma nituge olf‘g)owermand §ize st nume rical nacpesrt%_reoirsn al Q sen t%theymr?n'tgr 129,
whereby the magr]?%uldré Jf powfe? 5ha Size b fu er%%F gper?ure i dlsﬁéyeg. %’ﬁesg h’?o&)léied
exampleg can congrpl sizes ofmodifigd ,5pots.; thesgfoss. hestthe,size oLa modifiectanatiis gade
apparatus 500. Among the constituents of the laser
processing apparatus 500, those identical to constituents
of the laser processing apparatus 400 in accordance with
( _ thefifthexampleshowninFig. 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
a 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 so as to increase the beam diameter
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

159



- 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. when the object to be cut has a
large thickness, the size of modified spot can be enhanced, whereby the object can be cut. 20 [Eighth
Example] An eighth example of this embodiment controls the distance between a modified spot
formed by one pulse of laser light and a modified spot formed by the next one pulse of pulse laser
light by regulating the magnitude of a repetition 25 frequency of pulse laser light and the magnitude of
relative moving speed of the light-converging point of pulse laser 165 light. Namely, it controls the
distance between adjacent modifiedﬁs(;g]ce)ts. In the foléowing explanation, the distance is assgumed to

be a pitch p. The COREBI OF BRAT B i exptdned MI8fmisbF & SRk FEgiH By walP6Pekdfmple. 5

Let  (H2) be the repetiion equency of pulse laser, lahr, and.y, (miyjseq) be the moving.shged of the
X-axis stage or Y-axis stage of the objectits jJe processéd. The moving Speeds of these stages are

examples of relatiyemovig sgeed of e ialt saaverging pOIFLOTAISS set fahThe crask 10 part

formed by one shot of pulse laser light is referred to as spot. Therefore, the number n of crack

spots formed per yritdengtheaftha die along whigh the ehiect ds intended dgrbersut isas &tlows: n
= flv. 15 The reciprocal of the number n of crack spots formed

5 beam diameter of the laser 1light L incident on the
light-converging lens 105. Therefore, with only one
light-converging lens 105, adjustment for increasing the
numerical aperture of the optical system including the

(J ' 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 showing the convergence of laser light L effected
15 by the light-converging lens 105 when the beam expander 501
is provided. As can be seenwhenFigs. 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 numefical 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 embodiment will now Dbe
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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per unit length corresponds to the pitch p: p = 1/n. Hence, the pitch p can be controlled when at least
one of the magnitude of repetition frequency of pulse laser light 20 and the magnitude of relative
moving speed of the light-converging point is regulated. Namely, the pitch p can be controlled so as to
become smaller when the repetition frequency f (Hz) is increased or when the stage moving speed v
(mm/sec) is decreased. By contrast, the pitch p can be 25 controlled so as to become greater when
the repetition frequency f (Hz) is decreased or when the stage moving speed 166 v (mm/sec) is
increased. Meanwhile, there are three waysofrelationshipbetween the pitch p and crack spot size in
the direction of line ann(i which the object is intended to be cut 5 as shown in 5 Figs. 81 to 83

81 to 83 are plan vidifs

. Figs.

3PEIhjEEOLFBES pResBRPABIYThé fifle albhgSticdiifrRtatgact il Gntended

to be cut 5, which is formed with a Cé%:ﬁgggon t%/ the laser rocessing in accordance with this
y

“embodiment. A crg&n§6dtrglﬂ)ei§tf3r

RE Pusé f puifse 1Ay

crack spots 90 aligping: eash P, algg e elona which e eblect s iendsd g/ gyt

a crack region 9. Fig.

an thesized. The crac

OWS a case where the pi p Is greater t

?.HLbSFJdPrﬁi%ﬁoef Sfau?gllety of

5 yields
region 9

is formed discontinugusly; 13 plong the fige alang,which the ebiect i interded to be cul gwillin the

object to be processed. Fig. 82 shows a case

5
(i
10
15
C
20
25

explanations.

Inthelaserprocessingapparatus 600, anirisdiaphragm
601 is disposed on the optical axis of laser light L instead
of the beam expander 501 between a dichroic mirror 103 and
a light-converging lens 105. Changing the aperture size of
the iris diaphragm 601 adjusts the effective diameter of
the 1ight—converging lens 105. The iris diaphragm 601 is
an exampleof numerical apertureregulatingmeans. Thelaser
processing apparatus 600 further comprises an iris diaphragm
controller 603 for changing the aperture size of the iris
diaphragm 601. The iris diaphragm controller 603 1is
controlled by an overall controller 127.

The operations of the laser processing apparatus 600
differ from those of the laser processing apparatus of the
fifth- and sixth examples in the adjusgment of numerical
aperture based on the size of numerical aperture fed into
the overall controller 127. According to the inputted size
of numerical aperture, the laser processing apparatus 600
changes thesizeof apertureoftheirisdiaphragm601, thereby
carryingout adjustment fordecreasingtheeffectivediameter

of the light-converging lens 105. Therefore, with only one

light-converging lens 105, adjustment for decreasing the
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where the pitch p substantially equals 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 object to be 20 processed. Fig. 83 shows
a case where the pitch p 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 object to be processed. In Fig. 81, the
crack region 9 is not continuous along 25 the line along which the object is intended to be cut 5,
whereby the part of line along which the object is intended 167 to be cut 5 keeps a strength to some
extent. Therefore, when carrying out a step of cutting the object to be processed after
la.serprocessing, handling of the object becomes easier. In Figs. 82 and 83, the crack region 9 is
continuously formét-Batoregthe dine alongewlsiEh tHecobfat is intensledttembeidut 15 dumien kitkes it
easy to cut the object while using the crack region 9 as a starting point. The pitch p is made greater
than the size d in Pig 9’81 §R8 “EBStaRbally @eBald the size dARTFIG. B2 wherBbyS10tkgions®
generating multiphoton absorption upon irradiation with pulse laser light can_be prevented frombeing
superposed on cr&&PEAEYH \)WriEE HE& S SieRASh&eh fothed. ABa?8Sult 'deviations in sizes of
crack spots 90 can be made smaller. Namel)@]the invent%has found that Wh%nl%ree@q}oP %qerating

: : - 1/ sh '
15 multiphoton absorption ub%n irradiafion wit Spu(fgel [a&er ﬁg%??svglf erBSSe% on crack sf';%ots 90

which haye already hean. formgd,eviations isizes, ofragk SROEIR AR dinen no iris
diaphragm is provided. On the other hand, Fig. 77 is a view
showing the convergence of laser light L effected by the
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 aéhieve adjustment
so as to increase the numerical aperture with reference to
the numerical aperture of the optical system including the
light-converginglens 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 controller 127 provided in a modified

( example of the laser processing apparatus in accordance with
this embodiment. The overall controller 127 comprises 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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e - e e
in this region become greater. when deviations in sizes of crack spots 90 become greater, it becomes

harder to cut the 20 object along a line along 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
made smaller, whereby the object to be processed can be cut along the line along which the object 25.
is intended to be cut precisely, while cross sections can be made flat. 168 As explained in the
foregoing, the eighth example of this embodiment can control the pitch p by regulating the magnitude
of repetition frequency of pulse laser light or magnitude of relative moving speed of the
light-converging 5 point of pulse laser light. This enables laser processing in conformity to the object
to he processed bfchangihgdhé opitdhis ini viewtof theehizkness aptanateriaf of theholsie€s and the
like. Though the fact that the pitch p can be controlled is 10 explained in the case of crack spots, the
same holds in melAY &S BhEISRRAEHVEiNdR X dfartel 85oE Howleyerdfittd afd /6 prBBRms even
when melting spots and refractive index change spots_are superposed on those which have already
been formed. ThefaitiveSHovAfeitdtThbighEeEMietginhPbint 25 ' PSS IR light ma) Be
realized by a case wheye the object to be processed js moved while the light-convergin gint of
pulse laser light isTixed> alc%sg?/vﬁé’r% tRe ‘"’I%ﬂtfc%%éragir?d: pgl@ﬁ of purllseer%ll’ggrl I‘?ght\“l"%f(?rrlqovgede while
5 laser processing apparatus regulated to this magnitude of
power is used for laser processing, a modified spot having
a desirable size can be formed. The data concerning this
magnitude of power is also sent to the monitor 129, whereby
(_ ) the magnitude of power is displayed. In 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
1s stored in the correlation storing section 413, power data
corresponding to a size having the closest value 1is 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 controller 127 comprises a numerical aperture
20 selector 419 and a correlation storing section 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
shown 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 keybdard or the
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the object is fixed, a case where the object and the 20 light-converging point of pulse laser light are
moved in directions opposite from each other, and a case where the object and the light-converging
point of pulse laser light are moved in the same direction with their respective speeds different from
each other. 25 With reference to Fig. 14, the laser processing apparatus in accordance with the eighth
example of this 169 embodiment will be explained mainly in terms of its differences from the laser
processing apparatus 100 in accordance with the first example shown in Fig. 19 . The laser light
source 101 is a Q-switch laser. Fig. 81 is a schematic 5 diagram of the Q-switch laser provided in a
laser light source 101. The Q-switch laser comprises mirrors 51, 53 which are disposed with a
predetermined gap ihesebe®een; alaseyuerediynt bb dispesad bétepeen the enfredrs Stloandl1SB, a
pumping source 57 for applying a pumping input to the laser medium 10 55, and a Q-switch 59
disposed betweenche deses raenlium 55c ahdathe misnoe 5io Mhesmatetial ofthedaser enodivubm §5 is
Nd:YAG, for example. A pumping input is applied from the pumping source 57 to the laser medium 55
in a state where the [885-ihea AcdBRACF b i$ thadeattigly By UiiRziAg e Crswitdv 59 fwmereblyshe
population inversion of the laser medium 55 is raised to ae[LJredetermined' value. Thereafter, the

Q-switch 59 is utifFdHBE Blat My tE PELAGERTGE Btafe With3Bws F8ES s6ak 3o BécillAteSthe

accumulgted enerxq}_/lmeri calaperturetothelensselectingmechanismcontroller
405, beam expander 501, or iris diaphragm controller 603.
Therefore, when the laser processing apparatus regulated
tothissizeofnumerical apertureisusedfor laser processing,
( a modified spot having a 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 is
displayed. In this example, the power is fixed while

numerical aperture 1is variable.
Fig. 80 is @ block diagram of the overall controller
15 127 provided in still ancther modified example of the laser
processing apparatus in accordance with this embodiment.
The overall controller 127 comprises a set selector 421 and
( a correlation storing section 413. It differs from the
examples of Figs. 78 and 79 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 beforehand. An
operator of the laser processing apparatus inputs adesirable
size of a modified spot to the set selector 421 by using

25 a keyboard or the like. As a conseguence, the set selector

421 chooses a set of power and numerical aperture
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20 instantaneously and generate pulse laser light L. A signal S (e. g., a change in a repetition
frequency of an ultrasonic pulse) from a laser light source controller 102 controls the Q-switch 59 so
as tomake it attain a hich state. Therefore, the signal S from the laser light source controller 102 can
25 regulate the repetition frequency of pulse laser light L emitted from the laser light source 101. The
laser light 170 source controller 102 is an example of frequency adjusting means. The repetition
frequency is regulated when an operator of the laser processing apparatus inputs the magnitude of
repetition frequency to an overall controller 5 1227, which will be explained later, by using a keyboard
or the like. The foregoing are details of the laser light source 101. During the laser processing, the
object to be processedr & sporaveddn the X2 ws Yiaxis tiredtian, 0 ds tonforivea cbQr mebétedregion
along aline along which the object is intended to be cut. Therefore, when forming a modified region in
the X-axis directiopt theispreseoftritativé IdoveArehe obthep dight-converyirg poins ehlaser light can be
adjusted by regulating the moving speed of the X-axis stage 109. When 15 forming a modified region
in the Y-axis directiéii) bntthet bt hiand, tHRIsPeddost réfative Movehfert ol te Nphtlcof9ER)ing
point of laser light can be adjusted by regulating the moving speed of the Y-axis stage 111. The

adjustment of the REPRERGE. HRGViNgRPEEs OrtRes8 §15H&S 0 iS ebnirdIRMy Hife 5hiye BBrtroller

115.Thg§ﬂage selecting mechanism controller 405, beam expander 501, or
1ris diaphragm controller 603. Therefore, when the laser
processing apparatus regulated to the power and numerical
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
apertureisalsosenttothemonitor 129, wherebythemagnitude

of power and size of numerical aperture is displayed.

