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DESCRIPTION 

Laser Processing Method and Laser Processing Apparatus 

Technical Field 

The present invention relates to laser processing 

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 

One of laser applications is cutting. A typical 

cutting process effected by laser is as follows: For example, 

a part to be cut in an object to"be processed such as a 

semiconductor wafer or glass ~ub~trate is irradiated with 

laser light having a wavelengt0.absorbed by the object, so 

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. However, this method also mel ts 
( 

surroundings of the region to become the cutting part in 

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 form-ed in the surface of the semiconductor 

wafer might melt. 

Known as examples of methods which can prevent the 

surface of the object to be processed from melting are 

1 

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
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. However, this 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  1 laser-based cutting methods disclosed in Japanese Patent  
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laser-based cutting methods disclosed in Japanese Patent 

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 

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 obj ect, whereby the obj ect is cut. 

Disclosure of the Invention 

( When the thermal shock generated in the object to be 

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. 

When the object to be processed is a semiconductor wafer, 

a glass substrate formed wi th a liquid crystal display device, 

or a glass substrate formed with an electrode pattern in 

particular, semiconductor chips, liquid crystal display( 
devices, or electrode patterns may be damaged due to the 

unnecessary fractures. Also, average input energy is so high 

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 

laserprocessingmethodsandlaserprocessingapparatu5which 

generate no unnecessary fractures in the surface of an object 

to be processed and do not melt the surface. 

2
 

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 formed with a liquid crystal display device,  or a glass substrate formed with an
electrode pattern in  particular, semiconductor chips, liquid crystal display  devices, or electrode
patterns may be damaged due to the 20 unnecessaryfractures. Also, average input energy is so high
in these cutting methods that the thermal damage imparted  to the semiconductor chip and the like is
large. It is an object of the present invention to provide  laserprocessingmethods and laser processing
apparatus which  25 generate no unnecessary fractures in the surface of an object  to be processed
and do not melt the surface. 2 (1) The laser processing method in accordance with  an aspect of the
present invention comprises a step of  
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(1) Th e I a ser process ing method in a ccordance wi th 

an aspect of the present invention comprises a step of 

irradiating an object to be processed with laser light with 

a light-converging point located therewithin, so as to form 

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 obj ect to be proces sed, the obj ect to be processed 

(	 can be broken by a relatively small force so as to be cut. 

In the laser processing method in accordance wi th 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 c0t. Hence, the object to be processed 

can be cut with a relatively small force, whereby the object 

can be cut without generat ing unnecessary f ra ct ures dev i a ting 

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

in the sur face o,f the obj ect. 
(
'-.. 

The laser protessing method in accordance with this 

aspectofthepresentinventionlocallygeneratesmultiphoton 

absorpUon wi thin the obj ect to be processed, thereby forming 

a modi f i ed regi on. Therefore, 1 a ser 1 i ght is hardly absorbed 

by the surface of the object to be processed, whereby the 

surface of the object will not melt. Here, the 

light-converging point refers to the posi tion where the laser 

light is converged. The line along which the object is 

3 

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 relatively small force, whereby the object  can be cut without
generatingur.necessaryfractures deviating  from the line along which the object is intended to be cut  in
the surface of the object. The laser processing method in accordance with this  20 aspect of the
present invent ion locallygeneratesmultiphoton  absorption within the object to be processed, thereby
forming  amodified region. Therefore, laser light isha-rday absorbed  by the surface of the object to be
processed, whereby the  surface of the object will not melt. Here, the 25 light-converging point refers
to the position where the laser  light is converged. The line along which the object is  3 intended to be
cut may be a line actually drawn on the surface  or inside of the object to be cut or a virtual line. The
subject of (1) explained in the foregoing also holds in (2)  
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intended to be cut may be a line actually drawn on the surface 

or inside of the object to be cut or a virtual line. The 

subj ect of (1) expl a ined in the foregoing a 1so holds in (2) 

to (6) which will be explained later. 

The laser processing method in accordance with an aspect 

the present invention comprises a step of irradiating an 

object to be processed with laser light with a 

1 ight -converg ing point 1oca ted therew i th in under a condi t ion 

( with a peak power density of at least 1 x 10 8 (W/cm2 
) and 

a pulse width of 1 ]JS 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 

aspect of the present invention irradiates an obj ect 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 8 (W/cm2 ) and a pulse width of 1 

]Js or less at the light-converging point. Therefore, a 

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 

the above-mentioned modified region, whereby the laser 

processing method in accordance with this aspect of the 

4 

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/cm2) 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 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  9 present invention enables laser processing 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. An example of the object to be 



present invention enables laser processing without 

generating mel t or unnecessary fractures dev iat ing 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 

5 processed in this laser processing method is a member 

including glass. Here, the peak power density refers to the 

electric field intensi ty of pulse laser light at the 

light-converging point. 

c Thelaserprocessingmethodinaccordancewithanaspect 

10 the present invention comprises a step of irradiating an 

object to be processed with laser light. with a 

light -converg ing poi nt locat ed therewi thin under a condit ion 

with a peak power density of at least 1 x 10 8 (W/cm2 
) and 

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

15 so as to form a modified region inclUding a mol ten 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 8 (W/cm2 
) and a pulse width of 1 

jJs or less at the light-converging point. Therefore, 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 

5
 

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 with laser light with a light-converging point located therewithin under a condition
with a peak power  density of at least I x 108 (W/cm2) and a pulse width of 1  us or less at the
light-converging point. Therefore, the  inside of the object to be processed is locally heated by 25
multiphoton absorption. This heating forms a molten  processed region within the object to be
processed. The  5 molten processed region is an example of the above-mentioned  modified region,
whereby the laser processing method in  accordance with this aspect of the present invention enables
.laser processing without generating melt or unnecessary 3 fractures deviating from the line along
which the object  
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mol ten processed region is an example of the above-mentioned 

modi f ied reg ion I whereby the la ser proces sing method in 

accordance wi th this aspect of the present invention enables 

laser processing without generating melt or unnecessary 

fractures deviating from the line along which the object 

is intended to be cut in the sur fa ce of the obj ect. An example 

of the object to be processed in this laser processing method 

is a member including a semiconductor material. 
( 

Thelaserprocessingmethodinaccordancewithanaspect 

of the present invention comprises a step of irradiating 

an object to be processed with laser light with a 

1 i ght-converg ing point located therewi th in under a condi ti on 

with a peak power density of at least 1 x 10 8 (W/cm 2 
) 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 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 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 a pulse width of 1 

ns or less a t the 1 ight-converging point. When mul tiphoton 

absorption is generated within the object to be processed 

with a very short pul se width a s in thi s a spect of the presen t 

6 

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 l 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 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 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  6 invention, the energy caused by multiphoton absorption is  not transformed
into thermal energy, so that a permanent  structural chance such as ionic valence change,
crystallization, or polarization orientation is induced 5 within the object, whereby a refractive index
change region  is formed. This refractive index change region is an example  
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invention, the energy caused by multiphoton absorption is 

not transformed into thermal energy, so that a permanent 

structural change such as ionic valence change, 

crystallization, or polarization orientation is induced 

wi thin the obj ect, whereby a refractive index change region 

is formed. This refractive index change region is an example 

of the above-mentioned modified region, whereby the laser 

processing method in accordance with this aspect of the 

present invention enables laser processing without 

generat ing mel t or un necessary fra ct ures deviat ing 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. 

Modes employable in the foregoing laser processing 

methods in accordance with the present invention are as 

follows: La ser 1 ight emi t ted from a 1aser 1ight sou rce can 

include pulse laser light. The pulse laser light can( 
concentrate the energy of laser spatially and temporally, 

whereby even a single laser light source allows the electric 

field intensity (peak power density) at the light-converging 

point of laser light to have such a magni tude that rnul tiphoton 

absorption can occur. 

Irradiating the object to be processed with a 

light-converging point located therewithin can encompass 

a case where laser light emitted from one laser light source 

7
 

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  point of laser light to have such a magnitude 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  7 is converged and then the
object is irradiated with thus  converged laser light with a light-converging point located  therewithin, for
example. This converges laser light,  thereby allowing the electric field intensity of laser light 5 at the
light-converging point to have such a magnitude that  multiphoton absorption can occur. Irradiating the
object to be processed with a  
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is converged and then the object is irradiated with thus 

converged laser light with a light-converging point located 

therewi thin, for example. This converges laser 1ight, 

thereby allowing the electric field intensity of laser light 

at the light-converging point to have such a magni tude 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 

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 intensi ty of laser light at the 

light-converging point to have such a magni tude 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 

laser light sources may enter the object to be processed 

from the surface thereof. A plurali ty of laser light sources 

may include a laser light source for emitting laser light 

entering the object to be processed from the surface thereof, 

and a laser light source for emitting laser light entering 

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

plurality of laser light sources may include a light source 

8
 

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 laser light source for emitting laser light  entering the object to be processed
from the surface thereof,  and a laser light source for emitting laser light entering 25 the object to be
processed from the rear face thereof. A  plurality of laser light sources may include a light source  8
section in which laser light sources are arranged in an array  along a line along which the object is
intended to he cut.  This can form a plurality of light-converging points along  the line along which the
object is intended to be cut at 5 the same time, this 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  
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section in \tJhich laser light sources are arranged in an array 

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

Thi scan form a pl ural it Y of light -converging point s a long 

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

the same time, thus being able to improve the processing 

speed. 

The modi f i ed reg i on is formed by moving th e obj ect to 

be processed relative to the light-converging point of laser 

( 
light located within the object. Here, the above-mentioned 

re lat i ve movement forms the modif ied regi on wi thi n the obj ect 

to be proce ssed a long aline a long which the obj ect 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 

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 

the object to be processed using the modified region as a( 
starting point, thus being able to cut the object with a 

relatively small force. This can cut the object to be 

processed wi thout 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 

including glass, piezoelectric material, and semiconductor 

material. Another example of the object to be processed is 

9
 

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 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 is  0 a member transparent to laser light emitted. This laser  processing method is also
applicable to an object to be  processed having a surface formed with an electronic device  or
electrode pattern. The electronic device refers to a 5 semiconductor device, adisplay device such as
liquid crystal,  a piezoelectric device, or the like. The laser processing method in accordance with an
aspect  of the present invention comprises a step of irradiating  a semiconductor material with laser
light with a 
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a member transparent to laser light emitted. This laser 

processing method is also applicable to an object to be 

processed having a surface formed wi th an electronic device 

or electrode pattern. The electronic device refers to a 

semi conductor devi ce, a d i spl ay dev ice such as 1 i qu id crysta 1, 

a piezoelectric device, or the like. 

Thelaserprocessingmethodinaccordancewithanaspect 

of the present invention comprises a step of irradiating 

( a semiconductor material with laser light with a 

light-converging point located therewi thin under a condi tion 

with a peak power density of at least 1 x 10 8 (W/cm2 
) and 

a pulse width of 1 )JS 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 

to be cut in the semiconductor material. The laser processing 

method in accordance wi th an aspect of the present invention 

comprises a step of irradiating a piezoelectric material 

wi th laser light wi th a light-converging point locatedC' 
therewithin under a condition with a peak power density of 

at least 1 x 10 8 (W/cm2
) and a pulse width of 1 )JS or less 

at the light-converging point, so as to form a modified region 

wi thin the piezoelectric material along a line along which 

the obj ect is int ended to be cut in the piezoe lectr ic ma t er ia 1. 

These methods enable laser cutting wi thout generating mel t 

or unnecessary fractures deviating from the line along which 

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

10 

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 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 to be processed for the same reason as that in the laser  processing methods in accordance
with the foregoing aspects  of the present invention. In the laser processing method in accordance with
an  5 aspect of the present invention, the object to be processed  mayhavea surface formed with a
plurality of circuit sections,  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  



to be processed for the same reason as that in the laser 

processing methods in accordance with the foregoing aspects 

of the present invention. 

In the	 laser processing method in accordance 'vJith an 

5	 aspect of the present invention, the object to be processed 

may have a surface formed wi th a plurali ty of circui t sections, 

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 

be processed at the posi t i on of the gap formed bet ween adj acent 

circuit sections. 

The laser process i ng method in accordance wi th 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 ci rcui t sections and protect the circui t 

sections against the laser light. 

( 
The laser processing method in accordance wi th 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 
I 

the semiconductor material along a line along which the object 

25	 is intended to be cut in the semiconductor mat er i a 1. The 

laser processing method in accordance with this aspect of 

11 

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 line a long which the object 25 is intended to be cut in the semiconductor material.
The  laser processing method in accordance with this aspect of  11 the present invention enables laser
processing without  generating unnecessary fractures in the surface of the object  to be processed and
without melting the surface due to the  same reasons as mentioned above. The molten processed
region 5 may be caused by multiphoton 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  



the present invention enables laser processing vJi thout 

generating unnecessary fractures in the surface of the obj ect 

to be processed and without melting the surface due to the 

same reasons as mentioned above. Themol ten processed region 

5 may be caused by multiphoton absorption or other reasons. 

(2) The laser processing method in accordance \oJith 

an aspect of the present invention comprises a step of 

i r ra diating an obj ect to be processed with 1a ser light such 

c 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 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 

obj ect is intended to be cut \oJi thin the obj ect to be processed. 

The laser processing method in accordance with this 

aspect of the present invention forms a modified region by 

irradiating the obj ect to be processed wi th 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 an ellipse 

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

12
 

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 anellipse  indicative of the elliptical polarization (i_e., the  12 direction in which the
deviation in polarization is strong)  Therefore, when a modified region is formed by irradiating  the
object to be processed with laser light such that the  major axis direction of the ellipse indicative 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 modified region extending along the line along which  the object is intended to be
cut can be formed efficiently. ~. Therefore, the laser processing method in accordance with  10 this
aspect of the present invention can improve the  processing speed of the object to be processed. Also,
the laser processing method in accordance with  
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direction in which the deviation in polarization is strong). 

Therefore, when a modified region is formed by irradiating 

the object to be processed with laser light such that the 

major axis direction of the ellipse indicative of the 

elliptical polarization extends along the line along which 

the object is intended to be 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. 

Therefore, the laser processing method in accordance with 

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 

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. 

Here, the ellipticity refers to half the length of the 

minor axis/half the length of major axis of the ellipse. 

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 

like of tlle object to be processed. Linear polarization is 

elliptical polarization with an ellipticity of zero. 

13
 

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 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
ellipticallypolarized 5 with an ellipticity of other than I 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 line
along which the object is intended to  be cut under a condition with a peak power density of at 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  including a crack region along the line along which the object  is intended to be cut
within the object to be processed. 
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The laser processing method in accordance \o1i th an aspect 

of the present invention comprises a step of irradiating 

an object to be processed with laser light such that a 

lighi-converging point of laser light ellipticallypolarized 

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 line along which the object is intended to 

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

least 1 x 10 8 (W/cm2
) and a pulse width of 1 ~s or less at 

the light-converging point, so as to form a modified region 

including a crack regioll 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 

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 

and cut the obj ect precise 1y a long the line a 1Ollg wh ich the 

object is intended to be cut as in the laser processing method 

in accordance wi th the above-mentioned aspect of the present 

invention. 

The laser processing method in accordance \"'i th an aspect 

of the present invention comprises a step of irradiating 

14
 

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 an ellipticity of other than 1 is located within the  object to be processed while
the major axis of an ellipse 5 indicative of the elliptical polarization of the laser light  extends along the
line along which the object is intended  to he cut under a condition with a peak power density of  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 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  
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an object to be processed with laser light such that a 

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 

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 lOB (W/cm2 
) and a pulse width of 1 ~s or less 

( at the light-converging point, so as to form a modified region 

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 

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 

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 wi th the above-mentioned aspect of the present 

invention. 

Thelaserprocessingmethodinaccordancewithanaspect 

of the present invention comprises a step of irradiating 

an object to be processed with laser light such that a 

15 

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 that a  15
light-convergingpointoflaserlightellipticallypolarized  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 5 extends along a line along which the object is intended to  he cut under a condition
with a peak power density of at  least 1 x 108 (W/cm2) 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 



5

10

15

20

25

light-convergingpoint 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 

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 8 (W/cm2
) 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 

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 

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( 
rna king 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. 

Modes employable in the laser processing methods in 

accordance wi th the foregoing- aspects of the present 

invention are as follows: 

16 

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 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  
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Laser light having elliptical polarization with an 

ellipticity of zero can be used. Linearly polarized light 

is obtained when the ellipticity is zero. Linearlypolarized 

light can maximize the size of the modified region extending 

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

and minimi ze the sizes in t he other direct ions. 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 

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 0 by a half-wave plate. Also, after the step of forming 

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 obj ect to be processed. These can form another modi fied 

region extending in a direction along the surface of the 

obj ect to be processed and inte rsect i ng the former modi fi ed 

reg ion. Theref ore, for example, respect i ve modi fied 

regions extending along lines to be cut in X- and Y-axis 

directions can be formed efficiently. 