These modified examples can control sizes of modified
spots. Therefore, when the size of @ modified 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. When the

(\ object to be cut has a large thickness, the size of modified
spot can be enhanced, whereby the object can be cut.

20 [Eighth Example]

An eighth example of this embodiment controls the
distancebetwemdanmdifiedspotfbrmedkn/onepuiseof]aser
light and a modified spot formed by the next one pulse of
pulse laser light by regulating themagnitude of a repetition:

25 freguency of pulse laser light and thelnagnitudeAof‘relative

moving speed of the light-converging point of pulse laser
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controller 115 is an example of speed adjusting means. The speed is regulated when the operator of
laser processing apparatus inpufs the magnitude 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 of the
light-converging point of pulse laser light can be adjusted 171 when, while the light-converging point P
is made movable, its moving speed is regulated. The overall controller 127 of the laser processing
apparatus in accordance with the eighth example further adds 5 other functions to the overall
controller 127 of the laser processing apparatus in accordance with the first example. Fig_85is a
block diagram showing a part of an example of the overall controller 127 of the laser processing
apparatus in accordance with the eighth example. The overall 10 controller 127 comprises a distance
calculating sectiont14ihta si2t28t8liRg sEetibANURY ARd Hrtintide preprrrtsttiona 845 CFd the
distance calculating section 141, the magnitude of repetition frequency of pulse laser light and
respective magnifliged bt ﬁﬁ)\ﬁﬁ@%ﬁeedirbﬂ?l% SRbeSvibYg riate Rfutd: 1@?h€é§%ﬁﬂﬁ§ are
effected by the operator of laser processing .apparatus using a keybqard_or the like. The distance
caloulting sectom S47 SAIEeS thE B T bhRReE STOr oo B g
above-mentioned ex%r?g%iona (n= févé Pnrllg 7 1gn). The 20 distagr(]:ebcaI%uarlstirgjgfs%cgié)nquldél. sends this

. K
distance data to thé mornitor 129."°As & consequenger, e distance betves

5 Let f (Hz) be the repetition frequency of pulse laser
light, and v (mm/sec) be the moving speed of the X-axis stage
or Y-axis stage of the object to be processed. The moving

speeds of these stages are examples of relative moving speed

( of thelight-convergingpoint of pulselaserlight. Thecrack
10 part formed by one shot of pulse laser light is referred
to as crack spot. Therefore, the number n of crack spots
formed per unit length of the line along which the object
1s intended to be cut 5 is as follows:
n = f/v.
15 The reciprocal of the number n of crack spots formed
per unit length corresponds to the pitch p:
p = 1/n.
C Hence, the pitch p can be controlled when at least one

of themagnitude of repetition frequency of pulse laser light
20 and the magnitude of relative moving sp{jeed of the
light-converging peoint is regulated. Namely, the pitch p
can be controlled so as to become smaller when the repetition
frequency f (Hz) is increased or when the stage moving speed
v (mm/sec) 1is decreased. By contrast, the pitch p can be
25 controlled so as to become greater when the repetition

frequency f (Hz) is decreased or when the stage moving speed
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modified spots formed at the inputted magnitudes of frequency and speed is displayed on the monitor
129. The distance data is also sent to the image preparing 25 section 145. The size storing section
143 has already stored therein sizes of modified spots formed in this laser 172 processing apparatus.
According to the distance data and the size data stored in the size storing section 143, the image
preparing section 195 prepares image data of a modified region formed by the distance and size, and
sends thus prepared 5 image data to the monitor 129. As a consequence, an image of the modified
region is also displayed on the monitor 129. Hence, the distance between adjacent modified spots and
the form of modified region can he seen before laser processing. Though the distance calculating
section 141 calculatesmi0 the-distancerhetewesr dnodified spots by utilizing the expressions (n = fiv,
and p = 1/n), the following procedure may also be taken. First, a table having registered the
relationship between the niegnituble lof repetitiors frequeney W thesmovirg speadssofistépds'¢69, 111,
and the distance between 15 modified spots beforehand is prepared, and the distance calculating
section 141 is caus8@ t®ford dataadfrthizrable. SWPEN the Mmadhifude s rsgatiibprirefuenidifand the
magnitudes of moving speeds of stages 109, 111 are fed into the distance calculating section 141,

the latter reads out HORPIHESE AbblE-rRBAtdHed Bbld e @St Bévieth maufied Sjdts! i the
mOdiﬁedSSpOtS for?legdsuhn%elr t@g %%ndltl%qgfsth%sf tr%a%%it%dr% plan views of an object
to be processed along the line along which the object is
intended to be 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 yields a crack region 9.
Fig. 81 shows a case where the pitch p is greater than
the size d. The crack region 9 is formed discontinuously
15 along the line along which the object is intended to be cut
5 within the object to be processed. Fig. 82 shows a case
where the pitch p substantiallyequals the sized. Thecrack .
C’ region 9 is formed 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 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 object to be processed.
In Fig. 81, the crack region 9 is not continuous along
25 the line along which the object is intended to be cut 5,

whereby the part of line along which the object is intended
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Here, the magnitudes of stage moving speeds may be made variable while the magnitude of
repetition frequency is fixed. 25 On the contrary, the magnitude of repetition frequency may be made
variable while the magnitudes of stage moving speeds 173 are fixed. Also, in these cases, the
above-mentioned expressions and table are used in the distance calculating section 141 for carrying =~
out processing for causing the monitor 129 to display the distance between modified spots 5 and an
image of the modified region. As in the foregoing, the overall controller 127 shown in Fig. 85 inputs
the magnitude of repetition frequency and the stage moving speeds, thereby calculating the distance
between adjacent modified spots. Alternatively, a 10 desirable distance between adjacent modified
spots may be inputtedhcand the krepiudles bt spetitioncfreguierey et maghituddscastaemoving
speeds may be controlled. This procedure will be explained in the following. Fig. 86 is a block diagram
showing a part of &Ttfer 18 &Xan et the BbefalltdortdIER ¢ 276 GlleHAIN R RIGHIRSEREmple.
The overall controller 127 comprises a frequency calculating section 147. The operator of laser

processing apparaths fiphts fie Prriftide o dilfie Hehide iR ERE RSFifaE SRS 16 The

frequency calculati ection 147 b using a keybpard or the Jike. The magnitude of distance is
ho s by aBusing.a keyboay dp.of

. . . 1 . d e 1l 1S continuous rm .
determined in view Of the thickfiess a aterial of the o ﬂac?r}o be processed an the fike. pon this

input, the;frequency; Galcuafing sqetiam 144 caipulales i tegyepey {Q alfiBingg to be cut
5, which makes it easy to cut the object while using the

crack region 9 as a starting point.
The pitch p is made greater than the size d in Fig.
(ﬂ - 81, and substantially equals the size d in Fig. 82, whereby
10 regions generating multiphoton absorption upon irradiation
withpulse laser 1light canbe prevented frombeing superposed
oncrackspots 90whichhavealreadybeen formed. Asaresult,
deviations in sizes of crack spots 90 can be made smaller.
Namely, the inventor has found that, when a region generating
15 multiphoton absorption upcn irradietion with pulse laser
light is superposed on crack spots 90 which have already
been formed, deviations in sizes of crack spots 90 formed
(” in this region become greater. When deviations in sizes of
crack spots 90 become greater, it becomes harder to cut the
20 object along a-line along which the object is intended to
be cut precisely, and the flatness of cross section
deteriorates. 1In Figs. 81 and 82, deviations ;n sizes of
crack spots can be made smaller, whereby the object to be
processed can be cut along the line along which the object

25 is intended to be cut precisely, while cross sections can

be made flat.
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this magnitude of distance according to the above-mentioned 25 expressions and tables. In this
example, the stage moving speeds are fixed. The frequency calculating section 147 174 sends thus
calculated data to the laser light source controller 102. When the object to be processed is subjected
to laser processing by the laser processing apparatus regulated to this magnitude of frequency, the
distance 5 between adjacent modified spots can attain a desirable magnitude. Data of this magnitude
of frequency is also sent to the monitor 129, whereby this magnitude of frequency is displayed. Fig.
87 is a block diagram showing apart of still another 10 example the overall controller 127 provided in
the eighth example. The overall controller 127 comprises a speed calculating section 149. In a
manner similar to that meAtioretbalaves the magdrituiereodistamcetretwerphadjaceatmpiedified spots
is fed into the speed calculating section 15 149. Upon this input, the speed calculating section 149
calculates a stagemidvin§Bpeed frrditafifing €@4i5 hraghitute pf distaicd dceedingtol e the
above-mentioned expressions and tables. In this example, the repetition frequency is fixed. The
speed calculating Bé&ibhtMREs@Hd S #ing HchReuISRETIRA G tRE sRRyeSCortPaIRY 15 WieR The
object to be processed is sutg's%tgd to laser processin% by the laser processing apparatus, regulated
|

to this magnitude BPSAgE 4 _ §|§fsle_%f,C e deadedhaRissh dbjddentmaditieq Ypbtd Thhttain a
deswaM%ﬂnagnnuggﬁE¥gq&yEQ&ngng%%% light. This enables laser processing

in conformity to the object to be processed by changing the
pitch p in view of the thickness and material of the object
and the like.
C Though the fact that the pitch p can be controlled is
10 explainedinthe caseof crackspots, the same holds inmelting
spots and refractive index change spots. However, thereare
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 to be processed is moved while the'light—converging
point of pulse laser light is fixed, a case where the
(\ light—cpnverging point of pulse laser light is moved while
the object is fixed, a case where the object and the
20 light-converging point of pulse laser light are moved in
directions opposite from each other, and a case where the
object and the light-converging point of pulse laser light
are moved in the same direction with their respective speeds
different from each other.
25 With reference to Fig. 14, the laser processing

apparatus in accordance with the eighth example of this
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25 of stage moving speed is also sent to the monitor 129, whereby this magnitude of stage moving
speed is displayed. 175 Fig. 88 is a block diagram showing apart of still another example of the overall
controller 127 provided in the eighth example: The overall controller 127 comprises a combination
calculating section 151. It differs from the cases of Figs. 5 86 and 87 in that both repetition frequency
and stage moving speed are calculated. Ina manner similar to that mentioned above, the distance
between adjacent modified spots is fed into the combination calculating section 151. According to the
above-mentioned expressions and tables, the combination 10 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 calculated data to the stage controller 115.
Thelaserlight 15 senkeedcontrotier 202 ladjasts thaolhseniaght swurné 101 so dsetonsitainftheidadculated
magnitude of repetition frequency. The stage controller 115 adjusts the stages 109, 111 so asto
attain the calculateébi hagaRIdeEst staganmbling lsfe. WHREheldect By BE processfd isisubjected
to laser 20 processing by thus regulated laser processing apparatus, the distance between adjacent
modified spots car? &ft&ih 3P Q6§ AbihAGnithER t ANt 1S HEutddd adfitude BF tépstition
frequency and magnityde of stage moving speed are also sent to the mopitor 129, whereby thus
calculated 25 value]s E&Ig&a gdq]é)l l% d S-SWltC% ?aser. lla:]jlg. QJ 15 a scpemaéllc

5 diagramof theQ-switch laser providedina laser 1light source
101. The Q-switch laser comprises mirrors 51, 53 which are
disposed with a predetermined gap therebetween, a laser
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 57

to the laser medium 55 in a state wherethe loss in a resonator

—t
o

1s made high by wutilizing the Q-switch 59, whereby the
population inversion of the laser medium 55 is raised to
a predetermined value. Thereafter, the Q-switch 59 is
(; utilized for placing the resonator into a state with a low
loss, so as to oscillate the accumulated energy

20 instantaneously ahd generate pulse laser light L. A signal

S (e.g., a change in a repetition frequency of an ultrasonic

pulse) from a laser light source controller 102 controls
theQ-switch59%socastomake it attainahighstate. Therefore,

the signal S from the laser light source controller 102 can

25 regulate the repetition frequency of pulse laser light L

emitted from the laser light source 101. The laser light
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The laser processing method in accordance with the 176 eighth example of this embodiment will now
be explained. The object to he prccessed 1 is a silicon wafer. In the eighth example, operations from
steps 5101 to Sill are carried out in a manner similar to that of the laser processing method 5 in
accordance with the first example shown in Fig. 15. After step S111, the distance between adjacent
melting spots in the melting spots formed by one pulse of pulse laser, 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. 88. Then, in amanner
similar to that of the laser processing method in accordance with the first example shown in Fig. 15,
operations of step SP13 5125 are tAried Bdt. iFhisn18 diviaes thd dbjectueinty siRDATHPS As
explained in the foregoing, the eighth example can control the distance between adjacent melting

spots by regulating & hagnitlid® of fRetitcA FeqlerRg s ilse! séfiight 245 regifiting the

magnitudes of moving speeds 20 of X-axis stage 109 and Y-axis stage 111 Changing the_magnitude
of distance in view QP tHePthftkn&ds andmat@i& of ih8 Obfett 1%anaRRE ﬁﬁﬁ?}aﬁgg?f)gfc?ceggﬁg in

conformity 0 the aimed purpgse, INInthExamplel. 25,4 ninth pxamle gl his eregiment ghanges the
position of the light-converging pomlf o?Fasertht wrad%atlng Y
5 127, which will be explained later, by using a keyboard or
the like. The foregoingaredetailsof the laser light source
101.
During the laser processing, the object to be processed
(_ 1 is moved in the X- or Y-axis direction, so as to form a
10 modifiedregionalongalinealongwhichtheobjectis intended
to be cut. Therefore, when forming a modified region in the
X-axis direction, the speed of relative movement of the
light-converging point of laser light can be adjusted by
regulating the moving speed of the X-axis stage 109. When
15 forming a modified.region 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
(;‘ A 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 controller 115. The stage
controller 115 is an example of speed adjusting means. The
speed is regulated when the operator of laser processing
apparatus inputs the magnitude 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 of the

light-converging point of pulse laser light can be adjusted
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177 J the object to be processed in the direction of incidence to the object, thereby forming a plurality
of modified regions aligning in the direction of incidence. Forming a plurality of modified regions will be
5 explained in terms of a crack region by way of example. Fig. 89 is a perspective view of an object to
be processed | formed with two crack regions 9 within the object 1 by using the laser processing
method in accordance with the ninth example of this embodiment. 10 Amethod of forming two crack
regions 9 will be explained in brief. First, the object 1 is irradiated with pulse laser light L, while the
light-converging point of pulse laser light L is located within the object 1 near its rear face 21 and is
moved along a line along which the pbject is intended 15 to be cut 5. This.forms a crack region 9 (9A)
along the line alonwg%v?/ﬁ’if:hv% éqo%jgcc%?selﬁ gsr}f(?e—cf fo'pe cae 5 ithm rt]t;te Bobljgcfn T %agap%veargegaer face 21.

Subsequently, the pbject &iﬂgﬁ%&g&%qu[[g the g{ﬁgggge_r light L, while the light-converging point of
it '

pulse laser light L is located 20 In the object 1 near its surface 3 and is moved along the line along

which the object is intendegta bt 51 1This faresia erackyregion 9 (2B)1algRg the lie longguhich
the object is intended to be cut 5 within the object 1 near the surface 3. 25 Then, as shown in Fig. 90,
cracks 91 naturallyagreut sroms the crack reginns 9A.t9B: ISpedifically, dherpacks 91 th&& adds
5 other functions to the overall controller 127 of the laser’
processing apparatus in accordance with the first example.
Fig. 85 is a block diagram showing a part of an example of
the overall controller 127 of the laser processing apparatus
( in accordance with the eighth example. The overall
10 ‘controller 127 comprises a distance calculating section 141,
a size storing section 143, and an image preparing section
145. To thedistance calculating section 141, the magnitude
of repetition frequency of pulse laser light and respective
magnitudes of moving speedsof the stages 109, 111 are inputted.
15 Theseinputsareeffectedbytheopératoroflaserprocessing
apparatus using a keyboard or the like.

The distance calculating section 141 calculates the

C; : distance (pitch) between adjacent spots by utilizing the
above-mentioned expressions (n = f/v, and p = 1/n). The
20 distance calculating section 141 sends this distance data

to the monitor 129. As a consegquence, the distance between
modified spots formedat the inputtedmagnitudes of frequency
and speed is displayed on the monitor 129.
The distance data is also sent to the image preparing
25 section 145. Thesizestoriﬁgsection143hasalréadystored

therein sizes of modified spots formed in this laser
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naturally grow from the crack region 9A toward the rear face 21, from the crack region 9A (9B) toward
the crack region 9B (9A), and from the crack region 9B toward the surface 3. This can form cracks 9
elongated in the thickness 5 direction of the object in the surface of object 1 extending along the line
along which the object is intended to be cut 5, i.e., the surface to become a cross section. Hence, the
object 1 can be cut along the line along which the object is intended to be cut S by artificially applying
a relatively 10 small force thereto or naturally without applying such a force. As in the foregoing, the
ninth example forms a plurality of crack regions 9, thereby increasing the number of locations to
become starting points when cutting the object 1. As a 15 consequence, the ninth example makes it

possible to cut the pahjeetslseven dpihercases whakedbeddhjecttiohas a relativetyc targe thickndss, the
object 1 is made of a material in which cracks 91 are hard to grow after forming the crack regions 9,
and so forth. 20 Where catting idaifficalt by ewoiorath eegions 9salone, nthree ot mworelctdek tdégions .9
are formed. For example, as shown in Fig. 91, a crack region 9C is formed between the crack region
9A and crack regioH"SR SCRERRP 4 8156 B 1achict/edP R @ire stibh atth6gdfaPto aHearickheds
direction 25 of the object 1 as long as it is the direction of incidence of laser light as shown in Fig. 92.

179 Preferably, in TSRt EXERfle ¥ thi hibigtfiRgrind size, andsendsthusprepared

5 image data to the monitor 129. As a conseguence, an image
of themodified region is also displayed on the monitor 129.

Hence, the distance between adjacent modified spots and the

form of modifiedlregion can be seen before laser processing.

Though thedistance calculatingsection 141 calculates

10 the distance between modified spots by utilizing the
expressions (n = f/v, and p=1/n), the following procedure

may also be taken. First, a table h'aving registered the
relationship between themagnitude of repetition frequency,
themoving speeds of stages 109, 111, énd the 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

C of moving speeds of stages 109, 111 are fed into 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 of these

magnitude.

Here, themagnitudes of stage moving speeds may be made
variablewhile themagnitude of repetition frequency is fixed.

25 On the contrary, the magnitude of repetition frequency may

be made variable while the magnitudes of stage moving speeds
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a plurality of crack regions 9 are successively formed from the side farther from the entrance face
(e.g., surface 3) of the object to be processed on which the pulse laser light 5 L is incident. For
example, in Fig. 89, the crack region 9A is formed first, and then the crack region 9B is formed. If the
crack regions 9 are formed successively from the side closer to the entrance face, the pulse laser L
irradiated at the time of forming the crack region 9 to he formed later 10 will be scattered by the crack
region 9 formed earlier. As 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 later. Hence, the crack
region 9 formed later cannot be formed uniformly. 15 Forming the crack regions 9 successively from

the side farther frgmdherentrance face.does not genarate the above:mentioned . sqattering, whereby

the crack region 9 formed later can be formed uniformly. However, the order of forming a plurality of

crack 20 regions @ipthesainihexamale afthis gmbadiment js pat restictaddle hal mendionged above.
They may be formed successively from the side closer to the entrance face of the object to be

processed, or formed: tansiomiy. In therrandem, fomnisg.tfopexaaplein &gk Od, theuerack region 9C is
formed 25 first, then the crack_ region 9B, and finally the crack region 9A is formed by reversing the
direction of incidencenaftlasei 280 kghti $hoagh the famsingrot @ pleralige of modifiete@gipns s

5 and an image of the modified region.

As in the foregoing, the overall controller 127 shown
in Fig. 85 inputs the magnitude of repetition frequency and
the stage moving speeds, thereby calculating the distance
between adjacent modified spoté. Alternatively, a

10 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

15 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 frequency calculating section 147 by
20 using a keyboard or the like. The magnitude of distance is
determined inview of the thickness andmaterial of the object
to be processed and the like. Upon this input, the frequency
calculating section l47 calculates a frequency for attaining
this magnitude of distance according to the above-mentioned

25 expressions and tables. In this example, the stage moving

speeds are fixed. The frequency calculating section 147
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is explained in the case of crack regions, the same holds in molten processed regions and refractive
index change 5 regions. Though the explanation relates to pulse laser light, the same holds for
continuous wave laser light. The laser processing apparatus in accordance with the ninth example of
this embodiment has a configuration similar to that of the laser processing apparatus 100 in
accordance 10 wi th the first example shown in Fig . 14. In the ninth example, the position of
light-converging point 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-converging 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 objgghtoder pipsessed &y et asubstantially Ralf thickaessipegitionsHere.e
adjustment of the position of light-converging point Pin the thickness direction of the object to be

processed 20 caused bydhe Lraxiestagenwii be explained with seferenee $e &igs.O3-grd O4dIn the
ninth example of this embodiment, the position of light-converging point of laser light in the thickness
direction-of the object td deeprogessee s auljustey sbhas td hedocapetbata slesgabigpasiionswvithin 25
the object with reference to the surface (entrance face) of the object. Fig. 93 shows the state where
the 181 light-convefging poRtt PLot |dskt fightagisigostioned af e sarace 3 B the BT Svhen the

Z-axis stage iIs moved by z toward the light-converging lens 105, the
between adjacent modified spots can attain a desirable

magnitude. Data of thismagnitude of frequency is also sent

to the monitor 129, whereby this magnitude of frequency 1is
displayed.

Fig. 87 is ablockdiagramshowingapartofstill 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 above, the magnitude of distance between adjacent

modified spots is fed into the speed calculating section

15 149. Upon this input, the speed calculating section 149

calculates a stage moving speed for attaining this magnitude

of distance according to the above-mentioned expressions

(\ and tables. 1In this example, the repetition frequency is

fixed. The speed calculating section 149 sends thus

20 calculateddata tothe stage controller 115. When theobject

to be processed 1s subjected to laser processingby the laser

processing apparatus reqgulated 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 of stage moving speed is displayed.
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light-converging point P moves from the surface 3 to the 5 inside of the object 1 as shown in Fig. 94.
The amount of movement of light-converging point P within the object 1 is Nz (where N is the
refractive index of the object 1 with 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 laser light L, the position of
light-converging point P in the thickness direction of the object 1 can be controlled. Namely, a
desirable position of the light-converging point P in the thickness direction 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 C

above-mentioned refractivg-ingex §N)s. aTBisccandoeate dhes Hight-senyeraing-pointiR akinstdesirable
position. 20 As explained in the first example, the stage controller 115 controls the movement of the
Z-axis stage 113 asgeralirige to focat poirt:dala, sueh thal 1ke-foeal peist otivisible dightds tpeated at the
surface 3. The laser processing apparatus 1 is adjusted such that the light-converging point 25 P of
laser light L is positinreg aethe Shdaresd afl the opdsitianl efrZtaxXis stage ildl8svehera thienfat abpoint of
visible 182 light is located at the surface 3. Data of the amount of movement (z) explained in Figs. 93
and 94 is fed into &#l S¥dred imthe evkidincdhttolled t2d 1 Withtrefranied e Mg se5, te Ak -

processing method _ o ,
5 86 and 87 in that both repetition freguency and stage moving

speed are calculated. In amanner similar to that mentioned
above, the distance between adjacent modified spots is fed
into the combination calculating section 151. According to
the above-mentioned expressions and tables, the combination
10 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 tothestagecontroller 115. Thelaser light
15 source controller 102 adjusts the laser light source 101
SO as to attain the calculated magnitude of repetition
fregquency. The stagecontroller 115 adjusts the stages 109,
(\ 111 so as to attain the calculated magnitude of stage moving
speed. When the object tobe 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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5 in accordance with the ninth example of this embodiment will now be explained. Fig. 95 is a
flowchart for explaining this laser processing method. The object to be processed 1 is a silicon wafer.
tep 5101 is the same as step S101 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 object 1 in the Z-axis direction is
etermined (S103). This is the amount of movement of object 15 1 in the Z-axis direction with
reference to the light-converging point of laser light L positioned at the surface 3 of object 1 in order
for the light-converging point C P of laser light L to be located within the object 1. Namely, the position
f light-converging o} Fhindhe thigkness 20idirestinn@f mbject i3 defrimined. hheipasitien of
light-converging point P is determined in view of the thickness and material of object 1 and the like. In
his embodiment, data 663 diest Bwyeniart et foi pesEiphingtheslght-converging odth near
he rear face within the 25 object 1 and data of a second movement amount for positioning the
light-converging paintahpéar, thgpsurfacecd svithinthet 283 ahjédt taresuiddaAdirstmolten protessed
egion to be formed is formed by using the data of first movement amount. A second molten
rocessed region td’heforareids fermed By tsingtine ddtatdfsdovpeimeverentamounttbad of

hese 5 movement amounts are fed into the overall controller 127. _ .
5 in accordance with the first example shown in Fig. 15.