The laser proces sing method in accordance wi th an aspect 

of the present invention comprises a step of irradiating 

an object to be processed with laser light such that a 

17 

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 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
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  is intended to be cut in theobjecttobeprocessed. Therefore,  the object to be
processed can be cut along the line along 15 which the object is intended to be cut. The laser
processing  method in accordance with this aspect of the present invention  can cut the object to be
processed by making the object absorb  
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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 

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 

c 

c 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 obj ect to be proces sed. Therefore 

the object to be processed can be cut along the line along 

which the object is intended to be cut. The laser processing 

method in accordance wi th this aspect of the present invention 

can cut the obj ect to be processed by making the obj ect absorb 

laser light so as to melt the object upon heating. Also, 

the laser processing method in accordance with this aspect 

of the present invention may generate mul tiphoton 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 the modified region as a starting 

point. 

The laser processing apparatus in accordance wi th an 

aspect of the present invention comprises a laser light source 

18
 

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 axis
adjusting means for making a major axis of  an ellipse indicative of the elliptical polarization of the
pulse laser light adjustedby the ellipticity adjusting means  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 108 (W/cm2) 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  C' along which the object is intended to be cut. 
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for emitting pulse laser light having a pulse width of 1 

\..ls 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 

1; major axis adjusting means for making a major axis of 

an ellipse indicative of the elliptical polarization of the 

pu 1se 1aser 1ight adj u s ted by the elliptici t y adj ust ing means 

extend along 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 the major 

axis adjusting means such that the pulse laser light attains 

a peak power density of at least 1 x lOB (W/cm2 
) at a 

light-converging point; means for locating the 

light-converging point of the pulse laser light converged 

by the light-converging point wi thin 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 

aspect of the present invention enables laser cutting wi thout 

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 

the above-mentioned aspects of the present invention. Also, 

it irradiates the object to be processed with laser light 

19
 

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 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 90 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  pulse laser light extend along another line along which the  object is
intended to be cut which extends in a direction 
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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 

obj ect to be proces sed, thu s ma king it pos sible to form the 

modified region efficiently and cut the object precisely 

along the 1 ine along whi ch the obj ect 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 

accordance with the present invention are as follows: 

It may comprise 90 0 rotation adjusting means adapted 

to rotate the polarization of the pulse laser light adjusted 

by the ellipticity adjusting means by about 90 0 Also, it• 

may comprise rotating means for rotating a table for mounting 

the object to be processed by about 90 0 about a thickness 

direction of the object. These can make the major axis of 

the ellipse indicative of the elliptical polarization of 

pulse laser light extend along another line along which the 

object is intended to be cut which extends in a direction 

along a surface of the object to be processed while extending 

in a direction intersecting along the former line along \"hich 

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. 

The laser processing apparatus in accordance wi th an 

aspect of the present invention comprises a laser light source 

20
 

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 the linear polarization adjusting means such  that the pulse laser light attains a peak
power density of 10 at least 1 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 point within the
objecttobeprocessed; and moving means for relative ly.moving  the light-converging point of pulse
laser light along the  15 line along which the object is intended to be cut. The laser processing
apparatus in accordance with this  aspect of the present invention enables laser cutting without
generating melt or unnecessary fractures deviating from the  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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for emitting pulse laser light having a pulse width of 1 

~s 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 

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 the linear polarization adjusting means such 

( that the pulse laser light attains a peak power density of 

at least 1 x 10 8 (W/cm2 
) 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 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 wi th this 

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 

the above-mentioned aspects of the present invention. Also, 

as wi th the laser processing methods in accordance wi th the 

above-mentioned aspects of the present invention, the laser 

processing apparatus in accordance with this aspect of the 

present invention makes it possible to form the modified 
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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 magnitude  of power of pulse laser light; light-converging means for 10 converging
the pulse laser light adjusted by the linear  polarization adjusting means such that the pulse laser light
attains a peak power density of at least 1 x 108 (W/cm2) at  a light-converging point; means for
locating the  light-converging point of the pulse laser light converged 15 by the light-converging means
within an 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  
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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 

light source for emitting pulse laser light having a pulse 

width of 1 ~s or less; power adjusting means for adjusting 

the magni tude of power of the pulse laser light emi tted from 

the laser light source according to an input of the magni tude 

of power of pulse laser light; 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 at least 1 )( lOB (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 within an object to be 

processed; and moving means for relati vely 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 

the object to be processed by irradiating the object to be 

processed ",Ii th one pulse of pulse laser light \.vhile locating 

the light-converging point within the object; the laser 

processing apparatus further comprising correlation 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; size selecting 

22
 

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 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  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  
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means for choosing, according to an inputted magnitude of 

power of pulse laser light, a size of themodified spot formed 

at th i s magni tude of power from t he cor relat ion star ing 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 power 

of pulse laser light is made lower and higher, respectively. 

The modified spot is a modified part formed by one pulse 

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 

flatness of the cross section deteriorate when the modified 

spot is too large. When the modified spot is too small for 

the object to be processed having a large thickness, on the 

other hand, the object is hard to cut. The laser processing 

apparatus in accordance with this aspect of the present 

invention can control the size of modified spot by adjusting 

the magni tude of pOh1er 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. 

The laser processing apparatus in accordance with this 

a spect of the present invent ion a I so compr i ses carrel at ion 
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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 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; 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 108 (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
20 lens according to an inputted size of numerical aperture;  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  



storing means having stored therein a correlation between 

the magnitude of power of pulse laser adjusted by the po.ler 

adjusting means and the size of modified spot. According 

to an inputted magnitude of pmver 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 accordance wi th an 

aspect of the present invention comprises a laser light source 

for emitting pulse laser light having a pulse width of 1 

lJS 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 8 (W/cm2 
) at a light-converging point; numerical 

apert ure adj ust ing means for adj u st ing the size of numerica 1 

aperture of an optical system including the light-converging 

20 lens according to an inputted size of numerical aperture; 

means for locating the light-converging point of the pulse 

laser light 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 

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 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 is made greater and
smaller,  respectively. Thus, the laser processing apparatus in  accordance with this aspect of the
present invention can  control the size of modified spot by adjusting the size of 20 numerical aperture
of the optical system including the  light-converging lens. The laser processing apparatus in
accordance with this  aspect of the present invention also comprises correlation  storing means having
stored therein a correlation between 
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"Jithin 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 wi thin the object; the 

laser processing apparatus further comprising correlation 

storing means having stored therein a correlation between 

the si ze of numer ica I apert ure adj usted by the power ad j usting 

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 

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 

numerical aperture of the optical system including the 

light-converging lens is 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 

numerical aperture of the optical system including the 

light-converging lens. 

The laser processing apparatus in accordance wi th this 

aspect of the present invention also comprises correlation 

storing means having stored therein a correlation between 

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

According to an inputted size of numerical aperture, the 

25 

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 power density of at least 1 z  108 (W/cm2) at a light-converging point, the lens selecting
15 means being adapted to select among a plurality of  light-converging lenses, a plurality of optical
systems  including the light-converging lenses having respective  numerical apertures different from
each other; means for  locating the light-converging point of the pulse laser light 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  
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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 

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 

~s 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 power density of at least 1 x 

10 8 (W/cm 2 
) 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 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 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 modi f ied spot is formed wi thin the obj ect to be processed 

by irradiating the object to be processed with one pulse 

26 

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 size of modified spot.  15 Also, the size of modified spot formed at the size of numerical
aperture of the optical system including the chosen  light-converging lens can be seen before laser
processing.  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  !s or less;
power adjusting means for adjusting themagnitude  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 thepulse 25 laser light emitted from the laser light source such that  the pulse laser light
attains a peak power density of at  



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 

1 i ght -converg i ng lenses and the si ze of modi f i ed spot; si ze 

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 wi th the 

present invention can control the size of modified spot. 

15 Also! the size of modified spot formed at the size of numerical 

aperture of the optical system including the chosen 

light-converging lens can be seen before laser processing. 

( 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 

1-15 or less; po\,'er adjustingmeans for adjusting the magnitude 

of power of pulse laser light emitted from the laser light 

source according to an inputted magni tude of power of pulse 

laser light; a light-converging lens for converging thepulse 

2S laser light emitted from the laser light source ~uch that 

the pulse laser light attains a peak power density of at 

27 

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 correlation 15 storing means having stored therein a correlation between  a set of the
magnitude of power of pulse laser light adjusted  by the power adjusting means and the size of
numerical aperture  adjusted by the numerical aperture adjusting means and the  size of modified spot;
size selecting means for choosing, 20 according to an inputted magnitude of power of pulse laser  light
and an inputted size of numerical aperture, a size  of the modified spot formed at thus inputted
magnitude and  size; and size display means for displaying the size of  modified spot chosen by the
size selecting means. 25 The laser processing apparatus in accordance with this  aspect of the
present invention can combine power adjustment  28 
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least 1 x 10 8 (W/cm 2
) 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; 

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 1i ght -converg i ng point of pu lse laser 1 ight a long 

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

object to be processed; wherein one modified spot is formed 

wi thin 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 wi thin the object; the 

laser processing apparatus further comprising correlation 

storing means having stored therein a correlation between 

a set of the magni tude of power of pulse laser light adjusted 

by the power adj ust ing means and the size of numer ica 1 aperture 

adjusted by the numerical aperture adjusting means 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 numerjcal 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. 

The laser processing apparatus in accordance with this 

aspect of the present invention can combine power adjustment 

28
 

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 such that the pulse laser  light attains a peak power density of at least I x 10B
(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  29 be cut
in the object to be processed; wherein one modified  



with numerical aperture adjustment, thus being able to 

i ncrea se the numbe r of kind s of cant rollabl e 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 

a spect of th e present invent ion compr i ses a 1 a se r 1 i ght source c for emitting pulse laser light having a pulse width of 1 

10	 J-ls or less; power adjusting means for adjusting the magni tude 

of power of pulse laser light emitted from the laser light 

source according to an input ted magni tude of power of pulse 

laser light; lens selecting means including a plurality of 

light-converging lenses for converging the pul se laser light 

15	 emi t ted from the laser 1 ight source such that the pulse laser 

light attains a peak power density of at least 1 x lOB (W/cm2 
) 

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 obj ect to be proce ssed; and moving mean s for 

25	 relatively moving the light-converging point of pulse laser 

light along a line along which the object is intended to 

29
 

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 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 in the  25 foregoing may
comprise image preparing means for preparing  an image of modified spot having the size selected by
the  30 size selecting means, and image display means for displaying  the image prepared by the
image preparing means. This allows  



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

spot is formed within the obj ect to be processed by i r rad i ating 

the object to be processed with one pulse of pulse laser 

light while locating the light-converging point within the 

5 object; the laser processing apparatus further comprising 

correlationstoringmeanshavingstoredther~inacorrelation 

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 

J 5 for displaying the size of modified spot chosen by the size 

selecting means. 

For the same reasoh 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 In the 

25 foregoing may comprise image preparing means for preparing 

an image of modified spot having the size selected by the 

30 

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 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 comprising correlation storing  means having
stored therein a correlation between the 25 magnitude of power of pulse laser light adjusted by the
power  adjusting means and the size of modified spot; power selecting  31 means for choosing,
according to an inputted size of modified  spot, a magnitude of power of pulse laser light adapted to
form this size from the correlation storing means; the power  



size selecting means, and image display means for displaying 

the image prepared by the image preparing means. This allo_Js 

the formed modified spot to be grasped visually before laser 

processing. 

5 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 

)Js or less; power adjusting means for adjusting the magnitude 

of power of pulse laser light emitted from the laser light 

10 source; light-convergingmeansforconvergingthepulselaser 

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 

the light-converging point of the pulse laser light converged 

15 by the light-converging means wi thin an object t.o 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 wi thin 

20 the obj ect to be proces sed by i rradi a t ing the obj ect 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 

adj u st ing means and the size of m~di f ied spot; powe r selecting 

31 

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 having a desirable size can be  formed. 20 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  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 108 (W/cm2) at a light-converging point; numerical  32 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;  means for locating the light-converging point of
the pulse 
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means for choosing, according to an inputted size of modified 

spot, a magnitude of power of pulse laser light adapted to 

form this size from the correlation storing means; the power 

adjusting means adjusting the magnitude of power of pulse 

laser light emitted from the laser light source such that 

the magni tude of power chosen by the po"ler selecting means 

is attained. 

The la se r proces sing appa ra t us in accordance with thi s 

c 
aspect of the present invention comprises correlation storing 

means having stored therein the magni tude 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 

means adjusts the magnitude of power of pulse laser light 

emitted from the laser light source so as to make it become 

the magni tude of power chosen by the power selecting means. 

Therefore, a modified spot having a desirable size can be 

formed. 

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 

]Js or less; a light-converging lens 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 10 8 (W/cm2 
) at a light-converging point; numerical 

32 

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 numerical  aperture adapted to form thus inputted size; the numerical 20 aperture
adjusting means adjusting the size of numerical  aperture of the optical system including the
light-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 aspect of
thepresent invention comprises correlation storing  means having stored therein the size of numerical
aperture  33 and the size of modified spot. According to an inputted size  of modified spot, the size of
numerical aperture adapted  to form thus inputted size is chosen from the correlation  storing means.
The numerical aperture adjusting means 5 adjusts the size of numerical aperture of the optical system



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; 

.means for locating the light-converging point of the pulse 

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 wi thin the object to be processed by irradiating the object 

to be processed with one pulse of pulse laser light while 

locating the 1 i gh t·- converg ing point within the obj ect; 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 adj usting means and the size of modified spot; and 

numerical aperture selecting means for choosing, according· 

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

aperture adapted to form thus inputted size; the numerical 

20 aperture adjusting means adjusting the size of numerical 

apertureoftheopticalsystemincludingthelight-converging 

lens such that the si ze of numerical aperture chosen by the 

numerical aperture selecting means is attained. 

The laser processing apparatus in accordance wi th this 

25 aspect of the present invention comprises correlation storing 

means having stored therein the si ze of numerical aperture 

33
 

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 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  39 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  light
while locating the light-converging point within the 5 object; the laser processing apparatus further
comprising  correlation storing means having stored therein a correlation  
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and the size of modi f ied spot. Accord ing t a an input ted si ze 

of modified spot, the size of numerical aperture adapted 

to form thus inputted size is chosen from the correlation 

storing means. The numerical aperture adjusting means 

adjusts the size of numerical aperture of the optical system 

including the light-converging lens sUch that the size of 

numericalaperturechosenbythenumericalapertureselecting 

means is attained. Therefore, modified spots having a 

( 
desirable size can be formed. 

c 

The la ser processing appara t us 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 

~s or less; 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 power density of at least 1 x lOB (W/cm 2
) 

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 

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 

relatively moving the light-converging point of pulse laser 

light along a line along which the object is intended to 

34 

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  the numerical aperture selecting means is attained.  Therefore, modified spots
having a desirable spots can be  formed. 25 The laser processing apparatus in accordance with an
aspect of the present invention comprises a laser light source  35 for emitting pulse laser light having a
pulse width of 1  ps or less; power adjusting means for adjusting the magnitude  of power of pulse
laser light emitted from the laser light  source; a light-converging lens for converging the pulse 5 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; numerical  
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be cut in the object to be processed; wherein one modified 

spot is formed within the obj ect to be processed by i r radi ati ng 

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 sizes of numerical apertures of a plurality of 

light-converging lenses and the size of modified spot; and 

c numerical aperture selecting means for choosing, according 

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

apert ure adapted to form thus inpu t ted si ze; 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 

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 numericalc 
apert ure adapt ed to form thus input ted size. The 1ens 

selectingmeansselectsamongapluralityoflight-converging 

lenses such that the size of numerical aperture chosen by 

the numerical aperture selecting means is attained. 

Therefore, modified spots having a desirable spots can be 

formed. 