After step Sl111, thedistance between adjacent melting

spots in themelting spots formed by one pulse of pulse laser,

i.e., the magnitude of pitch p, is determined. The pitch

p is determined in view of the thickness and material of

the object 1 and the like. The magnitude of pitch p is fed

into the overall controller 127 shown in Fig. 88.

Then, inamannersimilartothat of thelaser processing

method in accordance with the first example shown in Fig.

15, operations of step S113 to S115 are carried out. This

divides the object 1 into silicon chips.

As explained in the foregoing, the eighth example can

control the distance between adjacent melting spots by

regulating the magnitude of repetition frequency of pulse

lasexr 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]

Aninthexampleof this embodiment changes the position

of the light-converging point of laser light irradiating



Steps SIOS and S107 are the same as steps S105 and 5107 in the first example shown in Fig. 15.
The focal point data calculated by step S107 is sent to the stage controller 115. C According to the
focal point data, the stage controller 115 10 moves the Z-axis stage 113 in the Z-axis direction (S109).
This positions the focal point of visible light of the observation light source 117 at the surface 3. At this
point of Z-axis stage 113, the focal point P of pulse laser light L is positioned at the surface 3. Here,
according to imaging 15 data, the imaging data processor 125 calculates enlarged image data of the
surface of object 1 including the line along which the object is intended to be cut 5. The enlarged
image data is sent to the monitor 129 by way of the overall controller 127, whereby an enlarged image
in the vicinity 20 of theclinggleng whkich éhe ebjeetisdatentesHe beicuwch isdisplayed ondéednonitor
129. The data of first movement, amount determined by step S103 has already been inputted to the
overall controller 123, tarelab enttto the siige fontmaliey 4 p3 vAedarding foretl this ddtaef eovement
amount, the stage controller 115 moves the object 1 in the Z-axis direction by using the Z-axis 189
stage 113 to a posifién Syhierg ther lighecohieaging poim P igitastaight L is located within the object |
(Sill). This inside position is near the rear face of the object 1.5 Next, as in step 5113 of the first
example shown in Fig. 15, 2051BiBA procéssebiaredion iCformied Withae tecarjeqs will be

5 explained in terms of a crack region by way of example. Fig.
89 is a perspective view of an object to be processed 1 formed
with two crack regions 9 within the object 1 by using the
laser processing method in accordance with the ninth example
C ' of this embodiment.

10 Amethod of forming twocrack regions 9will beexplained
inbrief. First, theobject 1l is irradiatedwith pulse laser
light L, while the light-converging point of pulse laser
light L is located within the object 1 near its rear face
21 and ismoved alonga line alongwhich the object is intended

15 tobe cut 5. This forms a crack region 9 (9A) along the line
along which the object is intended to be cut 5 within the
object 1 near the rear face 21. Subsequently, the object

( 1 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 be cut 5.
This forms a crack region 9 (9B) along the line along which

the object is intended to be cut 5 within the object 1 near

the surface 3.
25 Then, as shown in Fig. 90, cracks 91 naturally grow

from the crack regions 9A, 9B. Specifically, the cracks 91
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1 so as to extend along the line along which the object is intended to be cut 5 (5113). The molten
procéssed region is formed near the rear face within the object 1. 10 Then, according to the data of
second movement amount as in step Sill, the object 1 is moved in the Z-axis direction by the Z-axis
stage 113 to a position where the light-converging point P of laser light L is located within the object 1
(S115) . Subsequently, as in step 5113, a molten 15 processed region is formed within the object 1
(5117). In this step, the molten processed region is formed near the surface 3 within the object 1.
Finally, the object 1 is bent along the line along which the object is intended to be cut 5, and thus is
cut (5119). 20 This divides the object 1 into silicon chips. Effects of the ninth example of this
embodiment will beexplaized. 7 lgemintHexampleformsajpluralityofmdilified aedidriseatigaind incthe
direction of incidence, thereby increasing the number of locations to become starting points 25 when
cutting the object 1.24 thé EaBe Witerethe SiZecofl objedh 1 (ARBhe Hireatich bhciderele gfdaséenlight is
185 relatively large or where the object 1 is made of a material in which cracks are hard to grow from
a modified region, OF e&gﬁl)ple,ftﬁé; obJ&Ut 148 hafd 85 &utiiiRe Bniforleoivdafictd fe it EX(%s along
the line along which_the object is inten%ed 5to he cut S. In SH:;Ch a cas§1, formiQﬁ a plurality of modified
e t SS

regions as in this embodithentcarfBashy tllt thé Tbjttt 1. Frend ExEmpte] teRne

5 direction of the object in the surface of object 1 extending

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

5, 1i.e., the surface to become a cross section. Hence, the

object 1 can be cut along the line along which the object

is intended to be cut Sby artificially applying a relatively

10 small force thereto or naturally without applying such a

force. |

As inthe foregoing, theninthexample forms aplurality

of crack regions 9, therebyincreasingthe number of locations

to beéome starting points when cutting the object 1. As a

15 consequence, the ninth example makes it possible tc 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 regions
9, and so forth.

20 When cutting isdifficult by two crack regions 9 alone,
three or more crack regions 9 are formed. For example, as
shown in Fig. 91, a crack region 9C is formed between the
crack region 9A and crack region 9B. Cutting can also be
achieved inadirectionorthogonal tothe thicknessdirection

25 of the object 1 as long as 1t 1s the direction of incidence

of laser light as shown in Fig. 92.
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A tenth example of this embodiment controls the position of a modified region in the thickness
direction of an object 10 to be processed by adjusting the light-converging point of laser light in the
thickness direction of the object. This positional control will be explained in terms of a crack region by
way of example. Fig. 96 is a perspective view of an object to be processed 1 in which a crack region
15 9 is formed within the object 1 by using the laser processing method in accordance with the tenth
example of this embodiment. The light-converging point of pulse laser L is 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 a substantially half thickness position in the
thickness direction of the object 1. \Whep thepbjget 1o he pragessere 108 ifndiategyth thenline along
which the object is intended to be cut 5'under these conditions, a crack region 9 is formed 25 along a
line along which thesopjegtisiintendsd &a be gute aba half shickpass pesitior DY the ohiactdand its
vicinity. 186 Fig. 97 is a partly sectional view of the object 1 shown in Fig. 96. After the crack region 9
is formed, cracks 9t rewe niaderafly grown tdwand thessurfeced aadfrearface. 1., Whert theecrack
region 9 is formed at the half thickness position 5 and its vicinity in the thickness direction of the object
1, the distance betvedert irte elatigally gponing teacksFe dreh the suhfddec3grdaa date 24 carobé made
relatively I50ng, for example, in the case where the object 1 has a relatively

L is incident. For example, in Fig. 89, 'the crack region
SAa is.formed first, and then the crack region 9B is formed.
If the crack regions 9 are formed successively from the side
closer 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 9 formed earlier. As
a conseqguence, 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 later. Hence, the

crack region 9 formed later cannot be formed uniformly.

[
w

Forming

thecrack regions 9 successively fromthe side farther
fromthe entrance face does not generate the above-mentioned
scattering, whereby the crack region 9 formed later can be
‘\ formed uniformly.
However, the order of forming a plurality of crack
20 regions 9 in the ninth example of this embodiment is not
restricted to that mentioned above. They may be formed
successively from the side closer to the entrance face of
the object to be processed, or formed randomly. Intherandom
forming, for example in Fig. 91, the crack region 9C is formed
25 first, then the crack region 9Bv, and finally the crack region

9A is formed by reversing the direction of incidence of laser
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large thickness. Therefore, a part to be cut extending along 10 the line along which the object is
intended to be cut 5 in the object 1 maintains a strength to a certain extent. Therefore, when carrying
out the step of cutting the object 1 after terminating the laser processing, handling the object
becomes easier. 15 Fig. 98 is a perspective view of an object tobeprocessed 1 including a crack
region 9 formed by using the laser processing method in accordance with the tenth example of this
embodiment as with Fig. 96. The crack region 9 shown in Fig. 98 is formed when the light-converging
point of pulse 20 laser light L is adjusted so as to be located at a position closer to the surface
(entrance face) 3 than is a half thickness position in the thickness direction of the object 1. The crack
region 9 is formed qn yrecsurface 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
growing cracks 91 reach th&ht8igsutfaee Boarntsuiginity aHehee affactyred extending @loag ithedine
along which the object is intended to be cut 5 are likely to occur in the surface 3, whereby the object 1
can be cut easily. $3n € tase @feid tHehsurtase3 of the dbject 2d$ forened:Witls el tionlcgevices
and electrode patterns in particular, forming the crack region 9 near the surface 3 can prevent the

electronic devices aitl e Jike ront BERG IR IR RAEN T Euttifd #RESHjE8t ENESHef §RGFing

cracks 91 from the . - , .
5 regions. Thoughtheexplanationrelatestopulselaser light,

the same holds for continuocus wave laser light.

The laser processihg apparatus in accordance with the
ninth example of this embodiment has a configuration similar
to that of the laser processing apparatus 100 in accordance

10 withthe first example showninFig. 14. Inthe ninth example,
the position of light-converging point P in the thickness
direction of the object to be processed 1 is adjusted by
the Z-axis stage 113. This can adjust the lizght—converging
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 be
processed 1, and at a substantially half thickness position.