The laser processing apparatus in accordance with an 

aspect of the present invention comprises a laser light source 

3S 

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 power of pulse laser light  adjusted by the power adjusting means and the size of
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 the
magnitude of power and size of numerical aperture  36 adapted to form this size; the power adjusting
means and  numerical aperture adjusting means adjusting the magnitude  of power of pulse laser light
emitted from the laser light  source and the size of numerical aperture of the optical 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. According to an inputted size of modified spot, the  
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for emitting pulse laser light having a pulse width of 1 

)Js or less; pm,Jer adjusting means for adjusting the magnitude 

of power of pulse laser light emitted from the laser light 

source; a light-converging lens 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 lOB (W/cm 2 
) 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; 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 object to be processed; wherein one modified 

spot is formed wi thin the obj ect 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 

behJeen a set of the magn it ude of power of pu lse 10 ser light 

adjusted by the power adjusting means and the size of numerical 

aperture adjusted by the numerical aperture adjusting means 

and the size of modified spot; and set selecting means for 

choosing, according to an inputted size of modified spot, 

a set of the magni tude of power and si ze of numerical aperture 

36
 

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 comprises a laser light source  for emitting pulse laser light having a pulse width of 1  ps or
less; power adjusting means for adjusting the magnitude 25 of power of pulse laser light emitted from
the laser light  source; lens selecting means including a plurality of  37 light-converging lenses 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 10e (W/cm2)  at a light-converging point, the lens selecting
means being 5 adapted to select among a plurality of light-converging  lenses, a plurality of optical
systems including the  light-converging lenses having respective numerical  apertures different from
each other; means for locating the C light-converging point of the pulse laser light converged  



adapted to form this size; the power adjusting means and 

numerical aperture adjusting means adjusting the magnitude 

of power of pulse laser light emitted from the laser light 

source and the size of numerical aperture of the optical 

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. 

( 
According 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 

t a form thus input ted si ze from the correlat ion star i ng means. 

Then, it adjusts the magnitude of pmver of pulse laser light 

and the size of numerical aperture of the optical system 

15 incl uding the light-converging lens so as to attain the chosen 

magni tude of power and si ze of numerical aperture. Therefore, 

modified spots having a desirable size can be formed. Also, 

since the magni tude of power and the si ze of numer ical aperture 

are combined together, the number of kinds of controllable 

20 dimensions of modified spots can be increased. 

The laser processing apparatus in accordance wi th an 

aspect of the present invention comprises a laser light source 

for emitting pulse laser light ~aving a pulse width of 1 

lJS or less; power adjusting means for adjusting the magnitude 

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

source; lens selecting means including a plurality of 

37
 

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 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 size from the correlation storing means; the power adjusting  means and lens
selecting means adjusting the magnitude of  power of pulse laser light emitted from the laser light
source  and selecting among a plurality of light-converging lenses 5 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  of the present invention chooses
a combination of the 10 magnitude of power and size of numerical aperture adapted  
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1 ight - converg ing lenses for converg i ng the pul se la ser light 

emi tted from the laser light source'such that the pulse laser 

light attains a peak power density of at least I x lOB (lfJ/cm 2 ) 

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 

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 

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 theobject tobeprocessedby irradiating 

the object to be processed with one pulse of pulse laser 

light while locating the light-converging point wi thin the 

object; the laser processing apparatus further comprising 

correlation storingmeans having stored therein a correlation 

between a set of the magni tude 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 

size of modified spot, a set of the magnitude of power and 

size of numerical aperture adapted to form thus inputted 

38 

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 aperture chosen by the numerical aperture  selecting means, and display means for
displaying the  39 magnitude of power and size of numerical aperture of the  set chosen by the set
selecting means. This makes it possible  to see the power and numerical aperture when the laser
processing apparatus operates according to an inputted size  5 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  modifiedspots defineamodified region. The modified
region 10 includes at least one of a crack region where a crack is  generated within the object to be
processed, a molten  



5

15

10

20

25

c 

size from the correlation storing means; the power adjusting 

means and lens selecting means adjusting the magnitude of 

power of pulse laser light emitted from the laser light source 

and selecting among a plurality of light-converging lenses 

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 

( 
of the present invention chooses a combination of the 

magnitude of power and size of numerical aperture adapted 

to form thus inputted size from the correlation storing means. 

It adj usts the magni tude of power of pulse laser light emitted 

from the laser light source and selects among a plurality 

of 1 i ght- conve rg ing 1 en ses so as to at ta in the chosen 

magnitude of power and size of numerical aperture, 

respecti vely. Therefore, modified spots having a desirable 

si ze can be formed. Al so, since the magni tude of power and 

the size of ~umerical aperture are combined together, the 

number of kinds of controllable dimensions of modified spots 

can be increased. 

The laser processing apparatus in accordance wi th 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 

of numerical aperture chosen by the numerical aperture 

selecting means, and display means for displaying the 

39 

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 object to be processed with pulse laser light while locating  40 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 5
object; and a second step of irradiating the object with  pulse laser light while making the pulse laser
light attain  a power higher or lower than that in the first step and locating  the light-converging point of
the pulse laser light within  the object, so as to form a second modified region caused 10 by
multiphoton absorption within the object along a second  line along which the object is intended to be
cut in the  object. 



5

20

10

15

25

c 

(
 

magnitude of power and size of numerical aperture of the 

set chosen by the set sel ect ing mean s. Th i sma kes it possible 

to see the power and numerical aperture when the laser 

processing apparatus operates according to an inputted size 

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 wi thin the object to be processed. These 

modi f ied spot s de fine a modi f ied region. The modi f i ed region 

includes at least one of a crack region where a crack is 

gene ra ted wi thin the obj ect to be proces sed, a molten 

processed region which is melted within the object to be 

processed, and a refractive index change region where 

re fra ct i ve index is changed wi thin the obj ect to be proce ssed. 

An example of modes of power adjusting means is one 

including at least one of an NO filter and a polarization 

filter. In another mode, the laser light source includes 

a pumping laser whereas the laser processing apparatus 

comprises dri ving current controlling means for controlling 

the driving current of the pumping laser. These can adjust 

the magni tude 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. 

Thelaserprocessingmethodinaccordancewithanaspect 

of the present invention comprises a first step of irradiating 

an obj ect to be proces sed v.;i th pul se 1aser 1 i ght wh i 1e locating 

40
 

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 within the object along a second line along which the object  is intended to be cut in the
object. When respective directions which are easy to cut and  hard to cut exist due to the crystal
orientation, for example,  S the laser processing methods in accordance with these 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  
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, 
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 

object; and a second step of irradiating the object with 

pulse laser light while making the pulse laser light attain 

a power higher or lower than that in the first step and locating 

the light-converging point of the pulse laser light within 

the object, so as to form a second modified region caused 

by multiphoton absorption within the object along a second 

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

object. 

The la se r proces sing method in accordance with an aspect 

of the present invention comprises a first step of irradiating 

an obj ect to be processed wi t h pu lse 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 

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 

of the pulse laser light within the object, so as to form 

a second modified region caused by multiphoton absorption 

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 I 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-converging point of pulse laser  42 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 the object to be processed by irradiating  the object to be processed with one pulse of
pulse laser 5 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  to be processed with a plurality of pulses of pulse laser 10
light while locating the light-converging point within the  object and relativelymoving the
light-converging point along  the line along which the object is intended to be cut; the  laser processing
apparatus further comprising distance  calculatingmeansfor calculating adistance between modified 
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\.;ithin the object along a second line along which the object 

is intended to be cut in the object. 

When respective directions which are easy to cut and 

hard to cut exist due to the crystal orientation, for example, 

the laser processing methods in accordance with these aspects 

of the pre sent invent ion dec rea ses the size of modi f ied 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 

hard-to-cut directioil. 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 

light source for emitting pulse laser light having a pulse 

width of l]Js 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 magni tude of frequency; light-converging means for 

converging the pulse laser light emi tted from the laser light 

SOlJrce such that. the pulse laser light attains a peak power 

density of at least 1 x 10 8 (W/cm2 
) at a ligh't-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; and moving means for 

relatively moving the light-converging point of pulse laser 

42
 

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 adjacent modified spots can be controlled by carrying out adjustment for  increasing or
decreasing the repetition frequency of pulse  5 laser light. Changing the distance according to the kind,
thickness, and the like of the object to be processed enables  cutting 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 processed  10 defines a modified region. The laser processing apparatus in
accordance with this  aspect of the present invention calculates the distance  between adjacent
modified spots according to the inputted.  magnitude of frequency, and displays thus calculated
distance. 15 Therefore, with respect to modified spots formed according  
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light along a line along which the object is intended to 

be cut in the object to be processed; \rJherein one modified 

spot is formed wi thin the obj ect to be processed by ir radiating 

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 1 ine a long wh i ch the obj ect is intended to be cut 

wi thin the object to be processed by irradiating the object 

( to be processed with a plurality of pulses of pulse laser 

light while locating the light-converging point within the 

objectandrelativelymovingthelight-convergingpointalong 

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

laser processing apparatus further comprising distance 

ca 1 cu 1at ing means for ca 1 cu 1ating a d i st ance between modi f i ed 

spots adjacent each other according to an inputted magni tude 

of frequency; and di st an ce di spla y means for displ a y ing the 

distance calculated by the distance calculating means. 

The inventor ha s found tha t, when the 1 ight - converging 

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

the distance between a modified part (referred to as modified 

spot) formed by one plJlse of plllse laser light and a modified 

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

greater by lowering tlle repetition frequency. It has been 

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

by increasing the repeti tion frequency of pulse laser light. 

In the present specification, this distance is expressed 

43 

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 the  light-converging point of pulse laser light along a line  along which the object is
intended to be cut in the object 5 to be processed; and speed adjusting 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 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
15 to be processed by irradiating the object to be processed  with a plurality of pulses of pulse laser
light while locating  
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as the distance or pitch between adjacent modified spots. 

Therefore, the distance between the adjacent modified 

spots can be controlled by carrying out adjustment for 

i ncrea sing or decrea sing the repet it ion frequency of pul se 

laser light. Changing the distance according to the kind, 

thickness, and the like of the object to be processed enables 

cutting in conformity to the object to be processed. Forming 

a plurality of modified spots along a line along which the 

( 
obj ect is i nt ended to be cut wi thin the obj ect to be processed 

defines a modified region. 

c 

The laser processing apparatus in accordance with this 

aspect of the present invention calculat~s the distance 

between adjacent modified spots according to the inputted 

magni tude of frequency, and displays thus calculated distance. 

Therefore, with respect to modified spots formed according 

to the magni tude 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 wi th an 

aspect of the present invention comprises a laser light source 

for emitting pulse laser light having a pulse width of 1 

)Js 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 

least 1 x 10 8 (W/cm2 
) at a light-converging point; means for 

locating the light-converging point of the pulse laser light 

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. Therefore, the distance
between 5 adjacent modified spots can be controlled by increasing or  decreasing the relative moving
speed of the light-converging  point of pulse laser light. As a consequence, a cutting  process suitable
for an object to be processed is possible  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 with this  aspect of the present invention calculates the distance  
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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 

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 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 irradiat ing the obj ect to be processed wi th 

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 irradiating the object to be processed 

with a pI ural i ty of pu lses of pulse la ser 1 ight whi Ie locating 

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 

apparatus further comprising distance calculating means for 

calculat ing a distance bet ween modi f ied spot s adj a cent each 

other according to an inputted magnitude of speed; and 

distance display means for displaying the distance calculated 

by the distance calculating means. 

The inventor has found that, Vl1hen the light-converging 

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

45
 

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 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 the light-converging point of the  pulse laser light converged by the
light-converging means 10 within an object to be processed; moving means for relatively  moving the
light-converging point of pulse laser light along  a line along which the object is intended to be cut in
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  
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the distance between adjacent modified spots can be made 

shorter and longer by decreasing and increasing the relati ve 

moving speed of the light-converging point of pulse laser 

light, respectively. Therefore, the distance between 

adjacent modified spots can be controlled by increasing or 

decreasing the relati ve moving speed of the light-converging 

point of pulse laser light. As a consequence, a cutting 

process suitable for an object to be processed is possible 

c by changing the distance according to the kind, thickness, 

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 

fixing the object to be processed, or by moving both. 

The laser processing apparatus in accordance wi th this 

aspect of the present invention calculates the distance 

between adjacent modified spots according to the inputted 

magnitude of speed, and displays thus calculated distance. 

Therefore with respect to modified spots formed accordingI 

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 

aspect of the present invention comprises a laser light source 

for emitting pulse laser light having a pulse width of 1 

46 

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 distancedisplaymeansfordisplayingthedistance  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 control the distance between
adjacent modified spots. Combining these adjustments makes  it possible to increase the number of
kinds of controllable  dimensions concerning the distance. Also, the laser 15 processing apparatus in
accordance with this aspect of the  present invention allows the distance between adjacent  modified
spots to be seen before laser processing. These laser processing apparatus may further comprise
size storing means having stored therein the size of a modified  
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~s or less; frequency adjusting means for adjusting the 

magni tude of a repet it i on frequency of the pul se la ser 1 ight 

emitted from the laser light source according to an inputted 

magnitude of frequency; 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 10 8 (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 

within an object to be processed; moving means for relatively 

moving the light-converging point of pulse laser light along 

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

obj ect to be proces sed; and speed ad jus t ing 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 

be processed by irradiating the obj ect to be processed wi th 

one pulse of pulse laser light while locating the 

light-converging point within the object; and wherein a 

pI ura 1 i ty of modi f ied spot s are formed along the line along 

which the object is intended to be cut within the object 

to be processed by irradi~ting the object to be processed 

wi th a plurali ty of pulses of pulse laser light while locating 

the light-converging point'within the object and relatively 

moving the light-converging point along the line along which 

47 

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 the laser light source according to an inputted  magnitude of frequency;
light-converging means for 10 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 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  be cut
in the object to be processed; wherein one modified  spot is formed within the object to be processed
by irradiating 20 the object to be processed with one pulse of pulse laser  
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the object is intended to be cut; the laser processing 

apparatus further comprising distance calculating means for 

calculating a distance betvJeen modified spots adjacent each 

other according to inputted magnitudes of frequency and 

speed; and dist an ce di spl a y means for di splay ing the di 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 

rna gn it ude of re lat i ve mov ing speed of the 1 ight -converg ing 

point, thereby being able to control the distance between 

adj a cent modi f ied spot s . Combin i ng these adj ustment sma kes 

it possible to increase the number of kinds of controllable 

dimensions concerning the distance. Also, the laser 

processing apparat us in accordance wi th this aspect of the 

present invention allows the distance between adjacent 

modified spots to be seen before laser processing. 

These laser processing apparatus may further comprise 

si ze storing means having stored therein the size of a modified 

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 stor ing mean s and the distance ca lculated by the distance 

calculating means; and image display means for displaying 

the image prepared by the image preparing means. This allows 

48
 

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 magnitude of distance between the  modified spots adjacent each other; the
frequency adjusting 10 means adjusting the magnitude of repetition frequency of  the pulse laser light
emitted from the laser light source  such that the magnitude of frequency calculated by the  frequency
calculating means is attained. According to an inputted magnitude 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 frequency 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  
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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 

for emitting pulse laser light having a pulse width of 1 

~s or less; frequency adjusting means for adjusting the 

magnitude of a repeti tion frequency of the pulse laser light 

emi tted from the laser 1 ight source according to an inputted
( 

c.
 

magnitude of frequency; 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 10 8 (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
 

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 farmed wi thi n the obj ect to be processed by ir radiating 

the object to be processed with one pulse of pulse laser 

light while locating the light-converging point wi thin 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 \.;hile locating the light-converging point within the 

49
 

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 having a pulse width of 1  Ns 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 15 least 1 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 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  
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obj ect and relati velymoving the 1 ight-converging point 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 

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 magnitude of distance between the 

modified spots adjacent each other; the frequency adjusting 

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 inputted magni tude of distance between 

adjacent modified spots, the laser processing apparatus in 

accordance wi th this aspect of the present invention 

calculates the magnitude of a repetition frequency of the 
/-

pulse laser light emitted from the laser light source suchl; 
that this magnitude of distance is .attained between the 

adjacent modified spots. The frequency adjusting means 

adj ust s the magn i tude of repet it i on frequency of the pul se 

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 

magnitude of distance can be attained between adjacent 

modified spots. 

50 

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 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 spots
adjacent each other; the speedadjustingmeans 15 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 of
relative moving speed C 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 aspect of the present invention  calculates the magnitude of relative moving
speed of the  light-converging point of pulse laser light caused by the  
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The laser processing apparatus in accordance \'I1i th this 

aspect of the present invention may further comprise 

frequency display means for displaying the magnitude of 

frequency calculated'by the frequency calculating means. 

When operating the laser processing apparatus according to 

t he input ted magni tude of distance bet ween adj acent modi f i ed 

spots, this allows the frequency to 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 

JJS 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 

least 1 x 10 8 (liV/cm2 
) 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 

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; Vllherein 

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 

51
 

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 processing. The laser processing apparatus in accordance with an  aspect of the
present invention comprises a laser 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  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 105 (tWW/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 
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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 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 

apparatus further comprising speed calculating means for 

ca lcul a t ing, according t a an input ted magni tude of di stance 

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 spots adjacent each other; the speed adjustingmeans 

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 of relative moving speed 

calculated by the speed calculating means is attained. 

According to an inputted magnitude of distance between 

adjacent modified spots, the laser processing apparatus in 

accordance wi th this aspect of the present invention 

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 adj usts the 

magnitude of relative moving speed of the light-converging 

point of pulse laser light caused by the moving means such 

52
 

25 moving the light-converging point of pulse laser light along  a line along which the object is intended
to be cut in 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-converging point along the line along which  the object is intended to be cut; the laser
processing 15 apparatus further comprising combination calculating means  for calculating, according
to an inputted magnitude of  distance between modified spots adjacent each other, a  combination of
the magnitude of repetition frequency of the  pulse laser light emitted from the laser light source and
20 the magnitude of relative moving speed of the  light-converging 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  
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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. 

The laser processing apparatus in accordance with this 

aspect of the present invention may further comprise speed 

di splay means for di splay ing the magn i tude of re la t i ve movi ng 

speed calculated by the speed calculating means. When 
( 

operating the laser processing apparatus according to the 

inputted magnitude of distance between adjacent modified 

spots, this allows the relative moving speed to be seen before 

laser processing. 

The laser processing apparatus in accordance with an 

aspect of the present invention compr ises a laser light source 

for emitting pulse laser light having a pulse width of 1 

~s or less; frequency adjusting means for adjusting the 

magni tude of a repeti tion frequency of the pulse laser light 

emi t ted f rom the la ser I ight source; light -converg ing mean s 

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 lOB (l'l1/cm2
) at a light-converging 

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

pulse laser light converged by the light-converging means 

wi thin an obj ect to be processed; mov i ng means for re la tivel y 

moving the light-conver,ging point of pulse laser light along 

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

53 

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  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 comb-,nation.
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  speed calculated
by the combination calculating means. When 25 operating the laser processing apparatus according to
the  inputted magnitude of distance between adjacent modified  
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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 wi thin the obj ect 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; 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 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 

apparatus further comprising combination calculating means 

for ca lcul a t ing, according to an input ted magni tude of 

distance between modified spots adjacent each other, a 

combination of the magni tude of repeti tion frequency of the 
7 

pulse laser light emitted from the laser light source and 

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 

repetition frequency of the pulse laser light emitted from 

the laser light source such that the magni tude of frequency 

54 

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 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 is  intended
to be cut. 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 the modified region is formed  discontinuously, the modified region is discontinuous along  the
line along which the object is intended to be cut, whereby  the part of the line along which the object is
intended to  25 be cut keeps a strength to a certain extent. (5) The laser processing method in
accordance with  56 
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calculated by the combination calculating means is attained; 

the speed adj usting means adjusting the magni tude of relati ve 

moving speed of the light-converging point of pulse laser 

light caused by the moving means such that!he magnitude 

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 magni tude of distance between adjacent modified 

spots, a combination of the magni tude of repeti tion 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 

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 

adjacent modified spots. 

The laser processing apparatus in accordance with the 

present invention may comprise display means for displaying 

the magni tude of frequency"and magn i tude of relat i ve mov ing 

speed calculated by the combination calculating means. When 

operating the laser processing apparatus according to the 

inputted magnitude of distance between adjacent modified 
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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 irradiating the object to be processed in  15 the direction of incidence with respect to the
object to be processed, the laser processing method in accordance with  this aspect of the present
invention forms a plurality of  modified regions aligning with each other along the direction  of
incidence. This can increase the number of positions to 20 become starting points when cutting the
objecttohe processed.  Therefore, the object to be processed can be cut even in  the case where the
object to be processed has a relatively  large thickness and the 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. 57 The laser processing method in accordance with an aspect  



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 wi thin the object to be processed. 

These modi f i ed spot s def ine a modi f ied reg ion. The modi f i ed 

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 

re fra ct i ve index is changed wi thin the obj ect to be processed. 

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 is 

intended to be cut. Forming the modified region continuouslyCo 
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 the modified region is formed 

discontinuously, the modified region is discontinuous along 

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

the part of the line along which the object is intended to 

25	 be cut keeps a strength to a certain extent. 

(5) The laser processing method in accordance wi th 
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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  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) and a pulse width of 1 Us or less at the light -converging
point, so as to form a modified region within the object 20 to be processed 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 object to be processed, so 25 as to form a plurality of modified regions aligning with
each other along the direction of incidence. 58 For the same reason as that in the laser processing
methods in accordance with the foregoing aspects of the  



an aspect of the present invention comprises a step of 

irradiating an object to be processed \.vith laser light \.vhile 

locating a light-converging point of laser light wi thin the 

object to be processed, so as to form a modified region caused 

5 by multiphoton absorption within the object along a line 

along which the obj ect is intended to be cut in the obj ect, 

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 obj ect to be processed, so a s to form a plura 1 i ty of modi fied 

regions aligning with each other along the direction of 

incidence. 

By changing the posi tion 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 processing method in accordance with 

this aspect of the present invention forms a plurality of 

( 
modified regions aligning wi th each other along the direction 

of incidence. This can increase the number of posi tions to 

20 become sta rting point s when cut ting the obj ect to be processed. 

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

the case where the object to be processed has a relatively 

large thickness and the 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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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 of the object to be processed on which laser light irradiating 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-converging point of laser light. Therefore, the
laser 20 light will not be scattered by modified regions which have  already been formed, whereby each
modified region can be  formed uniformly. The modified region includes at least one of a crack  region
where a crack is generated within the object to be  25 processed, a molten processed region which is
melted within the object to be processed, and a refractive index change  59 region where refractive
index is changed within the object  to be processed. (6) The laser processing method in accordance
with  
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Thelaserprocessingmethodinaccordancewithanaspect 

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 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 obj ect, a nd chang ing the posi tion 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 

as to form a plurality of modified regions aligning with 

each other along the direction of incidence. The laser 

processing method in accordance wi th an aspect of the present 

invention comprises a step of irradiating an object to be 

processed wi th laser I ight while locating a light-converging 

point of laser light wi thin the object to be processed under 

a condition with a peak power density of at least 1 x 10 8 

(W/cm2 
) and a pulse width of l)Js or less at the 1 ight-converging 

point, soas to form a modified region within the object 

to be processed along a line along which the obj ect 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 

as to form a plurality of modified regions aligning with 

each other along the direction of incidence. 
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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_, surface) and on the side of the face C (e. g. , rear face) opposing the
entrance face within the object  to be processed within the object to be processed when the  20
light-convergingpoint oflaserlightislocatedataposition closer to and farther from the entrance face than
is a half  thickness position in the thickness direction, 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 processing method in accordance with
this  60 aspect of the present invention can form a modified region  on the surface or rear face side
within the object to be  processed. This can make it easier to form the surface or  rear face with a
fracture extending along the line along 



5 which the object is intended to be cut, whereby the object  to be processed can be cut easily. As a
result, the laser  processing 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 , rear face) , thereby cutting the object 20 to be processed. When the modified
region is formed on the  entrance face side, the distance between the modified region  and the
entrance face is relatively short, so that the  deviation in the growth direction of crack can bemade
smaller.  Therefore, when the entrance face of the object to be processed 25 is formed with an
electronic device or an electrode pattern,  cutting is possible without damaging the electronic device
61 or the like. The electronic device refers to a semiconductor  device, a display device such as liquid
crystal, a  piezoelectric device, or the like. The laser processing method in accordance with an aspect
5 of the present invention comprises a first step of irradiating  
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region where refractive index is changed within the ob.Ject 

to be processed. 

(6) The laser processing method in accordance wi th 

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 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 

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. 

In the laser processing method in accordance wi th the 

present invention, the modified region is formed on the 

entrance face (e.g., surface) and on the side of the face 

(e. g., rear face) opposing the entrance face within the object 

to be processed within the object to be processed when the 

light-converging point of laser light is located at a position 

closer to and farther from the entrance face than is a ha 1 f 

thickness position in thethicknessdirection, respectively. 

When a fracture extending along a line along which the object 

is intended to be cut is generated on the surface or rear 

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

easily. The laser processing method in accordance VJith this 
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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 to be cut and  three-dimensionally crossing the first modified region  20
within the object. Ina cutting process in which cross sections of an object  to be processed cross each
other, a modified region and another  modified 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 aspect  of the present invention, whereby the cutting precision at  62 the crossing
position can be prevented from deteriorating.  This enables cutting with a, high precision. The laser
processing method in accordance with this  aspect of the present invention can form the second
modified  5 region closer to the entranceface of the object to be processed with respect to the laser
light than is the first modified  
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aspect of the present invention can form a modified region 

on the surface or rear face side within the object to be 

processed. This can make it easier to form the surface or 

rear face with a fracture extending along the line along 

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 

aspect of the present invention may be configured such that 

the entrance face is formed wi th at least one of an electronic 

device and an electrode pattern, whereas the light-converging 

point of laser light irradiating the obj ect to be processed 

is located at a position closer to the entrance face than 

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.g., rear face), thereby cutting the object 

to be processed. When the modified region is formed on the 

entrance face side, the distance between the modified region 

and the entrance face is re 1a t i vel y short, so that the 

deviation in the gl'owth direction of crack can bemade smaller. 

Therefore, when the entrance face of the obj ect to be process.ed 

is formed with an electronic device or an electrode pattern, 

cutting is possible without damaging the electronic device 
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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 l08 (W/cm2) and a pulse width of l 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 absorption within the nhject
to he processed- This optical damage induces a thermal distortion within the  object to be processed,
thereby forming a crack region within  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  a3 a member including glass. The peak power density refers to  the electric field
intensity of pulse laser light at the  light-converging point. When the object to he processed is irradiated
with laser  5 light 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, a modified region including a molten  
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or the like. The electronic device refers to a semiconductor 

device, a display device such as liquid crystal, a 

piezoelectric device, or the like. 

Thelaserprocessingmethodinaccordancewithanaspect 

of the present invention comprises a first step of irradiating 

an obj ect to be processed wi th pulse laser li ght wh i 1 e 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 

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 aposition different 

from the light-converging point of laser light in the first 

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 to be cut and 
...._. 

three-dimensionally crossing the first modified region 

within the object. 

In a cut ting process in \"hich cross sect ions of an obj ect 

to be processed cross each other, a modif ied reg ion and another 

modified region are not superposed on each other at a location 

to become the crossing position between the cross sections 

in the laser processing method in accordance wi th this aspect 

of the present invention, whereby the cutting precision at 
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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 changed  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 25 is
not transformed into thermal energy, so that a permanent  structural change such as ionic valence
change,  64 crystallization, or polarization orientation is induced  within the object, whereby a refractive
index change region  is formed. This refractive index change region is an example  of the
above-mentioned modified region. An example of the 5 object to be processed in this laser processing
method is  a member including glass. Adjustment of the position of the light-converging  point of laser
light irradiating the object to be processed  
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the crossing posi tion can be prevented from deteriorating. 

This enables cutting with a high precision. 

The laser processing method in accordance with this 

aspect of the present invention can form the second modified 

5 reg i on closer to the ent rance face of the obj ect to be processed 

with respect to the laser light than is the first modified . 
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: 

IS When the object to be processed is irradiated wi th laser 

1 i g h tundera cond i t ion wit h a pe a k power den sit Y 0 fat 1 e a s t 

1 x 10 8 (W/cm2 
) and a pulse width of Ips or less at the 

( light-converging point, a modified region including a crack 

reg ion can be formed wi thi n the obj ect to be proces sed. Thi s 

20 generates a phenomenon of an optical damage caused by 

multiphoton absorption within the object to be processed. 

This optical damage induces a thermal distortion wi thin the 

object to be processed, thereby forming a crack region within 

the object to be processed. This crack region is an example 

of the above-mentioned modified region. An example of tlle 

object to be processed in this laser processing method is 
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in the thickness direction can include a first calculating 10 step of 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  irradiating the object to he
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; and a second moving step of
relatively moving 25 the object in the thickness direction according to the data  of first relative
movement amount after the first moving  65 step. This adjusts the position of the light-converging
point of laser light in the thickness direction of the object  to be processed at a predetermined position
within the object.  Namely, with reference 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  index
of the obj ect with respect tcthe laser light irradiating  the object becomes the distance from the
entrance face to  the light-converging point of laser light. Therefore, when 
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a member including glass. The peak pO"Jer density refers to 

the electric field intensity of pulse laser light at the 

light-converging point. 

vvhen the obj ect to be processed is ir rad i ated with lase r 

light under a condition with a peak power density of at least 

1 x 10 8 (W/cm2 
) and a pulse width of 1 ~s or less at, the 

light-converging point, a modified region including a molten 

processed region can be formed within the object to be 
( 

processed. Here, the inside of the object to be processed 

is loca lly heat ed by mu 1 t iphoton absorpt ion. Thi shea ting 

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 including a semiconductor material. 

When the obj ect to be processed is irradiated with laser 

light under a condition with a peak power density of at least 

1 x 10 8 (W/cm2
) and a pulse width of 1 ns or less at the 

light-converging point, a modified region including a 

refracti ve index change region which is a region wi th a changed 

refractive index can also be formed within the object t6 

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 mul tiphoton absorption 

is not transformed into thermal energy, so that a permanent 

structural change such as ionic valence charige, 

64 

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 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 light-converging means along a line along 25 which the object is intended to he cut in an object
to be  processed; storing means for storing data of a first relative  66 movement amount of the object
to be processed in the thickness  direction for locating the light-converging positionofpulse  laser light
converged by the light-converging means at a  desirable position 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 light source enters
the object to be processed to the  inside thereof and dividing the distance by the refractive 10 index of
the object to be processed with respect to the pulse  
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crystallization, or polarization orientation is induced 

within the object , IrJhereby a refractive index change region 

is formed. This refractive index change 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 including glass. 

Adjustment of the position of the light-converging 

point of laser light irradiating the object to be processed 

in the thickness direction can include a first calculating 

step of 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 

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 

posi tioning the 1 ight-converging point of laser light 

irradiating 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 relati ve 

movement amount; and a second moving step of relati vely moving 

the object in the thickness direction according to the data 

of first relative movement amount after the first moving 

65
 

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 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  67 least 1 x 108 (Dd/cm2) at a light-converging point;
means for  locating the light-converging point of the pulse laser light  emitted from the laser light
source within an object to be  processed; means for adjusting the position of the pulse 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  C to be cut in the object to be processed. 10 For the same reason as that
in the laser processing  
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step. This adjusts the position of the light-converging 

point of laser light in the thickness direction of the object 

to be processed at a predetermined posi tion within the object. 

Namely, with reference to the entrance face, the product 

of the relati ve movement amount of the obj ect to be processed 

in the thickness direction of the object and the refractive 

index of the obj ect wi th respect to the la ser light irradiating 

the object becomes the distance from the entrance face to c 
the light-converging point of laser light. Therefore, when 

the obj ect to be proces sed is moved by the rel at i ve movement 

amount obtained by dividing the di stance from the entrance 

to the insid'e 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 

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 

1-1S or less; light-converging means for converging thepulse 

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 8 (W/cm2 
) at a li.ght-converging point; first moving 

means for re 1 at i vely moving the 1 i ght -converging point 

converged by the light-converging means along a line along 

which the object is intended to be cut in an object to be 

processed; storing means for storing data of a first relative 
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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 Fig. 2 is a sectional view of the object to be processed  shown in Fig. 1 taken
along the line II-II; 68 Fig. 3 is a plan view of the object to be processed  after laser processing effected
by the laser processing  method in accordance with the embodiment; Fig. 4 is a sectional view of the
object to be processed  5 shown in Fig. 3 taken along the line IV-IV; Fig. 5 is a sectional view of the
object to be processed  shown in Fig. 3 taken along the line V-V; Fig. 6 is a plan view of the object to
be processed  cut by the laser processing method in accordance with the  10 embodiment; Fig. 7 is a
graph showing relationships between the  
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movement amount of the object to be processed in the thickness 

direction for locating the light-converging posi tion of pulse 

laser light converged by the light-converging means at a 

desirable position within the object to be processed, the 

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 light source enters the object to be processed to thec 
ins ide the reof and dividing the di stance by the re f racti ve 

index of the object to be processed with respect to the pulse 

laser light emi tted from the laser light source; calculating 

means for calculating data of a second relative movement 

amount of the obj ect to be processed in the thickness direction 
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required for locating the light-converging point of the pulse 

laser light converged by the light-converging means at the 

entrance face; and second moving means for relatively moving 

the obj e ct to be processed in the thickness di rect ion 

c. according to the data of first relati ve movement amount stored 

by the storage means and the data of second relative movement 

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 

JJs 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 
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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 accordance with the embodiment; Fig. 13 is a graph showing relationships between the
laser light wavelength and the transmittance within a silicon  5 substrate in the laser processing
method in accordance with  the embodiment; Pig. 14 is a schematic diagram of a laser processing
apparatus usable in the laser processing method in accordance  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; 
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least 1 x 10 8 (vv/cm 2 
) at a light-converging point; means for 

locating the light-converging point of the pulse laser light 

emitted from the laser light source within an object to be 

processed; means for adjusting the position of the pulse 

laser light converged by the light-converging mean,s 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 

to be cut in the object to be processed. 