( Here, adjustment of the position of light-converging

point Pinthethicknessdirectionof theobjecttobeprocessed
20 caused by the Z-axis stage will be explained with reference
to Figs. 93 and 94. Inthe 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 so as to be located at a desirable position within
25  the object with reference to the surface (entrance face)

of the object. Fig. 93 shows the state where the
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10 crack region 9 toward the surface 3 and rear face 21 of the object 1 cuts the object 1. Cutting may
be achieved by the natural growth of cracks 91 alone or by artificially growing cracks 91 in addition to
the natural growth of crack 91. When the distance between the crack region 9 and the surface 15 3 is
relatively long, the deviation in the growing direction of cracks 91 on the surface 3 side becomes
greater. As a consequence, the cracks 91 may reach regions formed with C 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 region 9 and the surface 3 is relatively short,
whereby the deviation in growing direction of cracks 91 can bemade smaller. Therefore, cutting can
be effected withoutldiagidgiiag thee eteictnio deticesend dweelike. iWhenlthescraek regiomed 25-is
formed at a location too close to the surface 3, the crack region 9 is formed at the surface 3. As a
consequence, the 188 randbarrindf theeceicereyion 9 HoaPdppedrsaat thesswfcé SINQMfeh
causes chipping, thereby deteriorating the accuracy in breaking and cutting. The crack region 9 can
also be formed whi¥the % lighREGHErgitG Boint SE5UISE RIREF GRS is akfiisted $8%s to Hflocated
at a position farther. fror]rll the surface 3 thanis a h fthicknesigosition in the icknﬁss dir %tieon of

the object 1. In this ca38 “he &K Fetfich B34 Formed" Ohthe TE8Mtate1° 4488 Wifhin i€ objéet 1. 10

As with F@' 96, Figiljrg(?ésead)@ri?'?]%d%j\g@ﬁ' qf @9 shown .in Fig. 94. The amount of

movement of light-converging point P within the object 1

is Nz (where N is the refractive index of the object 1 with

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 laser light L, the position of

light~converging point P in the thickness direction of the

object 1 can be controlled. Namely, a desirable position

of the light-converging point P in the thickness direction

.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 As explained in the 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 1s located at the surface 3. The laser processing

apparatus 1 is 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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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 so as to be located at a
position farther from the surface (entrance face) 3 than is a 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
9in the X-axis direction and the crack region 9 in the Y-axis "direction cross each other
three-dimensionally 388 WHeh thecodjet 13t & BemicohEitErr vafdiafor xanthie, AUty df crack
regions 9 are formed in parallel in 189 each of the X- and Y-axis directions, This forms the crack
regions 9 like a latM@RMRE SelfidoFARIGHRERr IRhERES - the 1R i€ divided o IEGIdRIAT chips
while using the Iattsi%e-lik% crack re%i]onsearsaﬁtzl-lrtiggrpco%rgf V\/rh%tpe 5 crack region 9 in the X-axis

direction and the crac(ﬁrr%giotht:lH & Y%axis dir6Stion are16¢ated ‘at the same position in the

thickness direction of the apiash -dbaie.gealiis, - 0ga1igh WheLe e caskeglon:hin e Koppis
direction C and the crack region 9 in the Y-axis direction intersect 10 each other at right angles. At the
location where the Giagk oS INtErseehRARN AL ARgIash {ReY A8 d iment will
now be explained. Fig. 95 1is a flowchart for explaining this
laser processing method. The object to be processed 1 is
a silicon wafer.
Step S101 is the same as step S101 of the first example
10 shown in Fig. 15. Subsequently, the thickness of the object
1l is measured. According to the result of measurement of
thickness and the refractive index of object 1, the amount
of movement (z) of object 1 in the Z-axis direction is
determined (S103). This is the amount of movement of object
15 1 in the Z-axis direction with reference to the
light-~converging point of laser light L positioned at the
surface 3 of object 1 in order for the 1ight-—converging point
( P of laser light Ltobe locatedwithin the object 1. Namely,
the position of light-converging point P in the thickness
20 direction of object 1 is determined. The position of
light-converging point P is determined in view of the
thickness and material of object 1 and the like. 1In 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-converging point P near the surface 3 within the

183




superposed 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 9 in the X-axis direction and the position of the crack region 9 in the Y-axis C 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 9 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 region 9 to be formed later
is preferably formedoioset td the surfaee . 190 (éntraatcefated 8 than ¢e theecack gegiont®farened
earlier. If the crack region 9 to be formed later is formed closer to the rear face 21 than is the crack
region 9 formed eaflie¥Meise ipuilSe tasst hyhtls irradinied deien ddrihinsthe ereeiked fegiva P to- be
formed later is scattered by the crack region 9 formed earlier at the location where the cross section
in the X-axis directPre&rP it BRssEedNGR BReY-588 1diteétor itbrsgeedath dtREMSErMHt angles.
This forms deviations between the size of a part formed at a position 10 to become the

above-mentioned iR&TEELtiGT084idh &id RS8R Y ST ISP HP dnothe? bdsition IR SE crack

region 5 movement amounts are fed into the overall controller 127.

Steps S105 and S107 are the same as steps S105 and S107
in the first example shown in Fig. 15. The focal point data
calculated by step S107 is sent to the stage controller 115.
(- - According to the focal point data, the stage controller 115
10 moves the Z-axis stage 113 in the Z-axis direction (S109).
This positions the focal point of visible light of the
observation light source 117 at the surface 3. At this point
of Z-axis stage 113, the focal point P of pulse laser light
Lis positioned at the surface 3. Here, acéording to imaging
15 data, the imaging data processor 125 calculates enlarged
image data of the surface of object 1 including the line
along which the object is intended to be cut 5. The enlarged
( image data is sent to the monitor 129 by way of the overall
controller 127, whereby an enlarged image in the vicinity
20 of the line along which the object is intended to be cut
5 1s displayed on the monitor 129.
The data of first movement amount determined by step
S103 has 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 stagé controllei’ 115 moves

the object 1 in the Z-axis direction by using the Z-axis
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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 closer 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 to
become the above-mentioned intersecting location, wherebythe crack region 9to beformed C 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 a modified region in the thickness direction of
the object. 25 Changing the position of light-converging point in view of the thickness and material of
the object to be processd 1193 and hedike qrables jasetpiagessingn Copivmily fa he (abiect
Though the fact that the position of a modified region can he controlled is explainéd in the case of a
crack region, 5 thepsagne holdsinimglien pracessed segians anh refractive iRdex.changs regions.
Though the explanation relates to pulse laser light, the same holds for continuous wave laser light.
The laser processirmhappanaéisdie aeeeidanse With thea 20dasthrexample this ethkodipienithas a
configuration similar to the laser processing apparatus 100 in accordance with

1.

5 Next, as in step S113 of the first example shown in
Fig. 15, amolten processed regionis formedwithin the object
1l so as to extend along the line along which the object is
intended to be cut 5 (S113). The molten processed region
1s formed near the rear face within the object 1.

10 Then, according to the data of second movement amount
as in step S111, the object 1 ismoved in the Z-axis direction
by the Z-axis stage 113 to a position where the
light-converging point P of laser light L is located within

the object 1 (S115). Subsequently, as instep S113, amolten

[}
o

processed reglon is formed within the object 1 (S117). 1In
this step, the molten processed region is formed near the
surface 3 within the object 1. ‘
Q_ _ Finally, theobject 1 is bent along the line alongwhich
the object is intended to be cut 5, and thus is cut (S119).
20 This divides the object 1 into silicon chips.

Effects of the ninth example of this embodiment will
beexplained. Theninthexample formsapluralityofmodified
regions aligning in the direction of incidence, thereby
increasing the number of locations to become starting points

25 when cutting the object 1. In the case where the size of

object 1 in the direction of incidence of laser light is
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the first example shown in Fig. 14. In'the tenth example, the Z-axis stage 113 adjusts the position
oflight-converging point P in the thickness direction of object 1. This can 15 adjust the light-converging
point P so as to locate it at a position closer to or farther from the entrance face (surface 3) thanis a
half thickness position in the thickness direction of the object 1 or at a substantially half thickness
position, for example. These adjustment operations and the placement 20 of the light-converging point
of laser light within the object can also 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 25 direction of the object 1 in the present

invention, the amoyat of Mavenent-efdherohiestd inHhedpirkpess dieqtioneob A92the object 1 is

defined as a first relative movement amount or a second relative movement amount. The adjustment
of light-convergingipointR dnhther digknessdiregtion ©f the ehject tombe presessad aauser by the
Z-axis stage is the same as that in the ninth example explained with reference to Figs. 93 and Fig. 94.
The imaging data processand 286 caloelatesdocal point adata forlocatingnthe focalpomd 0f. visdale light
generated by the observation light source 117 on the surface 3 according 10 to the imaging data in the
tenth example as Well ixucordisg 3¢ e totharpbimeadnaestage tbatrdIRE T15 sohtrordRe

movement of the Z-axis stage 113, so as to locate the , . o
5 tobecut 5. In sucha case, forming a plurality of modified

regions as in this embodiment can easily cut the object 1.
[Tenth Example]
Atenthexampleof thisembodiment controls theposition
of amodified region in the thickness direction of an object
10 to be processed by adjusting the light-converging point of
laser light in the thickness direction of the object.
| This positional control will be explained in terms of
a crack region by way of example. Fig. 96 is a perspective
view of an object to be processed 1 in which a crack region
15 9 is formed within the object 1 by using the laser processing
method inaccordancewiththetenthexampleof thisembodiment.
Thelight—convergingpointdfpulselaserIJislocatedwithin
( 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
a substantially half thickness position in the thickness
direction of the object 1. When the object to be processed
lisirradiatedwiththelinealongwhichtheobject isintended
to be cut 5under these conditions, a crack region 9 is formed

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

Sat ahalfthicknesspositionof theobject landitsvicinity.
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focal point of visihle light at the surface 3. The laser processing apparatus 1 is adjusted such that the
15 light-converging point 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 surface 3. Hence, C the focal point data is an
example of second relative movement amount of the object 1 in the thickness direction thereof 20
required for locating the light-converging point P at the surface (entrance face) 3. The imaging data
processor 125 has a function of calculating the second relative movement amount. Data of
themovement amount (z) explainedwithreference 25 to Figs. 93 and 99 is fed into and stored in the
overall controller 127. Namely, the overall controller 127 has a 193 function of storing data of the

relative movement amountregthe phjeck tehecprocasseddnintha thicknessadisestian: of énewbject 2.
The overall controller 127, stage controller 115, and Z-axis stage 113 adjust the position of 5
light-converging paint ¢fijpulse taserighe conkergeddayk the dighirconverding tens, withindke réihge of
thickness of the object 1. The laser processing method in accordance with the tenth example will be
explained with referemce &0 theslader O Cessing dppegatusrifameoidance naththbsfirst ekample
shown in Fig. 14 and the flowchart for the laser processing method in accordance with the first

example shown inWHign 15 eTRE Bt loe Proscketneria tiHifba Wakdri cknessposition

5 and its vicinity in the thickness direction of the object
1, the distance between the naturally growing crack 91 and
the surface 3 (rear face 21) can be made relatively long,
for example, in the case where the object 1 has a relatively
large thickness. Therefore, apart tobe cut extending along

10 the line along which the object is intended to be cut 5 in
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. 98 isaperspectiveviewof anobject tobeprocessed
1 including a crack region 9 formed by using the laser
processing method in accordance with the tenth example of

( this embodiment as with Fig. 96. The crack region S8 shown

in Fig. 98 is formed when the light-converging point of pulse
20 laser light L is adjusted so as to be located at a position
closertothesurface (entrance face) 3thanisahalf thickness
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 growing cracks 91 reach the

187



Step 5101 is the same as step S101 of the first example 15 shown in Fig. 15. Subsequently, as in step
S103 of the first example shewn in Fig. 15, the thickness of object 1 ismeasured. According to the
result of measurement of thickness and the refractive index, the amount of movement (z) in the Z-axis
C_ direction of object 1 is determined (S103). This is the 20 amount of movement of object 1'in the
Z-axis direction with reference to the light-converging point of laser light L positioned at the surface 3
of object 1 required for positioning the light-converging point P of laser light L within the object 1.
Namely, the position of 25 light-converging point P in the thickness direction of object 1 is determined.
The amount of movement (z) in the Z-axis 194 direction is one example of data of relative movement
of the object | in theuthitkaess directisrvtheraaf: fhe plesitien 6t hghtweonyergingnphingRaisodetermined
in view of the thickness and material of the object 1, effects of processing 5 (e.g., easiness to handle
and cut the object)t hadhe ¢éike 1 dinis daia bf tiovemgrteambant g faudatb the beeraltcdnerolier 127.
Steps S105 and S107 are similar to steps S105 and S107 of the first example shown in Fig. 15. The
focal point data 10 é&lediatéPby&taly SID 7 et 0f acsecond hovehieritneimie ritthe 23kis
direction of object 1. This focal point data is sent to the stage controller 115. According to this focal
point data, the stag& cGitFolRRS11Y-

5 In the casewhere the surface 3of theobject 1 is formed
withelectronicdevices andelectrodepatterns inparticular,
forming tﬁe crack region 9 near the surface 3 can .i:revent
the electronic devices and the like from being damaged when

C | cutting the object 1. Namely, growing cracks 91 from the
10 crack region 9 toward the surface 3 and rear face 21 of the
object 1 cuts the object 1. Cutting may be achieved by the

natural growth of cracks 91 alone or by artificially growing

cracks 91 in addition to the natural growth of crack 91.