For the same reason as that in the laser processing 

methods in accordance with the above-mentioned aspects of 

the present invention, the laser processing apparatus in 

accordance wi th these aspects of the present invention enable 

laser processing 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 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 

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; 

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

shown in Fig. 1 taken along the line II-II; 
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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 device wafer in a state held by the wafer sheet  in the second
example of the embodiment; Fig. 21 is a flowchart for explaining the cutting method  in accordance
with the second example of the embodiment;  5 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  10 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  
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Fig. 3 is a plan view of the object to be processed 

after laser processing effected by the laser processing 

method in accordance with the embodiment; 

Fig. 4 is a sect iona I view of the obj ect to be processed 

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

Fig. 5 is a sectional view of the object to be processed 

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

Fig. 6 is a plan view of the object to be processed 

cut by the laser processing method in accordance with the 

embodiment; 

Fig. 7 is a graph showing relationships between the 

electric field intensity and the magnitude of crack in the 

la ser processing method in accordance wi th the embodiment; 

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

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; 

Fig. 10 is a sect iona 1 view of the obj ect to be processed 

in a third step of the laser processing method in accordance 

with the embodiment; 

Fig. 11 is a sectiona I vie'vJ of the obj ect to be processed 

in a fourth step of the laser processing method in accordance 

with the embodiment; 

Fig. 12 is a vi ew shoY i ng a photograph of a c ross sect ion 
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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 with the second example of the embodiment;  Fig. 30 is a sectional view of
the piezoelectric device wafer or the like showing a third step of the cutting method  in accordance with
the second example of the embodiment;  5 Fig. 31 is a sectional 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 is a sectional view of the piezoelectric device wafer or the like showing a fifth
step of the cutting method  10 in accordance with the second example of the embodiment;  Fig. 33 is a
view showing a photograph of a plane of a sample within which a crack region is formed upon
irradiation  with linearly polarized pulse laser light; Fig. 34 is a view showing a photograph of a plane of
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III a part of a silicon wafer cut by the laser processing 

method in accordance with the embodiment; 

Fig. 13 is a graph showing relationships between the 

laser light wavelength and the transmittance within a silicon 

substrate in the laser processing method in accordance v,Ii th 

the embodiment; 

Fig. 14 is a schematic diagram of a laser processing 

apparatus usable in the laser processing method in accordance 

with a first example of the embodiment; 

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 

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; 

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 

example of the embodiment; 

Fig. 20 is a schematic sectional view showing a 
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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 is formed by  a comparative laser processing method; Fig. 39 is a view showing
elliptically polarized laser  5 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 in
accordance with the third example of the  C embodiment;  10 Fig. 41 is a perspective view of a
quarter-wave plate  included in an ellipticity regulator in accordance with the  third example of the
embodiment; Fig. 42 is a perspective view of a half-wave plate  included in a 90 rotation regulator part
in accordance with  
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piezoelectric device wafer in a state held by the wafer sheet 

in the second ex~mple of the embodiment; 

Fig. 21 is a flo\<Jchart for explaining the cutting method 

in accordance with the second example of the embodiment; 

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 sect ion a 1 view of the light-t ransmit ting 

material shown in Fig. 23 taken along the line XXV-xxv when 

the light-converging point moving speed is made further 

1 O1rJer ; 

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 piezoelectric device 

wafer or the like showing a second step of the cutting method 
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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 of the embodiment; 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  silicon wafer shown in Fig. 44 is irradiated with elliptically  polarized
laser light by the laser processing method in  accordance with the fourth example of the embodiment;
as Fiq. 50 is a plan view of the object to be processed  
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in accordance with the second example of the embodiment; 

Fig. 30 is a sectional view of the piezoelectric device 

vJafer or the like showing a third step of the cutting method 

in accordanc~ with the second example of the embodiment; 

Fig. 31 isa sectional view of the piezoelectric device 

wafer or the like shovJing a fourth step of the cutting method 

in accordance with the second example of the embodiment; 

Fig. 32 is a sectional view of the piezoelectric device
( 

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

in accordance with the second example of the embodiment; 

Fig. 33 is a view showing a photograph of a plane of 

a sample within which a crack region is formed upon irradiation 

with linearly polarized pulse laser light; 

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

a sample "Ji thin wh i ch a cr ac k reg ion is formed upon i rradiat ion 

with circularly polarized pulse laser light; 

Fig. 35 is a sectional view of the sample shown in Fig. 

c 33 taken along the line XXXV-XXXV; 

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

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 lS 

intended to be cut, in which a crack region is formed by 

the laser processing method in accordance wi th a third example 

of the embodiment; 

Fig. 38 is a plan view of the part of object to be 
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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 sectional view of the object to be 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  15 is
intended to be cut; Fig. 58 is a sectiona 1 view of the object to he processed  
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processed extending along a line along which the object is 

intended to be cut, in which a crack region is formed by 

a comparative laser processing method; 

Fig. 39 is a view showing elliptically polarized laser 

5 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 in accordance with the third example of the 
( 

embodiment;'" 
10 Fig. 41 is a perspective view of a quarter-wave plate 

included in an elliptici ty regulator in accordance wi th the 

third example of the embodiment; 

Fig. 42 is a perspective view of a half-wave plate 

included in a 90 0 rotation regulator part in accordance with 

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 

the embodiment; 

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

2 0	 wi the11 i P tica 11 y - po 1 a r i zed 1 a s e r Ii g h t by the 1 a 5 e r 

processing method in accordance with the third example of 

the embodiment; 

Fig. 45 is a plan view of a silicon wafer irradiated 

wi th linearly polarized laser light by the laser processing 

method in accordance wi th the thi rd example of the embodiment; 

Fig. 46	 is a plan vie\tJ of a silicon wafer in \..;hich the 

73 

25 

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 that of the example shown in Fig. 58 is used; Fig. 63 is a sectional view of the object
to be processed  10 including a crack spot formed due to the multiphoton  absorption caused by
irradiation with laser light shown in  Fig. 62; Fig. 64 is a sectional view of the object to be processed  in
the case where pulse laser light having a power lower  15 than that of the example shown in Fig. 60 is
used; Fig. 65 is a sectional view of the obj-ect to be processed  including a crack spot formed due to
the multiphoton  
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si 1i con wafer shown in Fig. 44 is irradiated wi th elliptically 

polarized laser light by the laser processing method in 

accordance with the third example of the embodiment; 

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

silicon wafer shown in Fig. 4S 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 

embodiment; 

Fig. 49 is a plan view of a silicon wafer in which the 

silicon wafer shown in Fig. 44 is irradiated with elliptically 

polarized laser light by the laser processing method in 

accordance with the fourth example of the embodiment; 

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 

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

Fig. 50i 

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 taken along LIlI-LIlI 

orthogonal to the line along which the object is intended 
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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 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
15 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; 
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to be cut shown in Fig. 50; 

Fig. 5LJ is a sectional vie\'I1 taken along LIV-LIV 

orthogonal to the line along which the object is intended 

to be cut shown in Fig. 50; 

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 sectional view of the object to be processedc 
taken along the line along which the object is intended to 

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 

is intended to be cut; 

Fig. 58 is a secti ona I view of the obj ect to be processed 

showing a state where pulse laser light is converged within 

the obj ect by using a I ight -converging len s hav ing a 

predetermined numerical aperture; 

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 sect ional v iew of the obj ect to be processed 

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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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 diagram 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 a block diagram of
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 in
accordance with the  embodiment; Fig. 81 is a plan view of an example of the part of  object to be
processed extending along a line along which  



1S used; 

Fi g. 61 is a sect iona 1 vie~J of the obj ect 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 vie~J of the object to be 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 is a sectional view of the obj ect to be processed 

JO including a crack spot formed due to the multiphoton 

absorption caused by irradiation with laser light shown in 

Fig. 62; 

Fig. 64 is a sectional view of the object to be processed 

in the case where pulse laser light having a power lower 

IS than that of the example shown in Fig. 60 is used; 

Fig. 65 is a sectional view of"the obj.ect to be processed 

including a crack spot formed due to the mul tiphoton 

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 
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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  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 is a block diagram showing a part of
another  15 example of overall controller of the laser processing  apparatus in accordance with the
eighth example of the  embodiment; C.. Fig. 87 is a block diagram showing a part of still another
example of overall controller of the laser processing  20 apparatus in accordance with the eighth
example of the  



of overa 11 cont roll er provi ded in the laser proces sing 

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 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 

15 accordance with the fifth example of the embodiment; 

Fig. 72 is a schematic diagram of the laser processing­

apparatus in accordance wi th a sixth example of the 

c embodiment; 

Fig .. 73 isa view showing the convergence of laser light 

20 caused by a light-converging lens in the case where no beam 

expander is ~isposed; 

Fig. 7L1 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 wi th a seventh example of the 
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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 processed within which a crack region  is formed by using the laser processing
method in accordance  with the ninth example of the embodiment; 15 Fig. 93 is a view showing the
state where a  light-converging point of laser light is positioned on the  surface of the object to be
processed; Fig. 94 is a view showing the state where a  light-converging point of laser light is
positioned within  20 the object to be processed; Fig. 95 is a flowchart for explaining the laser  
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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; 

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 blockdiagramshowing an example of overall 
( 

controller provided in a modified example of the laser 

processing apparatus in accordance with the embodiment; 

Fig. 79 is a block diagram of 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 

of overall controller provided in the modified example of 

the laser processing apparatus in accordance with the 

embodiment; 

( Fig. 81 is a plan view of an example of the part of 

object to be processed extending along a line along which 

the object is intended to be cut, in which a crack region 

is formed by the laser processing method in accordance wi th 

an eighth example of the embodiment; 

Fig. 82 is a plan view of another example of tfJe part 

of object to be processed extending along the line along 

which the object is intended to be cut, in which a crack 

region is formed by the laser processing method in accordance 
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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  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 In the following, a preferred embodiment of the present  invention will be
explained with reference to the drawings.  The laser processing method and laser processing
apparatus C 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. 



with the eighth example of the embodiment; 

Fig. 83 is a plan view of still another example of the 

part of obj ect 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. 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 is a block diagram showing a part of another 

15 example of overall controller of the laser processing 

apparatus in accordance with the eighth example of the 

embodiment; 

( Fig. 87 is a block diagram showing a part of still another 

example of overall controller of the laser processing 

20 apparatus in accordance with the eighth example of the 

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 viel'l1 of an example of the object 
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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-converging point per pulse)/(beam spot  cross-sectional area of laser light x pulse width) In
the  case of a continuous wave, the intensity of laser light is  determined by the electric field intensity
(W/cm2) of laser  15 light at the light-converging point. The principle of laser processing in accordance
with  the embodiment utilizing such multiphoton absorption will  C now be explained with reference to
Figs. 1 to 6. Fig. 1 is a plan view of an object to be processed I during laser  20 processing. Fig. 2 is a
sectional view of the object 1 shown  in Fig. 1 taken along the line II-II. Fig. 3 is a plan view  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  



to be processed within which a crack region is formed by 

using the laser processing method in accordance wi th 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 processed within which a crack region 

is formed by using the laser processing method in accordance 

with the ninth example of the embodiment; 

, r: 
.L..J Fig. 93 js a view showing the state where a 

light-converging point of laser light is positioned on the 

surface of the object to be processed; 

( Fig. 94 is a view showing the state where a 

light-converging point of laser light is positioned within 

20 the object to be processed; 

Fig. 95 is a flolrJchart for explaining the laser 

processing method in accordance with the ninth example o~ 

the embodiment; 

Fig. 96 is a perspective viewof an example of the object 

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

using the laser processing method in accordance "Jith a tenth 

80 

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. I 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 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 as shown in Figs. 3 to S. In the laser 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 laser 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 of the object 1, whereby the surface  
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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 

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 

Fig. 100 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 tenth example of the embodiment. 

Best Modes for Carrying Out the Invention 

In the following, a preferred 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 

a phenomenon occurring when the intensity of laser light 

is made very high. First, the multiphoton absorption hlill 

be explained in brief. 

A material becomes optically transparent when the 

energy hv of a photon is lower than the band gap EG of absorption 

of the material. Therefore, the condition under which 

absorption occurs in the material is hv > EG. Even when 

81 

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 processed has a large thickness,  for example. Applying an artificial force includes, for
example, applying a bending stress or shearing 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 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 when the thickness of the object is small,  and by a plurality of modified regions
formed in the thickness 25 direction when the thickness of the object to be processed  
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optically transparent, however, absorptiori occurs in the 

material under the condition of nhv > E~ (n = 2, 3, 4, ... ) 

when the intensity of laser light is made very high. This 

phenomenon is known as mu 1t iphoton absorpt ion. In the ca se 

of pulse wave, the intensity of laser light is determined 

by the peak power density (W/cm2 
) of laser light at the 

1 i ght -converg ing poin t, wherea s the mu 1t iphoton absorpt ion 

occurs under the condi tion with a pea k power density of at c least 1 x 10 8 (W/cm2
), for example. The peak power density 

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). In the 

case of a continuous wave, the intensity of laser light is 

determined by the electric field intensity (W/cm2 
) of laser 

light at the light-converging point. 

c 

The principle of laser processing in accordance with 

the embodiment utilizing 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 

processing. Fig. 2 is a sect ional view of the object 1 shown 

in Fig. 1 taken along the line II-II. Fig. 3 is a plan view 

of the obj ect 1 after laser processing. Fig. 4 is a sectional 

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 

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

the cut object 1. 
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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 (e.g., glass or a  piezoelectric material made of LiTaO3) is irradiated with  i5 laser light
while the light-converging point is 'ocated therewithin under a condition with a 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.
Thismagnitude ofpulse width  is a condition under which a crack region can be formed only 20 within
the object to be processed while generating  multiphoton absorption 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 thermal
distortion within the object to be processed, thereby  forming a crack region therewithin. The upper
limit of  



As shown in Figs. 1 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 wi thin 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 A), the light-converging point P is 
) 

moved along the line along which the obj ect 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 as shown in Figs. 3 to 5. In the laser 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 laser light L therein. The laser light L is 

t r ansmi t ted through the obj ect 1, so a s to genera te 

multiphoton absorption therewithin, thereby forming the 

modified region 7. Therefore, the laser light L is hardly 

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

25 3 of the object 1 will not melt. 

If a starting point exists ln a part to be cut when 

83 

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-sectional area: 3.14 x  C 10-8 cm2 Oscillation mode:
Q-switch pulse  20 Repetition frequency: 100 kHz  Pulse width: 30 ns Output: output < 1 mJ/pulse
Laser light quality: TEMoo Polarization characteristic: linear  25 polarization (C) Light-converging lens
86 
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cutting the obj ect I, the obj ect 1 will brea k f rom 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 wi thout generating unnecessary fractures in the surface 

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 starting point. The first case is where, after the modified 
( 

region is formed, an arti f ici al force is applied to the obj ect, 

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 obj ect to be processed has a large thickness, 

for example.	 Applying an artificial force includes, for 

example, applying a bending stress or shearing stress to 

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 

cross-sectional direction (thickness direction) of the 

object \tJhile using the modified region as a starting point, 

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

modified region when the thickness of the object is small, 

and by a plurali ty of modified regions formed in the thickness 

direction when the thickness of the object to be processed 

is large. Breaking and cutting can be carried out with 

8~ 

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 spot yielding the maximum
length. The data indicated by black circles in the graph C refers to a case where the light-converging
glass (C) has  a magnification of x100 and a numerical aperture (NA) of  20 0.80. On the other hand,
the data indicated by white circles in the graph refers to a case where the light-converging  glass (C)
has a magnification 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 1011 (W/cm`), and
become greater as the peak power  density increases. 87 A mechanism by which the object to be
processed is cut  
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favorable control even in this naturally breaking case, since 

breaks will not reach the part formed with nomodified 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 

a brea king and cut t ing method with favorable cont rollabi 1 i ty 

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 

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 (e.g., glass or a 

piezoelectric material made of LiTa03) is irradiated with 

laser light while the light-converging point is located 

therewithin under a condition with a peak power density of 

at least 1 x 10 8 (W/cm 2 
) and a pulse width of 1 ~s or less 

at the light-converging point. Thismagni tude of pulse width 

is a condi tion under which a crack region can be formed only 

within the object to be processed while generating 

multiphcton absorption 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 

,; . 

thermal distortion \'IIi thin the object to be processed, thereby 

forming a crack region therewithin. The upper limit of 
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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 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  whi1ethelight-converging point is located the rewithin under  a condition with a peak power
density of at least 1 x 108  (W/cm2) and a pulse width oflpsorless atthelight-converging  point. As a
consequence, the inside of the object to be 25 processed is locally heated by multiphoton absorption.
This  heating forms a molten processed region within the object  88 to be processed. The molten
processed region refers to at  least one of a region once melted and then re-solidified,  
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electric field intensity is 1 x 10 12 (W/cm 2 
), for example. 