When the distance between the crack region 9 and the surface

15 3 is relatively long, the deviation in the growing direction

of cracks 91 on the surface 3 side becomes greater. As a

consequence, the cracks 91 may reach regiohs formed with

( - electronic devices and the 1like, thereby damaging the
electronic devices and the like. When the crack region 9

20 1s formed near the surface 3, the distance between the crack
region 9 and the surface 3 is relatively shdrt, whereby the
deviationingrowingdirectionofcracks 91l canbemadesmaller.

Therefore, cutting can be effected without damaging the

electronic devices and the like. When the crack region 9

25 is formed at a location too close to the surface 3, the crack

region 9 is formed at the surface 3. As a consequence, the
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115 moves the Z-axis stage 113 in the Z-axis direction (5109) . 15 This positions the focal point of
visible light of the observation light source 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 to be cut 5. This enlarged image data is sent to
the monitor 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 determined by step 195 S103 has already been inputted to the overall controller
127, and is sent to the stage controfleh®1Sr Ackardimgao Ghis slals eippeweraent amounty flrestage
controller 115 causes the Z-axis stage 113 to move the object 1 in the Z-axis 5 direction at a position
where the light-convergingcpoira uR @f lkisepligds [bbatealwithirt treictjedtinSiihe Sepd T3 and
S115 are similar to steps S113 and S115 shown in Fig. 15. The foregoing divides the object | into C
silicon chips. 10 Efldtt® 6pthbkBAtPSMAPIE G Ris embodiment will be explained. The tenth example
irradiates the object to be processed 1 with pulse laser light L while adjusting the positionégg[\8

n.

light-converging point P in tefthickR&ss dfEATIh of ol5jBBt £ Hi&teliF fofMBSE mBAHiLE r

5 light-converging point of pulse laser light L is adjusted
so as to be located at a position farther from the surface
3thanisahalf thickness position in thethicknessdirection
of the object 1. 1In this case, the crack region 9 is formed

( on the rear face 21 side within the object 1.

10 As with Fig. 96, Fig. 100 is a perspective view of the
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 so as to be located at
a position farther from the surface (entrance face) 3 than
is a 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 direction and the crack region 9 in the Y-axis-
direction cross each other three-dimensionally.

25 Whentheobject lisa semiconductorwafer, for example,

a plurality of crack regions 9 are formed in parallel in
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15 This can control the position of a modified region in the thickness direction of object 1. Therefore,
changing the position of a modified region in the thickness direction C of object 1 according to the
material and thickness of object 1, effects of processing, and the like enables cutting in 20 conformity
to the object 1. Industrial Applicability The laser processing method and apparatus in accordance with
the present invention 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 products
(e.g., semiconductor chips, 196 piezoelectric device chips, and display devices such as liquid crystal)
prepared by cutting objects to be processed can be improved. C C_ 197 CLAIMS 1. A laser
processing appara®ds forrbriiey Anuiidd egicon WHigs Fdastons BB bSsthetriespbine f6F Gting an
object to be processed along a line along which the object to be processed is intended to be cut by
irradiating the object &' B8 proceséBPwithtd kceriigHth @ iRPASAY I8 AUt Sthge  BEE5RE for
mounting the object to be processed: a laser light source for emittin%the laser Ii%ht; ,
the latter 1s divided into individual chips whil@ using the
lattice-like crack regions as starting points. When the
5 crack region 9 in the X-axis direction and the crack region
9 in the Y-axis direction are located at the same position
in the thickness direction of the object 1, there occurs
a location where the crack region 9 in the X-axis direction
( 4 and the crack region 8 in the Y-axis direction intersect
10 each other at right angles. At the location where the crack
regions 9 intersect each other at right angles, they are
superposed 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 withahigh accuracy. This inhibits the ocbject 1 from
being cut precisely at the intersection.
When the position of the crack region 9 in the X-axis
C _ direction and the positionof the crack region 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 9 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 region

9tobeformedlater ispreferably formedcloser tothe surface



a converging lens for converging the laser light emitted from the laser light source within the object to
be processed which is mounted on the mounting stage, to form the modified region at a position of a
converging point at which the laser light is converged; an image pick-up device for imaging a laser light
reflected from a surface of the object to be processed; and a controller having a function of performing
focus adjustment by moving at least one of the mounting stage and the converging lens so that the
converging point of the laser light is positioned on the surface of the object to be processed and
thereafter moving at least one of the mounting stage and the converging lens at a predetermined
distance so that the converging point of the laser light is positioned within the object to be processed
and a function of mo¥irigrarieast arre) oBthié atouriting stage akdtheiconve g khs 8o thatthe
converging point of the laser light moves along the line along which the object to be processed is
intended to be cut, Whérefh heaohticher adjuststoutpat pewee 8f #id Riset RghtoEBSHatAR Briput
power of the laser light at the focus adjustment is lower than that at formation of the modified region.

2. A laser processihg mithb8 3dr féiffingamadifked FG ot @A S8nQibrsiar It point for

cutting an object totl%e progesse along Pilir],)e alfng nggg thte gbﬁct %o Pg lpnrlocesstendeis inter]?ded to

be cut by irradiating fFe %BJESC?'IO 88%?0%5 ed with 1éﬁaseralig% coﬁwprlsmg tH%gsteps o(f:ISé:r orming

focus adjystment by moving,at least gne gfihe 198 mounting,stage é%’jh&%‘)@‘f%ﬂg}'kngé‘a@% 5o that

the converging point of the laser light is positioned on the surface of the object to be
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 forms
(_ deviations between the size of a part formed at a position

10 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 closer 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 to become the above-mentioned

C intersectinglocation, wherebythecrackregion 9tobe 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 amodifiedregion inthe thicknessdirectionof the object.

25 Changing the position of light-converging point in view of

the thickness and material of the object to be processed
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processed and thereafter moving at least one of the mounting stage and the converging lens at a
predetermined distance so that the converging point of the laser light is positioned within the object to
- be processed; and moving at least one of the mounting stage and the converging lens so that the
converging-point of the laser light moves along the line along which the object to be processed is
intended to be cut, wherein an output power of the laser light at the focus adjustment is lower than

" that at formation of the modified region. 3. A laser processing apparatus forming a modified region
which functions as a starting point for cutting a wafer shape object to be processed comprising: a
mounting stage adapted for mounting the object to be processed; an observation light source for
emitting an illumin&f¢h iyt ld keser light Ssurte 36 emitiRe Lo fkRer Hhhe oD EeAvErbnd- Rrid Rr
converging the illumination light at a surface of the object to be processed which is mounted on the
mounting stage afl ES%Tging the laser light within the object to be processed which is mounted on

the mounting stage so that the modified region_is formed at a converging point.of the laser. light;
imaging means for imagingt;T a7ef ctke%eligfeﬁ?c(%t lréallgughﬁa%ﬁ lI’fglh %ﬁiﬁ% i %8%1(\%@%& gfgﬁ%%surface

the mouNng Staga- o Tos BASE o P e Fais a0 ot Fose Dol ot D Memrmtgpor e
5 the same holds in molten processed regions and refractive
index change regions. Though the explanation relates to
pulse laser light, the same holds for continuous wave laser
light.
(, The laser processing apparatus in accordance with the
10 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-axis stage 113 adjusts thepositionof light-converging
point P in the thickness direction of object 1. This can
15 adjust the light-converging point P so as to locate it at
apositionclosertoor fartherfromtheentranceface (surface
3) thanisahalfthicknesspositioninthethicknessdirection
(v of”theobject]_orat,asubstantiallyhalfthicknéssposition,
for example. These adjustment operations and the placement
20 ~of thelight-convergingpointof laserlightwithintheobject
can also 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

25 direction of theobject linthe present invention, the amount

of movement of the object 1 in the thickness direction of
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light is positioned on the surface of the object to be processed and thereafter moving at least one of
the mounting stage and the converging lens in a thickness direction of the wafer-shape object by a
predetermined distance from a reference position which is the surface of the object to be processed
so that the converging point 199 of the laser light is positioned within the object to be processed and
moving at least one of the mounting stage and the converging lens in a direction perpendicular to the
thickness direction of the object to be processed so as to move the converging point of the laser light
along a line along which the object to be processed is intended to be cut. 4. . A method of cutting an
object to be processed comprisirﬁ steps of: irradiating an object to be processed with a pulsed laser

light of which pulsEVidBPEaalger thiuf e NSRARY Rithidonber§ig TG e BBRE 3 B t

processed, so thatoa convser%in% oint.of Ehe Eulse laser gghtrg% LE)Ig)sitioned within the object to be
processed and a perakapoﬁeroo hé GF&‘S‘E‘er}i\gﬁ tgtotﬂgr%%?lve?gmg pBi‘nt is not smaller than 1 X 108

(W/cm?2) to make a pluralit ﬁgcrgglé egggfgwighig }h? l(r)%q;']ecc_t é%ﬁ)ge@%&‘g%zﬁoqlggg 8 Iipg aé(])]rég which

the object to be processed Is inten e cut to form a crack region joning as a starting point

for cutting the objechio-e pracegsed oplywithjp theobiggtde beprogessed witlidbg Rlraliyof the

crack spots; and thereafter, with only formation of the crack region, growing a crack in the object to be
cut from the crackggioneag thestardre oins te rrach ik aafsonh surfagetand aiback stidags ef the

object
explained with reference to Figs. 93 and Fig. 94.
The imaging data processor 125 calculates focal point
data for locating the focal point of visible light generated
(7 by the observation light source 117 onthe surface 3 according
10 to the imaging 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 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 surface 3. Hence,
(_ the focal point datais an example of secondrelative movement
amount of the object 1 in the thickness direction thereof
20 required for locating the light-converging point P at the
surface (entrance face) 3. The imaging data processor 125
has a function of calculating the second relative movement
amount.
Dataof themovement amount (z) explainedwithreference

25 to Figs. 93 and 94 1is fed into and stored in the overall

controller 127. Namely, the overall controller 127 has a
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to be processed and as the result, the object to be processed being divided. 5. The method according
to claim 4, wherein the object to be processed is a semiconductor wafer. 6. The method according to
claim 4 or 5, wherein the object to be processed is a substrate having a front surface on which
electrode pattern is formed. 7. A method of cutting a wafer-shape object to be cut, comprising a step
of: irradiating an object to be processed with a pulsed laser light 200 of which pulse width is larger
than 1 ps having with converging within the object to be processed, so that a converging point of the
pulse laser light is positioned within the object to be processed-and a peak power of the laser light at
the converging point is not smaller than 1 X 108 (W/cm2) to make a plurality of modified spots within
the object to be proeessedalond aslimeralopgdwtieh thie ohjectrtollae jprecessezirisnrteadedid be cut
to form a modified region functioning as a starting point for cutting the object to be processed only
within the object t@ betprocebsed withathesplRralinE 658@ modifiéd spbis ehe afurlifidd §EdtEBing
intermediately formed the line along which the object to be processed is intended to be cut by making
a pitch between a8fatEst MIdEfSalspotEhs 8 Ledssldecfiah Iubtantially sépendietiar & ashickness

direction of the wafer-shape object to be processes being larger than a size of the  modified spot in a

direction along a liné AongRfichthédbfect ¥ B protessed IiRfEnded 6 bR L@ the Bbject to
be procegsed being gyt with oly,the modified reqion formed In,1e WaBLRIaRe v e rged by
the light-converging lens within the range of thickness of
the object 1.
The laser processingmethodinaccordancewiththetenth
(— example will be explained with reference to the laser
10 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 exampie 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. Subsequently, as in step S103 of the first
example shown inFig. 15, thethicknessofobjectlismeasured.

According 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 ($103). This is the
20 amount of movement of object 1 in the Z-axis direction with

reference to the light-converging point of laser light L
positioned at the surface 3 of 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 thicknessdirection of object

1l is determined. The amount of movement (z) in the Z-axis
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object to be processed using it as starting point of. 8. The method according to claim 7, wherein the
modified spot is a crack spot and the modified region is a crack region. 9. The method according to
claim 7, wherein the modified spot is a molten processed spot and the modified region is a molten
processed region. 10. The method according to claim 7, wherein the modified spot is a refractive
index change spot and the modified region is a refractive index change region. 11. A laser processing
apparatus for forming a modified region functioning a starting point for cutting the object to be
processed, comprising: a mounting stage adapted for mounting the object to be processed; a laser
light source for emitting a laser light; 201 a converging kens for converging the laser light emitted from
the laser light source within the object to be processed which mounted on the mounting stage to form
a modified region &3 B6SitiGR of & EHNVEYRTHPANTF tHE Taset fighe By BoMPOIRIF$6 cShrolling
movement of the mounting stage,. the controller moving the mounting stage in a thickness  direction of

the object to be pr&&&s88d B a¥itdt MMyt &MBERCHE YSiP] pretietsHmined BoBhch By

standard so that the c verging, point of.the laser Iié;héis. pos{tioned within the obiecv'g t% Pet%ocessed
[ t

and while the mou?nfing %t%ge i§ fi%é {/\ﬂt}f{]%s%&l:tnt e tthickness Bt e ok'.)LjréctV tobe processed,

moving the mountipg si3ge I & fselien Rerpendichlar to-the thickagss, dirgctien of pg Objed!
5 (e.g., easiness to handle and cut the object), and the like.
Thisdataof movement amount is fed intotheoverallcontroller
127. |
| Steps S105 and 5107 are similar to steps S105 and 5107
(” of the first example shown in Fig. 15. The focal point data
10 calculated by step S107 1is 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. Accordingtothis focal pointdata, thestagecontroller
115 moves the Z-axls stage 113 inthe Z-axisdirection (5109).
15 This positions the focal point of visible light of the
observation light source 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 ié intended to
be cut 5. This enlarged image data is sent to the monitor
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 1s displayed on the monitor 127.

Data of therelative movement amount determinedby step
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to be processed so that the converging point of the laser light moves along a line along which the
object to be processed is intended to be cut, and thereafter, moving the mounting stage in the
thickness direction of the object to be processed by a second moving amount with using a
predetermined position as a standard so that the converging point of the laser light is positioned within
the object to be processed and while the mounting stage is fixed with respect to the thickness of the
object to be processed, moving the mounting stage in a direction perpendicular to the thickness
direction of the object to be processed so that the converging point of the laser light moves along a
line along which the object to be processed is intended to be cut. 12. The laser processing method
according to claimSliQ Whezaein ahe ceohirdiier dedides: thesfirst maviteg ameuatland timg seddrd moving
amount based on at least one a of a thickness of the object to be processed and a refractive index of
the object to be prééelssed)d13 sThellaséeptdressiapparatus déeordiddto cRERCEEaP 32t dwherein
the predetermined position is a position of the mounting stage at which a focal point of a
predetermined visfble fgRé s BSifnen eRtfd Sifiee bP thé HEcER Be BrotessEP#riffotinted on

the mounting stagE . 202 14. A method for. qr cessing an object, comprising the st?éps rgf_ determining
a first position spat8d front4 s8rfacé 8Fthe objdd td'BE Prockssat by first ditahite ift athickness

Ol e SIS DEACIS AT W b e et B seprdncsion
distance and athifl of 1aser 1ight is located within the object 1 (S111).
Steps S113 and S115 are similar to steps S113 and S115
shown in Fig. 15. The foregoing divides the object 1 into
C_ silicon chips.

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 1light L while adjusting the
position of light-converging point P in the thickness
direction of object 1, thereby forming a modified region.

15 This can control the position of a modified region in the
thickness direction of object 1. Therefore, changing the
position of a modified region in the thickness direction

C i of object 1 according to thematerial and thickness of object
1, effects of processing, and the like enables cuttinglin
20 conformity to the object 1.
Industrial Applicability
The laser processingmethodand apparatus inaccordance
with'the present invention 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 products (e.g., semiconductor chips,
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positions spaced from the surface of the object to be processed by a third distance longer than the
first distance; after determination of the first, second and third position, forming a first modified region
functioning a starting point for cutting the object to be processed within the object to be processed
along a line along which the object to be processed is intended to be cut by irradiating the object to be
processed with the laser light so that a converging point of the laser light is positioned at the first
position; after formation of the first modified region, forming a second modified region functioning a
starting point for cutting the object to be processed within the object to be processed along a line
along which the ofieehighe pracessed isiiatendd {o be ghiby tadiaing, Jyg pbiectipdhe processed
with the laser light'so that a converging point of the'laser light is positioned at the second position and
forming a third modifigd regian fpstioningea, gtacing paintfer yitingdbe ohjechio P@d&@@%‘é‘iﬁd within
the object to be processed along a line along which the object to be processed is intended to be cut
by irradiating the objgct e berpsecassed with the laser light so that a converging point of the laser light
is positioned at the third position. 15. A laser processing apparatus for forming a modified region
functioning a starting point for cutting the object to be processed, comprising: a mounting stage
adapted for mounting the object to be processed; a laser light source for emitting a laser light; a
converging kens for converging the laser light emitted from



the laser light source within the object to be processed which mounted 203 on the mounting stage to
form a modified region at a position of a converging point of the laser light; and a controller for moving
the converging lens by a first distance in a thickness of the object to be processed with using a laser
incident surface of the object to be processes as a standard so that a converging point of the laser
light is positioned within the object to be processed, and moving the mounting stage in a direction
perpendicular to the thickness direction of the object to be processed along a line along which the
object to be processed is intended to be cut, and thereafter, moving the converging lens by a second t
distance in &taiEKAess of the object to be processed with using the laser incident surface of the object
to be processes as a standard so that a converging point of the laser light is positioned within the

object to be processed, and moving the mountlng}_1 ga e_in the dlrectlon erpendicular tg the thickness
direction of the obEePES BE PF6REEPIBAGARRIIFQ RIBRTWRER (e bhjectd BRSO is
intended to 5erwt.l 065 A mettrothof cotimy a@ulﬁ@traml,tdumgrrsmgm@péi ofo iradiatheg sssdbstrate

with a laser igbhwith aipidsgddagerdight afnuhigh;pulserwidih isargerthan 1 pswithseenyerging
within the substrate, so that a conver oint of the pulsed laser light, i itione Wlt in the
Chetrate T BB SR Ll T T TGO B he SR G5 PETH ot AT e o 10

(W/cmz); ancbomewvirsg tige converging point of the pulsed laser light with respect to the substrate
relatively along a ling a,l,ggglm%h @&@gbg@gﬁ@dnt@@ge%&@@ig@t sequentiglh-to fepm gplurality
processed:

a laser light source for emitting the laser light;

a converging lens for converging the laser light emitted from
the laser light source within the object to be processed which is
mounted on the mounting stage, to form the modified region at a
position of a converging point at which the laser 1light is converged;

an image pick-up device for imaging a laser light reflected
from a surface of the object to be processed; and

a controller having a function of performing focus adjustment
by moving at least one of the mounting stage and the converging lens
so that the converging point of the laser light is positioned on the
surface of the object to be processed and thereafter moving at least
one of the mounting stage and the converging lens at a predetermined
distance so that the converging point of the laser light is positiocned
within the object to be processed and a function of moving at least
one of the mounting stage and the converging lens so that the
converging point of the laser light moves along the line along which
the object to be processed is intended to be cut,

wherein the controller adjusts output power of the laser light
so that an output power of the laser light at the focus adjustment

is lower than that at formation of the modified region.

2. A laser processing method for forming a modified region which
functions as a starting point for cutting an object to be processed
along a line along which the object to be processed is intended to
be cut by irradiating the object to be processed with a laser light,
comprising the steps of:

performing focus adjustment by moving at least one of the
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modified spots which are not overlapped among them, at converging positions of the pulsed laser light
respectively, to make a modified region functioning as a starting point for cutting the substrate by the
plurality of the modified spots only within the substrate without melting a pulsed laser light incident
surface of the substrate along the line along which the substrate is intended to be cut so that the
modified regions are sequentially aligned along the line along which the substrate is intended to be
cut; wherein the starting point formed in the substrate is formed 204 only by the laser irradiation, and a
crack is grown from the starting point in a thickness direction of the substrate and the crack reaches

to a front antbbatk surtacegef el substratewsor thatdheesisbstrateais thie Yanierethoa pbiutting a

substrate, cgmpiising.Sieps ek Hirradialing:a suRsiais with alaserdight with & pulped:laser.light of
which pulse width is larger than 1 ps with converging within the substrate, so that,a converging point

of the pulseBYSSEFfGHt B PIINTITES MthiR W trdfP S T fedk po\TeF O il Ms & RGRt at the
converging poiht israot emadiey than 1< 08c(Vi/ o2 etrek miovedg e tenvergieg poatt dfttke pulsed

laser light with,, [esRecIGE-subsirate relatively Rlarg:a linssalongwhich the Suhsirats isintended to

be cut sequentially to form a plurality of crack spots so that the crack spots are aligned along the line
along whiclf th& SUBERSEE *€hitefBEd to be cut and spaced from a pulsed laser light incident surface
of the substrate by apvedetermiheds distas cef andeome urgiorwirs tddeh andlticpkotomabsoiption is

generated %H&e igéd@’l:w QB@%QM%&!@N@ QPt QP{@”@QQQQ WEBht moves along
the line along which the object to be processed is intended to be

cut,
wherein an output power of the laser light at the focus

adjustment is lower than that at formation of the modified region.

3. A laser processing apparatus forming a modified region which
functions as a starting point for cutting a wafer shape object to
be processed 'comprising:

a mounting stage adapted for mounting the object to be
processed;

an observation light source for emitting an illumination
light;

a laser light source for emitting a laser light;

a converging lens for converging the illumination light at a
surface of the object to be processed which is mounted on the mounting
stage and converging the laser light within the object to be processed
which is mounted on the mounting stage so that the modified region
is formed at a converging point of the laser light;

imaging means for imaging a reflected light of the illumination
light which is converged at the surface of the object to be processed
to obtain an imaging data; and

a controller having a function of moving the mounting stage
on the basis of the image data so that a focus point of the illumination
light is positioned on the surface of the object to be processed and
thereafter moving at least one of the mounting stage and the
converging lens in a thickness direction of the wafer-shape object
by a predetermined distance from a reference position which is the

surface of the object to be processed so that the converging point
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a pre-formed another region in which the multi-photon absorption is generated by the irradiation of the
pulsed laser light to form a modified region functioning as a stating point for cutting the substrate
without melting the laser light incident surface of the substrate only within the substrate; wherein the
starting point formed in the substrate is formed only by the laser irradiation, and a crack is grown from
the starting point in a thickness direction of the substrate and the crack reaches to a front and back
surface of the substrate so that the substrate is cut. 18. A method of cutting a substrate, comprising
steps of: irradiating a substrate with a laser light with a pulsed laser light of which pulse width is larger
than 1 ps witht cohwetgiagrwithoh thésulostiateosedhat ehdonvérging jsoint obthe poisedtasst light is

positioned withinihe supsiraje and aegk PAWRRLIRERSArdight 2% ttﬁecee}{@@efgr&oiﬂ&ﬁ hot

smaller than 1 X 108 (W/cm2); and 205 moving the converging point of the pulsed laser light with

respect to the'sBISStF&te TePRVERPABAL A IRE ARAGWhitt i Subdr St saR8hdtF 18 Cht
sequentially to foenpaoplasality sb medifietospothwitiinthesunstpatenandfat pesitioresr neagbta surface

of the substraie tian a ¢roternRAtioR;In? Hhickagssf the substiate sodhat the madiied spots are
aligned alona%the line along which the substrate is intended to be cut to form a modified region

functioning ea%liéting point for cutting the substrate without melting the laser light incident surface of
the substrate only within the substrate to make a crack naturally growing from the modified region to

reach to theéurfa%er%t{h%&%t&%t@t%@f%%bj ect to be processed comprising steps

of:

irradiating an object to be processed with a pulsed laser light
of whichpulsewidth is larger than 1l ushavingwith convergingwithin
the object to be processed, so that a converging point of the pulse
laser light is positioned within the object to be processed and a
peak power of the laser light at the converging point is not smaller
than 1 X 10%® (W/cm?) to make a plurality of crack spots within the
object to be processed along a line along which the object to be
processed is intended to be cut to form a crack region functioning
as a starting point for cutting the object to be processed only within
the object to be processed with the plurality of the crack spots;
and |

thereafter, with only formation of the crack region, growing
a crack in the object to be cut from the crack region as the starting
point to reach to a front surface and a back surface of the object
to be processed and as the result, the object to be processed being
divided.