The pulse width is preferably 1 ns to 200 ns, for example. 

The forming of a crack region caused by rnul tiphoton absorption 

is described, for example, in "Internal Marking of Glass 

uSubstrate by Solid-state Laser Harmonics , Proceedings of 

45th Laser IVJaterials Processing Conference (December 1998), 

pp. 23-28. 

The inventor determined relationships between the 

( 
electric field intensity and the magnitude of crack by an 

experiment. Condi tions for the experiment are as follows: 

(A) Object to be processed: Pyrex glass (having a 

thickness of 700 ~m) 

(8)	 Laser 

Light source: semiconductor laser pumping 

Nd:YAG	 laser 

Wavelength: 1064 nm 

Laser light spot cross-sectional area: 3.14 x 

c 
Oscillation mode: Q-switth pulse 

Repetition frequency: 100 kHz 

Pulse width: 30 ns 

Output: output < 1 mJ/pulse 

Laser light quality: TEMoo 

Polarization characteristic: linear 

polarization 

(C) Light-converging lens 

86 

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 structure 15 and a polycrystal structure, for example. When the object  to be
processed is a siliconmonocrystal structure, themolten  processed region is an amorphous silicon
structure, for  example. The upper limit of electric field intensity is 1  X 101` (W/cm2), for example. The
pulse width is preferably  20 1 ns to 200 ns, for example. By an experiment, the inventor has verified
that a  molten processed region is formed within a silicon wafer.  Conditions for the experiment is as
follows: (A) Object to be processed: silicon wafer (having  25 a thickness of 350 pm and an outer
diameter of 4 inches)  (B) Laser 89 Light source: semiconductor laser pumping  Nd:YAG laser
Wavelength: 1064 nm 
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Transmi ttance wi th respect to laser light 

wavelength: 60% 

(0) Moving speed of a mounting table mounting the 

object to be processed: 100 mm/sec 

The laser light quality of TEMoo 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 

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 

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 xlOO and a numerical aperture (NA) of 

0.80. On the other hand, the data indicated by white circles 

in the graph refers to a case where the light-converging 

glass (C) has a magnification of x50 and a numerical aperture 

(NA) of 0.55. It is seen that crack spots begin to occur 

within the obj ect to be proce s s ed when the pea k powe r densi t y 

reaches lOll (1~/cm2), and become greater as the peak power 

density increases. 
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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 the above-mentioned conditions  25 is about 100 pm in the thickness
direction. The forming of the molten processed region 13 by  90 multiphoton absorption will
beer,plained. Fig. 13 is a graph  showing relationships between the wavelength of laser light  and the
transmittance within the silicon substrate. Here,  respective reflecting components on the surface and
rear 



A mechani sm by wh i ch the obj ect to be processed is cut 

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 wi thin the object 

1 under a condition where multiphoton absorption occurs, 

so as to form a era c k reg ion 9 therewi th in. 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. II, 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 applied to the object. 

(2) Case where the modified region is a molten 

processed region 

An obj ect 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 10 8 

(W/cm2 
) and a pulse width of l).1s or less at the light-converging 

point. As a consequence, the inside of the object to be 

25	 processed is locallyheatedbymultiphoton absorption. This 

heating forms a molten processed region within the object 
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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
the surface by 175 pm. The  transmittance in this case is 90% or greater with reference  to a silicon
wafer having a thickness of 200 pm, 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,  91 in "Processing Characteristic evaluation of
Silicon by  Picosecond Pulse Laser", Preprints of the National Meeting  of Japan Welding Societ, No.
66 (April 2000), pp. 72-73. Here, a fracture is generated in the cross-sectional  5 direction while using
the molten processed region as a  
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to be processed. The molten processed region refers to at
 

least one of a region once melted and then re-solidified,
 

a region in a melted state, and a region in the process of
 

re-solidifying from its mel ted state. The mol ten processed
 

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, andpolycrystal structures. Namely,
 

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 structure 

and a polycrystal structure, for example. When the object 

to be processed is a silicon monocrystal structure, the molten 

processed region is an amorphous silicon structure, for 

example. The upper limit of electric field intensity is 1 

x 1012 (W/cm2 
), for example. The pulse width is preferably 

1 ns to 200 ns, for example. 

By an experiment, the inventor has verified that a 

molten processed region is formed within a silicon wafer. 

Conditions for the experiment is as follows: 

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

a thickness of 350 ~m and an outer diameter of 4 inches) 

(8) Laser 

89
 

starting point, whereby the silicon wafer is cut when the  fracture reaches the surface and rear face of
the silicon  wafer. The fracture reaching the surface and rear face of  the object to be processed may
grow naturally or grow as 10 a 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 fracture 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  92 with laser light while the light-converging
point is located  therewithin under a condition with a peak power density of  at least 1 x 108 (Gd/cm2)
and a pulse width of I ns or less  at the light-converging point. when multiphoton absorption 5 is
generated within the object to be processed with a very  short pulse width, the energy caused by
multiphoton  
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Light source: semiconductor laser pumping 

Nd:YAG laser 

Wavelength: 1064 nm 

Laser light spot cross-sectional area: 3.14 

Oscillation mode: Q-switch pulse 

Repetition frequency: 100 kHz 

Pulse width: 30 ns 

Output: 20 ~J/pulse 

Laser light quality: TEMoo 

Polarization characteristic: linear 

polarization 

(e) Light-converging lens 

c 
10 

15 

c 
20· 

25
 

Magnification: 

NA: 0.55 

Transmittance 

wavelength: 60% 

(0) Moving speed of 

x50 

with respect to laser light 

a mounting table mounting the 

object to be processed: 100 mm/sec 

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 condi tions. A mol ten processed region 

13 is formed wi thin a silicon wafer 11. The si ze of the molten 

processed region formed under the above-mentioned condi tions 

is about 100 pm in the thickness direction. 

The forming of the molten processed region 13 by 

90 

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 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
diagram of a laser processing apparatus 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 source 101 so as to regulate 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 function of reflecting the laser  light L; a light-converging lens 105 for
converging the laser  light L reflected by the dichroic mirror 103; a mounting  
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multiphoton absorption will beexplained. Fig. 13 is a graph 

shollJing relationships between the wavelength of laser light 

and the transmittance within the silicon substrate. Here, 

respective reflecting components on the surface and rear 

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 ~m, 100 ~m, 

( 
200 ~m, 500 ~m, and 1000 ~m, respectively. 

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 SOD ~m or less. Since the silicon 

wafer 11 shown in Fig. 12 has a thickness of 350 ~m, the 

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 ~m. The 

transmittance in this case is 90% or greater with reference 

to a silicon wafer having a thickness of 200 ~m, whereby 

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 \'IIithin the silicon wafer 11 (i.e., 

not formed upon usual heating with laser light), but by 

multiphoton absorption. The forming of a molten processed 

region by mul tiphoton absorption is described, for example, 
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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. Therefore, moving the Z-axis stage 113 in the  Z-axis direction can locate the
light-converging point P  of laser light L within the object 1. This movement of  light-converging point P
in X(Y) -axis direction is effected 25 by moving the object 1 in the X(Y)-axis direction by the  X(Y)-axis
stage 109 (111). The X(Y)-axis stage 109 (111)  94 is an example of moving means. The laser light
source 101 is an Nd: YAG laser generating  pulse laser light. Known as other kinds of laser usable as
the laser light source 101 include Nd: YVO4 laser, Nd:YLF laser, 5 and titanium sapphire laser. For
forming a crack region or  molten processed region, Nd:YAG laser, Nd:YV04 laser, and  Nd:YLF laser
are used preferably. For forming a refractive  index change region, titanium sapphire laser is used  
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in "Processing Characteristic evaluation of Silicon by 

Picosecond Pulse Laser", Preprints of the National Meeting 

of Japan Welding Society, No. 66 (April 2000), pp. 72-73. 

Here, a fracture is generated in the cross-sectional 

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 

the object to be processed may grow naturally or grow as 

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 

a melted state, and where the fracture grows from a region 

in the process of re-solidifying from a melted state. In 

any of these cases, the molten processed region is formed 

only within the cross section after cutting as shown in Fig. 

12. When a molten processed region is formed within the 

object to be 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 

index	 change region 

An object to be processed (e.g., glass) is irradiated 
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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-converging means. The Z-axis stage 113 is  an example of means for locating the
light-converging point  within the object to be processed. The light-converging  pcint 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 beam for irradiating the object tobe processed 1 mounted  on the
mounting table 107; and a visible light beam splitter 25 119 disposed on the same optical axis as that
of the dichroic  mirror 103 and light-converging lens 105. The dichroic  95 mirror 103 is disposed
between the beam splitter 119 and  light-converging lens 105. The beam splitter 119 has a  function of
reflecting about a half of a visual light beam  and transmitting the remaining half therethrough, 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 generated by the observation light source 117 is  reflected by the beamsplitter 119,
and thus reflected visible  light beam is transmitted through the dichroic mirror 103 



vJith laser light while the light-converging point is located 

therewithin under a condition with a peak power density of 

at least 1 x 10 8 (W/cm2 ) and a pulse width of 1 ns or less 

at the 1 ight-converg ing point. When mul tiphoton absorption 

5 is generated within the object to be processed with a very 

short pulse width, the energy caused by multiphoton 

absorption is not transformed into thermal energy, so that 

a permanent structural change such as ionic valence cJ1ange,
( 

crystallization, or polarization orientation is induced 

10	 wi thin the object, whereby a refracti ve index change region 

is formed. The upper limit of electric field intensity is 

1 x 10 12 (W/cm2 
), for example. The pulse width is prefer~bly 

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

The forming of a refractive index change region bymul ti'photon 

15	 absorption is described, for example, in "Formation of 

Photoinduced Structure within Glass by Femtosecond Laser 

Irradiation", Proceedings of 42th Laser Materials Processing 

Conference (November 1997), pp. 105-111 . 

.Specific examples of this embodiment will now be 

20 explained. 

[First Example] 

The laser processing method in accordance wi th a first 

example of the embodiment will be explained. Fig. 14 is a 

schematic diagram of a laser processing apparatus 100 usable 

25 in this method. The laser processing apparatus 100 comprises 

a laser light source 101 for generating laser light L; a 
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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 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  96
outputted from the imaging device 121, an overall controller  127 for controlling the laser processing
apparatus 100 as  a whole, and a monitor 129. According to the imaging data,  the imaging data
processor 125 calculates foal point data 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 imaging data processor 125 functions as an  
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laser light source controller 102 for controlling the laser 

light source 101 so as to regulate the output and pulse width 

of laser light L and the like; a dichroic mirror 103, arranged 

so as to change the orientation of the optical axis of laser 

light L by 90°, having a function of reflecting 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 

1en s 105; an X-axi s stage 109 for moving the mount ing 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 

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 I, thus becoming 

the direction of focal depth of laser light L incident on 

the obj ect 1. There fore, movi ng the Z-axi s sta ge 113 in the 

Z-axis direction can locate the light-converging point P 

of laser light L within the object 1. This movement of 

light-converging point P in X(Y) -axis direction is effected 

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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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  apparatus 100 as a whole. Thus, the overall controller 127  25 functions as a computer
unit. With reference to Figs. 14 and 15, the laser processing  L 97 method in accordance with a first
example of the embodiment  will now be explained. Fig. 15 is a flowchart for explaining  this laser
processing method. The object to be processed  1 is a silicon wafer. 5 First, a light absorption
characteristic of the object  I 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  a
wavelength to which the object 1 is transparent or exhibits 10 a low absorption is chosen (S101). Next,
the thickness of  the object 1 is measured. According to the result of  



is an example of moving means. 

The laser light source 101 is an Nd: YAG laser generating 

pulse laser light. Knovm as other kinds of laser usable as 

the laser light source 101 include Nd: YV0 4 laser, Nd: YLF laser, 

5	 and ti tanium sapphire laser. For forming a crack region or 

molten processed region, Nd:YAG laser, Nd:YV0 4 laser, and 

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

index change region, titanium sapphire laser is 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-converging means. The Z-axis stage 113 is 

an example of means for locating the light-converging point 

within the object to be processed. The light-converging 

point of laser light can be 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 

1 ight beam for i r radiat ing the obj ect to be processed 1 mounted 

on the mounting table 107; and a visible light beam spli tter 

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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measurement of thickness and the refractive index of the  object 1, the amount of movement of the
object I 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 I 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 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  98 121. Thus obtained imaging data is sent to the imaging
data  processor 125. According to the imaging data, the imaging  data processor 125 calculates such
focal point data that  the focal point of visible light from the observation light  5 source 117 is positioned
at the surface 3 (S107). The focal point data is sent to the stage controller  115. Accordingtothe
focalpointdata, the stage controller  115 moves the Z-axis stage 113 in the Z-axis direction (5109) .  As
a consequence, the focal point of visible light from the 10 observation light source 117 is positioned at
the surface  3. According to the imaging data, the imaging data processor  125 calculates enlarged
image data of the surface 3 of the  
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mlrror 103 is disposed between the beam splitter 119 and 

light-converging lens 105. The beam splitter 119 has a 

function of reflecting about a half of a visual light beam 

and tran~mitting the remaining half therethrough, and is 

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 generated by the observation light source 117 is 

re f lected by the beam spli t te r 119, and thus re f 1ected visible 

( light beam is transmitted through the dichroic mirror 103 

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 proces sing appara t us 100 fu rther compri ses 

an image pickup device 121 and an imaging lens 123 disposed 

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 CCO (charge-coupled 

device) camera. The reflected light of the visual light beam 

having illuminated the surface 3 including the line along 

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 imaging device 121, so as to yield imaging data. 

The laser processing apparatus 100 further comprises 

an imaging data processor 125 for inputting the imaging data 
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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 is generated from the laser light  source 101, so as to irradiate the line along which
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 P of  laser light is positioned within the object 1, a molten  processed region 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 cut 5, so as to form a molten  processed region along the line along which the
object is  intended to he cut 5 within the object 1 (5113) . Then, the  object 1 is bent along the line
along which the object is 10 intended to be cut 5, and thus is cut (5115). 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  
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outputted from the imaging device 12L an overall controller 

127 for controlling the laser processing apparatus 100 as 

a whole, and a monitor 129. According to the imaging data, 

the imaging data processor 125 calculates foal point data 

for locating the focal point of the visible light generated 

in the observation light source 117 onto the surface 3. 

According to the f oca 1 point data, the st age cont roll er 115 

controls the movement of the Z-axis stage 113, so that the 
( 

focal point of visible light is located on the surface 3. 

Hence, the imaging 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 

of proces sing, and then sent to the moni tor 129. As a 

consequence, an enlarged image or the like is displayed on 

the monitor 129. 

Data from the stage controller lIS, image data from 

the imaging data processor 125, and the like are fed into 

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 

apparatus 100 as a whole. Thus, the overall controller 127 

functions as a computer unit. 

With reference to Figs. 14 and 15, the laser processing 
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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 starting point can cut the object 1 with a relatively small  force. This can cut the object I
without generating  unnecessary fractures deviating from the line along which 5 the 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 multiphoton absorption in the object 1 while locating the  light-converging point P within
the object 1. Therefore,  the pulse laser-light L is transmitted through the object  1 without substantially
being absorbed at the surface 3 of  the object 1, whereby the surface 3 will not incur damages 
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method in accordance wi th a first example of the embodiment 

VJill now be explained. fig. 15 is a floltJchart for explaining 

this laser processing method. The object to be processed 

1 is a silicon wafer. 