5. Themethod according toclaim 4, wherein the object to be processed

is a semiconductor wafer.

6. The method according to claim 4 or 5, wherein the object to be
processed is a substrate having a front surface on which electrode

pattern is formed.
7. A method of cutting a wafer-shape object to be cut, comprising

a step of:

irradiating an object to be processed with a pulsed laser light
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crack on the surface of the substrate along the line along which the substrate is intended to be cut;
wherein the starting point formed in the substrate is formed only by the laser irradiation, and the crack
formed on the surface of the substrate along the line along which the substrate is intended to be cut
is made to reached to a back surface of the substrate so that the substrate is cut. 19. The method
according to claim 18, wherein the modified spot is a crack spot and the modified spot is a crack
region. 20. The method according to claim 18, wherein the modified spot is a molten processed spot
and the modified spot is a molten processed region. 21. The method according to claim 18, wherein
the modified $huh istarefraetiingex eNaige spdtadnd Wsehmootiiedishot ragegbedve thdex change
region. 22. Thieanaihedwecomsingtocqnyseae eiclains d8«shisrhaigcpaipitsing astepfastificially
growing the ¢rack formed on the surface c(fl{ the substrate tg the back surface of the substrate along
the e alons S g e B B0 Bained ah et S S -
comprising SEEFK G106 M akiiating Besubstate it eI SSEVIRFIHARRNCS pllsdd 18SEr SRt Gwhich
pulse width isHatger than®l ps with convenging withirs the swistiate, sosthais eonverging peint of the

pulsed laser light is positioned within the substrate and a peak power of the laser light  at the
ot B R e S R e e B 0o, puised
laser light wilF 383peetitd IHeSGhSpad pertively by Imeefdrid drhiepgthen functioning

as a starting point for cutting the object to be processed only within
the object to be processed with the plurality of the modified spots,

the modified spots being intermediately formed the line along
which the object to be processed is intended to be cut by making a
pitch between adjacent modified spots in a c¢ross section
substantially perpendicular to a thickness direction of the
wafer-shape object to be processes being larger than a size of the
modified spot in a direction along a line along which the object to
be processed is intended to be cut, and the object to be processed
being cut with only the modified region formed in the wafer-shape

object to be processed using it as starting point of.

8. The method according to claim 7, wherein the modified spot is

a crack spot and the modified region is a crack region.

9. The method according to claim 7, wherein the modified spot is
a molten processed spot and the modified region is a molten processed

region.

10. The method according to claim 7, wherein the modified spot is
a refractive index change spot and the modified region is a refractive

index change region.

11. A laser processing apparatus for forming a modified region
functioning a starting point for cutting the object to be processed,
comprising:

a mounting stage adapted for mounting the object to be
processed;

a laser light source for emitting a laser light;
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substrate is intended to be cut sequentially to form a plurality molten processed spots which are
overlapped among them, at converging positions of the pulsed laser light respectively, to make a
molten processed region functioning as a starting point for cutting the substrate by the plurality of the
modified spots only within the substrate without melting a pulsed laser light incident surface of the
substrate along the line along which the substrate is intended to be cut wherein the starting point
formed in the substrate is formed only by the laser irradiation, and a crack is grown from the starting
point in a thickness direction of the substrate and the crack reaches to a front and back surface of the
substrate so that theasobstrateyiisge29F or converging the laser light emitted from

the laser 1light source within the object to be processed which mounted
on the mounting stage to form a modified region at a position of a
converging point of the laser light; and

a controller for controlling movement of the mounting stage,

the controller moving the mounting stage in a thickness
direction of the object to be processed by a first moving amount with
using a predetermined position as a standard so that the converging
point of the laser light is positioned within the object to be
processed and while the mounting stage is fixed with respect to the
thickness of the object to be processed, moving the mounting stage
in a direction perpendicular to the thickness direction of the object
to be processed so that the converging point of the laser light moves
along a line along which the object to be processed is intended to
be cut, and thereafter, moving the mounting stage in the thickness
direction of the object to be processed by a second moving amount
with using a predetermined position as a standard so that the
converging point of the laser light is positioned within the object
to be processed and while the mounting stage is fixed with respect
to the thickness of the object to be processed, moving the mounting
stage in a direction perpendicular to the thickness direction of the
object to be processed so that the converging point of the laser light
moves along a line along which the object to be processed is intended

to be cut.

12. The laser processing method according to claim 11, wherein the
controller decides the first moving amount and the second moving
amount based on at least one a of a thickness of the object to be

processed and a refractive index of the object to be processed.

13. The laser processing apparatus according to claim 11 or 12,
wherein the predeterminedposition is a position of the mounting stage
at which a focal point of a predetermined visible light is positioned
on the surface of the object to be processed and mounted on the

mounting stage.

202



14. A method for processing an object, comprising the steps of:

determining a first position spaced from a surface of the
object to be processed by a first distance in a thickness direction
of the object to be processed and within the object to be processed ,
a second position spaced from the surface of the object to be processed
by a second distance shorter than the first distance and a third
positions spaced from the surface of the object to be processed by
a third distance longer than the first distance;

after determination of the first, second and third position,
forming a first modified region functioning a starting point for
cutting the object to be processed within the object to be processed
along a line along which the object to be processed is intended to
be cut by irradiating the object to be processed with the laser light
so that a converging point of the laser light is positioned at the
first position;

after formation of the first modified region, forming a second
modified region functioning a starting point for cutting the object
to be processed within the object to be processed along a line along
which the object to be processed is intended to be cut by irradiating
the object to be processed with the laser light so that a converging
point of the laser light is positioned at the second position and
forming a third modified region functioning a starting point for
cutting the object to be processed within the object to be processed
along a line along which the object to be processed is intended to
be cut by irradiating the object to be processed with the laser light
so that a converging point of the laser light is positioned at the

third position.

15. A laser processing apparatus for forming a modified region
functioning a starting point for cutting the object to be processed,
comprising:

a mounting stage adapted for mounting the object to be
processed;

a laser light source for emitting a laser light;

a converging kens for converging the laser light emitted from

the laser light source within the object to be processed which mounted
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on the mounting stage to form a modified region at a position of a
converging point of the laser light; and

a controller for moving the converging lens by a first distance
in a thickness of the object to be processed with using a laser
incident surface of the object to be processes as a standard so that
a converging point of the laser light is positioned within the object
to be processed, and moving the mounting stage in a direction
perpendicular to the thickness direction of the object to be processed
along a line along which the object to be processed is intended to
be cut, and thereafter, moving the converging lens by a second t
distance in a thickness of the object to be processed with using the
laser incident surface of the object to be processes as a standard
so that a converging point of the laser light is positioned within
the cobject to be processed, and moving the mounting stage in the
direction perpendicular to the thickness direction of the object to
be pfocessed along the line along which the object to be processed

1s intended to be cut.

16. A method of cutting a substrate, comprising steps of:

irradiating a substrate with a laser light with a pulsed laser
light of which pulse width is larger than 1 us with converging within
the substrate, so that a converging point of the pulsed laser light
is positioned within the substrate and a peak power of the laser light
at the converging point is not smaller than 1 X 10® (W/cm®); and

moving the converging point of the pulsed laser light with
respect to the substrate relatively along a line along which the
substrate is intended to be cut sequentially to form a plurality
modified spots which are not overlapped among them, at converging
positions of the pulsed laser light respectively, to make a modified
region functioning as a starting point for cutting the substrate by
the plurality of the modified spots only within the substrate without
melting a pulsed laser light incident surface of the substrate along
the line along which the substrate is intended to be cut so that the
modified regions are sequentially aligned along the line along which
the substrate is intended to be cut;

wherein the starting point formed in the substrate is formed
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only by the laser irradiation, and a crack is grown from the starting
point in a thickness direction of the substrate and the crack reaches
to a front and back surface of the substrate so that the substrate

is cut.

17. A method of cutting a substrate, comprising steps of:

irradiating a substrate with a laser light with a pulsed laser
light of which pulse width is larger than 1 ps with converging within
the substrate, so that a converging point of the pulsed laser light
is positioned within the substrate and a peak power of the laser light
at the converging point is not smaller than 1 X 10® (W/cm?); and

moving the converging point of the pulsed laser light with
respect to the substrate relatively along a line along which the
substrate is intended to be cut sequentially to form a plurality of
crack spots so that the crack spots are aligned along the line along
which the substrate is intended to be cut and spaced from a pulsed
laser light incident surface of the substrate by a predetermined
distance and one region inwhichmulti-photon absorption is generated
by the irradiation cf the pulsed laser light is not overlapped with
a pre-formed another region in which the multi-photon absorption is
generated by the irradiation of the pulsed laser light to form a
modified region functioning as a stating point for cutting the
substrate without melting the laser light incident surface of the
substrate only within the substrate;

wherein the starting point formed in the substrate is formed

only by the laser irradiation, and a crack is grown from the starting
point in a thickness direction of the substrate and the crack reaches
to a front and back surface of the substrate so that the substrate

is cut.

18. A method of cutting a substrate, comprising steps of:
irradiating a substrate with a laser light with a pulsed laser
light of which pulse width is larger than 1 ps with converging within
the substrate, so that a converging point of the pulsed laser light
is positioned within the substrate and a peak power of the laser 1light

at the converging point is not smaller than 1 X 10® (W/cm?®); and
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moving the converging point of the pulsed laser light with
respect to the substrate relatively along a line along which the
substrate is intended to be cut sequentially to form a plurality of
modified spots within the substrate and at positions nearer a
surface of the substrate than a center position in a thickness of
the substrate so that the modified spots are aligned along the line
along which the substrate is intended to be cut to form a modified
region functioning as a stating point for cutting the substrate
without melting the laser light incident surface of the substrate
only within the substrate to make a crack naturally growing from the
modified region to reach to the surface of the substrate to form a
crack on the surface of the substrate along the line along which the
substrate is intended to be cut;

wherein the starting point formed in the substrate is formed
only by the laser irradiation, and the crack formed on the surface
of the substrate along the line along which the substrate is intended
to be cut is made to reached to a back surface of the substrate so

that the substrate 1s cut.

19. The method according to claim 18, wherein the modified spot

is a crack spot and the modified spot is a crack region.

20. The method according to claim 18, wherein the modified spot
is amolten processed spot and the modified spot is a molten processed

region.

21. The method according to claim 18, wherein the modified spot
is arefractive index change spot and themodified spot is a refractive

index change region.

22. The method according to any one of claims 18-21, further
comprising a step of artificially growing the crack formed on the
surface of the substrate to the back surface of the substrate along

the line along which the substrate is intended to be cut.

23. A method of cutting a substrate, comprising steps of:
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irradiating a substrate with a laser light with a pulsed laser
light of which pulse width is larger than 1 ps with converging within
the substrate, so that a converging point of the pulsed laser light
is positioned within the substrate and a peak power of the laser 1light
at the converging point is not smaller than 1 X 10® (W/cm®); and

moving the converging point of the pulsed laser light with
respect to the substrate relatively along a line along which the
substrate is intended to be cut sequentially to form a plurality
molten processed spots which are overlapped among them, at converging
positions of the pulsed laser light respectively, to make a molten
processed region functioning as a starting point for cutting the
substrate by the plurality of the modified spots only within the
substrate without melting a pulsed laser light incident surface of
the substrate along the line along which the substrate is intended
to be cut

wherein the starting point formed in the substrate is formed
only by the laser irradiation, and a crack is grown from the starting
point in a thickness direction of the substrate and the crack reaches
to a front and back surface of the substrate so that the substrate

is cut.
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