First, a light 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 1 having 

a wavelength to which the object 1 is transparent or exhibits 

a low absorption is chosen (S101). Next, the thickness of 

the obj e ct 1 is mea sured. According to the result of 

measurement of thickness and the refractive index of the 

object I, the amount of movement of the object 1 in the Z-axis 

direct ion is determined (S 103). This is an amount of movement 

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 1 in order for the light-converging 

point P of la ser light L to be posi t i oned wi thin the obj ect 

1. This amount of movement is fed into the overall controller 

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 (S105). The illuminated surface 3 

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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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  101 devices such as piezoelectric wafers and glass substrates  formed with display
devices such as liquid crystals.  Therefore, the first example can improve the yield of products  (e.g.,
semiconductor chips, piezoelectric device chips, and 5 display devices such as liquid crystal) prepared
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 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 the
number of products prepared from a single object  to be processed 1, whereby the productivity of
products can  15 be improved. 
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121. Thus obtained imaging data is sent to the imaging data 

proces sor 125. Accord ing to the ima ging dat a, the imaging 

data processor 125 calculates such focal point data that 

the focal point of visible light from the observation light 

source 117 is positioned at the surface 3 (Sl07). 

The focal point data is sent to the stage controller 

115. According to the focal point data, the stage controller 

115moves the Z-axis stage 113 in the Z-axis direction (S109) . 

As a consequence, the focal point of visible light from the 

observation light source 117 is positioned at the surface 

3. According to the imaging data, the imaging data processor 

125 calculates enlarged image data of the surface 3 of the 

object including the line along which the object is intended 

to be cut 5. The enl arged image data is sent to the moni tor 

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 

to the stage controller 115. According to the movement 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 (S111). 

Next, laser light L is generated from the laser light 

source 101, so as to irradiate the line along which the object 
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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 laser beams emitted from  respective laser light sources 15, 17, 19
from different  directions while the light-converging point P is located 5 within the object 1. The
respective 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 C rear face 21 thereof. Since a plurality of laser light  10 sources are used, this makes it 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 ever,
without  a light-converging lens. Though the light-converging point  
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is intended to be cut 5 in the surface 3 of the object \r,lith 

the laser light L. Since the light-converging pointP of 

laser light is positioned within the object 1, a molten 

processed region is formed only within the object 1. 

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 (5113). Then, the 

( object 1 is bent along the line along which the object is 

intended to be cut 5, and thus is cut (Sl15). 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 

causing mul tiphoton 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 

modified region (e. g. , crack region, mol ten processed region, 

or refract i ve index change reg ion) is formed wi thin the obj ect 

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 

by breaking it with a relatively small force. Therefore, 

breaking the object 1 along the line along which the object 
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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-converging point P1)  This example can form a plurality of light-converging points 5 P1, P2,
... along the line along which the object is intended  to be cut 5, whereby the processing speed can be
improved.  Also, in this example, a plurality of rows of 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 second example of the embodiment will now be
explained.  This example is directed to a cutting method and cutting  apparatus for a light-transmitting
material. The i5 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  



is intended to be cut 5 while using a modified region as 

a sta rting point can cut the obj ect 1 with a re la t i ve 1y sma 11 

force. Th i s can cut the obj ect 1 wi thout gen er ating 

unnecessary fractures deviating from the line along which 

5 the 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 condi tion generating 

10 multiphoton absorption in the object 1 while locating the 

light-converging point P within the object 1. Therefore, 

the pulse laser-light L is transmitted through the object 

1 wi thout substantially being absorbed at the surface 3 of 

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

15 such as melting due to the forming of a modified region. 

As explained in the foregoing, the first example can 

cut the object 1 without generating unnecessary fractures 

( deviating from the line along which the object is intended 

to be cut 5 and mel t 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 

2 5 objects to be processed whose surface is formed wi th electrode 

patterns, and those whose surface is formed with electronic 
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of LiTaO3 is used as a light-transmitting material. The cutting apparatus in accordance with the second
20 example is constituted by the laser processing apparatus  100 shown in Fig. 14 and the apparatus
shown in Figs. 19  and 20. The apparatus shown in Figs. 19 and 20 will be  explained. The
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  chip 37 has a circuit section 39. The circuit section 39  is formed on the surface of
the piezoelectric device wafer  31 for each piezoelectric device chip 37, whereas a  predetermined gap
a (about 80 pm) is formed between adjacent 10 circuit sections 39. Fig. 20 shows a state where minute
crack  regions 9 as modified parts are formed within the  piezoelectric device wafer 31. Next, with
reference to Fig. 21, the method of cutting  a light-transmitting material in accordance with the second
15 example will be explained. First, a light absorption characteristic of the light-transmitting material
(piezoelectric device wafer 31 made of LiTaO3 in the second  example) to become a material to be cut
is determined (S201) .  
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devices such as piezoelectric wafers and glass substrates 

formed wi th display devices such as liquid crystals. 

Therefore, the first example can improve the yield of products 

(e. g . :.' semiconductor ch ips, piezoelect ric dev ice chips, and 

display devices such as liquid crystal) prepared 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 of the object 1 does not melt, 

the first example can decrease the width of the line along 

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 the number of products prepared from a single object 

to be processed 1, whereby the productivi t y of product scan 

be improved. 

Since laser light is used for cutting the object 1, 

the first example enables processing more complicated than 

that obtained by dicing wi th a diamond cut ter. For example,( 
even when the line along which the object is intended to 

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 al so a pl ura 1it Y 

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

17 is a schematic view for explaining the laser processing 

method in the first example of the embodiment in which a 

102
 

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 of the material to be cut is  measured,
the amount of displacement (amount of movement)  of the light-converging point of laser light L
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  so as to position the light-converging point of laser light  L within the
material to be cut according to the result of  measurement (5207). For example, in conformity to the
thickness and refractive index of the material to be cut, 15 the amount 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. As shown in Fig. 22, due to the difference between the  refractive index in the atmosphere
(e.g., air) surrounding  
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plurality of laser light sources are provided. Here, the 

object 1 is irradiated with three laser beams emitted from 

respective laser light sources 15, 17, 19 from different 

directions while the light-converging point P is located 

within the object 1. The respective 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 

c rear face 21 thereof. Since a plurality of laser light 

sources are used, this makes it possible for the 

light-converging point to have an electric field intensi ty 

with such a magnitude that multiphoton absorption occurs, 

even \"'hen laser light is continuous wave laser light having 

a power lower than that of pUlse laser light. For the same 

reason; multiphoton absorption can be generated even without 

a light-converging lens. Though the light-converging point 

P is formed by the three laser light sources 15, 17, 19, 

the present invention is not restricted thereto as long as 

a plurality of laser light sources exist therein. 

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 

light sources 23 aligning along the line along which the 

obj ect is intended to be cut 5. Among the array light source 

103 

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 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) (S209). After the  mounting of the material to be cut is completed, light
is  emitted from the observation light soi;rce 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-axis stage 113 so as to position the light-converging point
of laser light L onto the surface of the material to be cut  (5211). Here, the surface observation image
of 20 piezoelectric device wafer 31 obtained by the observation  
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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-converging point PI)' 

This example can form a plurali ty of light-converging points 

PI' P2, .,. along the line along which the object is intended 

to be cut 5, whereby the processing speed can be improved. 

Also, in this example, a plurality of rows of 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 

the object is intended to be cut 5. 

[Second Example] 

A second example of the embodiment will now be explained. 

This example is directed to a cutting method and cutting 

apparatus for a light-transmitting material. The 

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 ~m made 

of LiTa03 is used as a light-transmitting material. 

The cutting apparatus in accordance with the second 

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 \oJafer 

she~t 33, the face oh the side holding the piezoelectric 

device wafer 31 is made of an adhesive resin tape or the 

104 

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 light emitted from the  10 observation light source 117 is completed, the
light-converging point of laser light L is moved to a  light-converging point corresponding to the
thickness and  refractive index of the material to be cut (5213). Here,  the 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 amcunt  of displacement of the light-converging point of laser light
determined in conformity to the thickness and refractive  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  



like, and has an elasticity. The waf~r sheet 33 is set on 

a mounting table 107 while being held with a sample holder 

35. As shmvll 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 

chip 37 has a circuit section 39. The circuit section 39 

is formed on the surface of the piezoelectric device wafer 

31 for each piezoelectric device chip 37, whereas a 

c predetermined gap ex (about 80 jJm) is formed between adjacent 

10 circuit sections 39. Fig. 20 shows a state where minute crack 

regions 9 as modified parts are formed within the 

piezoelectric device wafer 31. 

Next, with reference to Fig. 21, the method of cutting 

a light-transmitting material in accordance with the second 

example wi 11 be expla ined. Fi r st, a li grJt absorption 

characteristic of the light-transmitting material 

(piezoelectric device wafer 31 made of LiTaOJ in the second 

( example) to become a material to be cut is determined (S201) . 

The light absorption characteristic can be measured by using 

20 a spectrophotometer or the 1i ke. Once the light absorption 

characteristic is determined, a laser light source 101 

generating laser light L having a wavelength to which the 

material tobe cut is transparent or exhibits a low absorption 

is chosen according to the resul t 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 

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 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 (80pmasmentioned
above) formed between adjacent circuit  sections 39. The above-mentioned desirable cutting pattern  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  L is irradiated while the state of irradiation of laser light  L is seen through
the monitor 129. Here, as shown in Fig. 22, the laser light L irradiating  20 the material to be cut is
converged by the light-converging  lens 105 by an angle at which the circuit sections 39 formed  on the
surface of the piezoelectric device wafer 31 the  
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This YAG laser has a pulse repetition frequency of 20 Hz, 

a pulse width of 6 ns, and a pulse energy of 300 pJ. The 

spot diameter of laser light L emitted from the YAG laser 

is about 20 ).Jm. 

Next, the thickness of thematerial tobe cut ismeasured 

(5205). Once the thickness of the material to be cut is 

measured, the amount of displacement (amount of movement) 

of the light-converging point of laser light L from the surface 
( 

(entrance face for laser light L) of the material to be cut 

in the optical axis direction of laser light L is determined 

so as to posi tion the light-converging point of laser light 

L within the material to be cut according to the result of 

mea su rement (5207). For example, in can f ormi ty to the 

thickness and refractive index of the material to be cut, 

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. 

As shown in Fig. 22, due to the dif ference between the 

refractive index in the atmosphere (e.g., air) surrounding 

the material to be cut and the refracti ve index of the material 

to be cut, the actual posi t ion of the 1 ight-converg i ng 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 

to be cut (piezoelectric device wafer 31). Namely, the 

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

106 

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 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 is  irradiated with laser light L such that
thelight -converging 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 its vicinity as shown in Figs. 24 and 25. The scanning  
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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 LU holds in the 

air. The amoun t of di splacement (amount of movement) of the 

light-converging point of laser light L is set in view of 

the above-mentioned relationship (betl.veen 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 

(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 li9ht. 

Then, according to the result of imaging at the image pickup 

device 121, focus adjustment is carried out by moving the 

Z-axis stage 113 so as to position the light-converging point 

of laser light L onto the surface of the material to be cut 

(5211). Here, the surface observation image of 

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 emi tted from the observation 

light source 117 forms a focal point on the surface 6f the 

material to be cut, and outputs thus determined position 

107 

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
intersecting 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 slowed down, so as to shorten the gap between the  crack regions 9, thereby
increasing the number of thus formed  crack regions 9 as shown in Fig. 26. The scanning speed of
laser light L or the moving speed of material to be cut may 15 further be slowed down, so that the
crack region 9 is  continuously formed in the scanning direction of laser light  L or the moving direction
of material to be cut 32, i.e., r the moving direction of the light-converging point of laser  light L as
shown in Fig. 27. Adjustment of the gap between  20 the crack regions 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  stage). Also,
throughput can be improved when the repetition 



to the stage controller 115. According to an output signal 

from the imaging data processor 125, the stage controller 

115 controls the Z-axi s stage 113 such that themoving position 

of the Z-axis stage 113 is located at a position for making 

5 the light emi tted from the observation light source 117 form 

a focal point on the material to be cut, i. e., for posi tioning 

the focal point of laser light L onto the surface of the 

material to be cut. 

After the focus adjustment of light emitted from the 

10 observation light source 117 is completed, the 

light-converging point of laser light L is moved to a 

light-converging point corresponding to the thickness and 

refractive index of the material to be cut (5213). Here, 

the 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 
'-. 

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 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 

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 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 C depicted) connected to the suction chuck 34, a pressure
needle  36 (pressing member), pressure needle driving means (nct  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 placed in  25 the cutting apparatus, the suction chuck 39 approaches
the  
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and refractive index of the material to be cut (S2lS). 

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, 

and the X-axis stage 109 and the Y-axis stage III are moved 

inconformitytoadesirablecuttingpattern (5217). As shown 

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

source 101 is converged by the light-converging lens 105 

( 
such that the light-converging point P is positioned within 

the piezoelectric device wafer 31 facing a predetermined 

gap (80]Jm as ment i oned above) formed between adj acent circui t 

sections 39. The above-mentioned desirable cutting pattern 

is set such that the gap formed between the adj acent circuit 

sections 39 in order to separate a plurality of piezoelectric 

device chips 37 from the piezoelectric device wafer 31 is 

irradiated with the laser light L, whereas the laser light 

L is irradiated while the state of irradiation of laser light 

( L is seen through the monitor 129. 

Here, as shown in Fig. 22, the laser light L irradiating 

the material to be cut is converged by the light-converging 

lens 105 by an angle at 'vJhich the circui t sections 39 formed 

on the surface of the piezoelectric device wafer 31 (the 

surface on which the laser light L is incident) are not 

irradiated wi th the laser light L. Converging the laser light 

L by an angle at which the circuit sections 39 are not 

irradiated wi th the laser light L can prevent the laser light 

109 

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 against the rear face of the wafer sheet 33, the  15 wafer sheet 33 deforms, while the
pressure needle 36 applies a stress to the piezoelectric device wafer 31 fromthe outside,  whereby a
stress is generated in the wafer part formed with  the crack regions 9, which grows the crack regions 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 cut at an end part of the piezoelectric device  chip 37 to be
isolated as shown in Fig. 31, whereby the  piezoelectric device chip 37 is isolated from. the
piezoelectric device wafer 31. The wafer sheet 33 has and 25 adhesiveness as mentioned above,
thereby being able to  prevent cut and separated piezoelectric device chips 37 from  
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L from en t e r in g the c i r cui t sec t ion s 39 and prot e c t the .c i r cui t 

sections 39 against the laser light L. 

When the laser light L emitted from the laser light 

source 101 is converged such that the light-converging point 

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 opt ical dielectric brea kdown, minute crack regions 
( 

9 are formed only at the light-converging point P within 

the piezoelectric device wafer 31 acting as a material to 

be cut and its vicinity. Here, the surface and rear face 

of the material to be cut (piezoelectric device wafer 31) 

will not be damaged. 

Now, with reference to Figs. 23 to 27, the forming of 

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 is( 
irradiated wi th laser light 1 such that the light-converging 

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 its vicini ty as shown in Figs. 24 and 2? The scanning 

of laser light 1 or movement of the material to be cut 32 

is regulated so as to move the light-converging point of 

laser light L in the longitudinal direction D of material 

110 

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 cut and separated  piezoelectric device chips 37 and piezoelectric device
wafer  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 he 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 he cut  25 can be cut. Thus, in the
second example, the light-converging lens  
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to be cut 32 intersecting the optical axis 6f laser light 

L. 

Since the laser light L is emitted from the laser light 

source 101 in a pulsating manner I a plurali ty of crack regions 

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 

of laser light 1 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 increasing the number of thus formed 

crack regi on s 9 a s shown in Fi g. 26. The scann ing speed of 

laser light 1 or the moving speed of material to be cut may 

further be slowed down, so that the crack region 9 is 

continuously formed in the scanning direction of laser light 

L or the moving direction of material to be cut 32, i.e., 

,...·the moving di rection of the light-converging point of laser( 
light L as shown in Fig. 27. Adjustment of the gap between 

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 1 and the moving 

speed of the material to be cut 32 (X-axis stage or Y-axis 

stage). Also, throughput can be improved when the repetition 

frequency of laser light 1 and the moving speed of material 

to be cut 32 are increased. 

111 

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 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 quite easily and appropriately. Also, a stress is generated within the material
to be  25 cut due to physical external force application, environmental  changes, and the like, so as to
grow the formed crack regions  115 
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Once the crack regions 9 are formed along the 

above-mentioned desi rabl e cut t ing pa t tern (S219), a st ress 

is generated due to physical external force application, 

environmental changes, and the like within the material to 

be cut, the pa rt formed wi th the c rac k reg ions 9 in pa It i cula r, 

so as to grow the crack regions 9 formed only within the 

material to be cut (the light-converging point and its 

vicinity), therebycuttingthematerial tobecut at aposition 

formed with the crack regions 9 (S221). 

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 

(pie zoe 1e c t ric devic e waf e r 31) form e d wit h the c r a c k reg ion s 

9 along the desirable cutting pattern is placed in a cutting 

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) connected to the suct ion chuck 34, a pres sure needle 

36 (pressing member), pressure needle driving means (not 

depict ed) for rnov ing the pressure needle 36, and the 1 i ke. 

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 placed in 

the cutting apparatus, the suction chuck 34 approaches the 

posi tion corresponding to the piezoelectric device chip 37 
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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 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 (piezoelectric
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 is  116 continuously formed along the moving direction of the  



to be isolated as s!1o"m in Fig. 28. A suction pump apparatus 

is actuated while in a state where the suction chuck 34 is 

located closer to or abu t saga in st the piezoel ect ri c dev ice 

chip 37 to be isolated, whereby the suction chuck 34 attracts 

the pi ezoelectr ic dev ice ch ip 37 (pie zoelectr ic de.v ice wa fer 

31) to be isolated as shown in Fig. 29. Once the suction 

chuck 34 attracts the piezoelectric device chip 37 

(piezoelectric device wafer 31) to be isolated, the pressure 

needle 36 is moved to the position corresponding to the 

10 piezoelectric device chip 37 to be isolated from the rear 

face of wafer sheet 33 (rear face of the surface held with 

the piezoelectric device wafer 31) as shown in Fig. 30. 

When the pressure needle 36 is further moved after 

abutting against the rear face of the wafer sheet 33, the 

15 wafer sheet 33 deforms, while the pressure needle 36 applies 

a stress to the piezoelectric device wafer 31 from the outside, 

where by a s t res sis gen era ted in the waf e r par t form e d wit h 

( the crack regions 9, which grows the crack regions 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 cut at an end part of the piezoelectric device 

chip 37 to be isolated as shown in Fig. 31, whereby the 

piezoelectric device chip 37 is isolated from the 

piezoelectric device wafer 31. The wafer sheet 33 has an 

25 adhesiveness as mentioned above, thereby being able to 

prevent cut and separated piezoelectric device chips 37 from 
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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
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, and
the like in the dicing caused  by diamond cutters will not occur. Also, since the forming  of d t (cra_ck
region 9) is realized by non-contact  to modified pa,._r processingg with the laser light L, the second
example can  cut the light-transmitting material along a cutting pattern  which cuts out the
light-transmitting material without  completely cutting the same. The present invention is not 20limited
totheabove-mentioned second example. For example,  the light-transmitting material maybe a
semiconductor 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  117 regions 9
are formed as a modified part upon irradiation  
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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. 

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 

ion air in the direction of arrows B in Fig. 32, whereby 

the piezoelectric device chip 37 isolated and at tracted 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 

place of the ion air cleaning, such that the cut and separated 

piezoelectric device chips 37 and piezoelectric device wafer 

31 are cleaned as dust and the like are aspirated. Known 

as a method of cutting the material to be cut due to 

environmental change sis one impart ing a tempera t ure change 

to the material to be cut having the crack regions 9 only 

therewi thin. 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 

can be cut. 

Thus, in the second example, the light-converging lens 
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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,  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 isolated piezoelectric device chip 37 maybe attracted 25 to
the suction chuck 34. Here, when the piezoelectric device  wafer 31 is cut by the pressure needle 36
after the  118 piezoelectric device wafer 31 is attracted to the suction  chuck 34, the surface of the cut
and isolated piezoelectric  



105 converges the laser light L emitted from the laser light 

sou rce 101 such tha tit slight -converging point is posi t ioned 

within the light-transmitting material (piezoelectric 

device wafer 31), whereby the energy densi ty of laser light 

5 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-converging point wi thin 

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 pos sibi 1 i ty of di cing damages, ch ipping, 

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-transmi tting material can be increased. As a resul t 

of these, the second example can cut the light -t ransmi t t ing 

material quite easily and appropriately. 

Also, a stress is generated within the material to be 

25 cut due to physical external force application, environmental 

changes, and the like, so as to grow the formed crack regions 
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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  out focus adjustment does
not damage the material to be cut. Characteristic features of the present invention will  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  119 light-transmitting material and its vicinity; and a cutting  step of
cutting the light-transmitting material at the  position of thus formed modified part. 



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 

( 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 

15 piezDelectric 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 facing the gap 

c formed between adjacent circuit sections 39, and forms the 

cr ack regions 9, whereby the piezoelectr ic device wa fer 31 

20 can reliabl y be cut at the posi tion of the gap formed between 

adjacent circuit sections 39. 

When the light-transmitting material (piezoelectric 

device wafer 31) is moved or laser light L is scanned so 

as to move the light-converging point in a direction 

25 intersecting the optical axis of laser light L, e. g., a 

di rection orthogonal thereto, the crack region 9 is 
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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, l5 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 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 25 light-transmitting material quite easily and appropriately.
Also, in the method of cutting a light-transmitting  120 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  



continuously formed along the moving direction of the 

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 

c necessary, whereby dry processing can be realized in the 

cutting step. 

10 In the second example, since the forming of a modified 

part (crack region 9) is realized by non-contact processing 

with the laser light L, problems of durability of blades, 

their replacement frequency, and the like in the dicing caused 

by diamond cut ters will not occur. Also, since the forming 

15 of a modified part (crock region 9) is realized by non-contact 

processing with the laser light L, the second example can 

cut the light-transmitting material along a cutting pattern 

which cuts out the light-transmitting material without 

completely cutting the same. The present invention is not 

20 limited to the above-mentioned second example. For example, 

the light-transmi tting material may be a semiconductor 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 opt i ca 1 absorpt ion cha ract erist ic of the 

light-transmitting material to be cut. Though the minute 
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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  l same. Preferably, the light-transmitting material is formed  20 with a plurality of
circuit sections, whereas laser light  is converged such that the light-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 can reliably be cut at the position of the gap formed  121 between adjacent
circuit sections.  Whenirradiatingthelight-transmittingmaterial with laser light in 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 irradiated with the laser light. 



regions 9 are formed as a modified part upon irradiation 

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 

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. 

, c: 
.1.-.1 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, 

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 i sola ted piezoelectri c device ch ip 37 may be attracted 

2S	 to the suction chuck 34. Here, when the piezoelectric device 

\'I1afer 31 is cut by the pressure needle 36 after the 

----------	 118 

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
point is  moved in a direction intersecting the optical axis of laser  light in the modified part forming step
as such, so as to  form the 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 cutting direction. The method of cutting a light-transmitting material  in accordance with
an aspect of the present invention  25 comprises a crack forming step of converging laser light emitted
from a laser light source such that its  122 light-converging point is positioned within the
light-transmitting material, so as to form a crack only at  the light-converging point within the
light-transmitting  material and its vicinity; and a cutting step of cutting 5 the light-transmitting material
at the position of thus  



piezoelectric device wafer 31 is attracted to the suction 

chu ck 34, t he sur face of t he cut and isolated pi ezoelectr i c 

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 

In this case, it isreflected light of laser light L. 

( 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 

lS ]::-e set to an energy level ImJer 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 invention will 

now be explained from the viewpoints of the second example. 

20 The method of cutting a light-transmitting material 

in accordance wi th 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 1S positioned within the 

25 light-transmitting material, so as to form a modified part 

only at the light-converging point within 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 Iigh`-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 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 controlled easily. Also, the dicing width can be madesmaller  than that
attained in the dicing with a diamond cutter, whereby  123 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  light-transmitting material quite easily and appropriately. 5 Also, in the method of cutting a
light-transmitting  material in accordance with this aspect of the present  



light-transmitting material and its vicinity; and a cutting 

step of cutting the light-transmitting material at the 

position of thus formed modified part. 

In the method of cutting a light-transmi tting material 

5 in accordance with this aspect of the present invention, 

the laser light is converged such tJlat 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 

ma teria 1 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, 

15 chippin'~i 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 modi f ied part, the di rect ional stabil i ty of cut t ing 

improves, so that cutting direction can be controlled easily. 

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, the present invention can cut the 

25 1 ight -t ransmi t t i ng mat er ia 1 qu i te eas i 1 Yand appropr iatel y. 

Also, in the method of cutting a light-transmitting 
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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 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  124 cut
the light-transmitting material at the position of the  formed crack. Preferably, in the cutting step, a
stress is applied  to the light-transmitting material by using a pressing 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 step by using a pressing member as  



10

5

15

20

25

material in accordance with this aspect of the present 

invention, dust-emitting powders hardly exist, so that no 

lubricating/cleaning "Jater for preventing the dust-emitting 

powders from flying away is necessary, whereby dry processing 

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 f ormi ng of a modi fied pa rt is rea I i zed by non-contact 

( 
process ing wi th la se r light, problems of durabi Ii ty of blade s, 

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 -t ra nsmi t t ing mat er ial in accordance wi th thi s aspect 

of the present invention can cut 'the light-transmitting 

ma ter i a 1 a long a cut ting pat t.ern which cuts out the 

light-transmitting material without completely cutting the 

same. 

Preferably! the light-transmitting material is formed 

with a plurality of circuit sections, whereas laser light 

is converged such that the light-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 

part. With such a configuration! the light-transmitting 

material can reliably be cut at the posi tion of the gap formed 
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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-ittinq 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  l 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  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  125 within
the light-transmitting material, whereby a modified  part is formed only at the light-converging point
within  the light-transmitting material anditsvicinity. Then, the  cutting means cuts 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.  



c 

between	 adjacent circuit sections. 

When irradiating the light-transmi tting material with 

laser light in 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 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 
( 

1 i ght in the modi f ied part forming step a s such can preven t 

10 the laser light from entering the circui t 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	 part continuously 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 

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 cutting direction. 

The method of cutting a light-transmitting material 

in accordance with an a spect of the present invent i on 

25 comprises a crack forming step of, converging laser light 

emitted from a laser light source such that its 

122 

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, 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. 126 In the apparatus for cutting a light-transmitting  material in
accordance with this aspect of the present  invention, since the modified part is formed by non-contact
processing with laser light, problems of durability of blades, 5 their replacement frequency, and the like
in the dicing caused  by diamond cutters will 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 cutting a light-transmitting 



light-converging point is positioned within the 

light-transmitting material, so as to form a crack only at 

the light-converging point within the light-transmitting 

material and its vicinity; and a cutting step of cutting 

5 the light-transmitting material at the position of thus 

formed crack. 

In the method of cutting a light-transmitting material 

c in accordance with this aspect of the present invention, 

laser light is converged such that the light-converging 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 

lS 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 

sma 11, whereby the possibili ty 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 posi tion 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 controlled eas i ly. Al so I the dicing width can be made smaller 

than that attained in the dicing wi th a diamond cutter, whereby 
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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  l5 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 cutting a light-transmitting  material in accordance with this aspect of the present  127
invention, the optical device converges laser light such  that the light-converging point of laser light is
positioned  within the light-transmitting material, so that the energy  density of laser light at the
light-converging point exceeds 5 a threshold of optical damage or optical dielectric breakdown  of
thelight-transmittingmaterial, whereby a crack is formed  only at the light-converging point within the
light-transmitting material and its vicinity. Then, the  cuttingmeans cutsthe light-transmitting material by
growing 10 the crack farmed only at the light-converging point within  



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 

light-transmi tting material quite easily and appropriately. 

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-emi tting 

( powders from flying away is necessary, whereby dry processing 

10 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 crack is realized by non-contact 

processing wi th laser light, problems of durabili ty of blades, 

1.5 their replacement frequency, and the like in the dicing caused 

by di amond cut ters wi 11 not occur. A~ so, since the f ormi ng 

of a crack is realized by non-contact processing with the 

c 1 a ser 1ight, the met hod of cut ting a light -tra nsmi tting 

material in accordance with this aspect of the present 

20 invention can cut the light-transmitting material along a 

cutting pattern which cuts out the light-transmitting 

material without completely cutting the same. 

Preferably, in the cutting step, the 

light-transmitting material is cut by growing the formed 

25 crack. Cutting the light-transmitting material by growing 

the formed crack in the cutting step as such can reliably 
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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 present invention can cut the  light-transmitting material quite easily and appropriately.
128 FPO1-0144-00  Also, in the apparatus for cutting alight-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 5 powders from f lying away is necessary, whereby
dryprocessing  can be realized in the cutting step. In the apparatus for cutting a light-transmitting
material in accordance with this aspect of the present  l invention, since the crack is formed by
non-contact  
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cut the light-transmitting material at the position of the 

formed cr.ack. 

Preferably, in the cutting step, a stress is applied 

to the light -t ransmi t t ing rna ter ia 1 by U5 ing a pre 5 5 ing member, 

50 as to grow a crack, thereby cutting the light-transmitting 

material. When a stress is applied to the light-transmi tting 

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 

material can further reliably be cut at the posi tion 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 

the light-transmitting material; an optical device for 

converging the la ser 1 i ght emi t ted from the laser 1 ight 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 

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 

material in accordance with this aspect of the present 

invention, the optical device converges laser light such 

that the light-converging point of laser light is posi tioned 

----------- l25 

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-transmitting material can further reliably be cut at  129 the position of the crack
formed. Preferably, the light-transmitting material is one  whose surface is formed with a plurality of
circuit sections,  whereas the optical 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 a  configuration, the light-transmitting material can reliably  be cut at the
position of the gap formed between adjacent  10 circuit sections. 
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YJithin the light-transmitting material, whereby a modified 

part is formed only at the light-converging point within 

the light-transmitting material and its vicinity. Then, the 

cutting means cuts the light-transmitting material at the 

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, 

whereas the possibili ty of dicing damages, chipping, cracks 

on the rna ter ia 1 surf ace, and the 1 i ke occurr ing a Iso 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 

cant rolled eas ily. Also, the dicing width can be made smaller 

than that attained in the dicing wi th a diamond cut ter, 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 

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, dust-emitting powders hardly exist, so that no 

lubricating/cleaning water for preventing the dust-emi tting 

powders from f lying away is necessary, whereby dry processing 

can be realized in the cutting step. 
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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-converging  point, so that the directional stability of cutting further  130 improves,
whereby the direction of cutting can be controlled  further easily. [Third Example] A third example of
this embodiment will be explained.  5 In the third example and a fourth example which will be
explained later, an object to be processed is irradiated  with laser light such that the direction of linear
polarization of linearly polarized laser 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 consequence, in the  
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In the apparatus for cutting a light-transmitting 

material in accordance with this aspect of the present 

invention, since the modified part is formed by non-contact 

proces sing wi t h laser light, probl ems of durabi lit y 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 modified part is formed by 

non-contact processing with the laser light as mentioned 

( 
above, the apparatus for 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. 

The apparatus for cutting a light-transmitting 

material in accordance vJi th 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 

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. 

In the apparatus for cutting a light-transmitting 

material in accordance with this aspect of the present 
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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  25 10.11 cm` Oscillation mode: Q-switch pulse  131 Repetition frequency: 100 kHz  Pulse
width: 30 ns Output: output < l mi/pulse  Laser light quality: TEN()o 5 Polarization characteristic: linear
polarization (C) Light-converging lens  Magnification: xS0  NA: 0.55 10 Transmittance with respect to
laser light  wavelength: 60% (D) Moving speed of a mounting table mounting the  



invention, the optical device converges laser light such 

that the light-converging point of laser light ispositioned 

within the light-transmitting material, so that the energy 

density of laser light at the light-converging point exceeds 

5 a threshold of optical damage or optical dielectric breakdown 

of the light-transmitting material, whereby a crack is formed 

only at the light-converging point within the 

light-transmitting material and its vicinity. Then, the 
( 

cutting means cuts the light-transmi tting material by growing 

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 

IS 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 

( ve ry low. Since the 1 ight- tran smi t ting mate rial 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 present invention can cut the 

light-transmi tting material qui te easily and appropriately. 
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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 35 is a
view schematically showing a cross section of Sample  1 shown in Fig. 33 taken along the line
XXXV-XXXV. Fig. 36  is a view schematically showing a cross section of Sample  1 shown in Fig. 34
taken along the line XXXVI-XXXVI . A crack 5 spot 90 is formed within a glass wafer 211 which is the
object  to be processed. In the case where pulse laser light is 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 direction
aligning with the direction of linear polarization.  This indicates that the forming of the crack spot 90 is
accelerated in this direction. When the pulse laser light  is circularly polarized light, by contrast, the
size of the  
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Also, in the apparatus for cutting a light-transmi tting 

material in accordance with this aspect of the present 

invention, dust-emitting powders hardly exist, so that no 

1 ubr ica t i ng / cleaning wa t er for prevent i ng the dust-emi t t ing 

powders from flying away is necessary, 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 

proces si ng wi th la ser light, problems of durabi li ty 0 f blades, 

their replacement frequency, and the 1 i ke in the dicing caused 

by diamond cutters will not occur as in the conventional 

techniques. Also, since the crack is formed by non-contact 

proces sing with the la ser light as menti oned above, the method 

of cutting a lig]it-transmitting material in accordance with 

this aspect of the present invention can cut the 

light-transmitting material along a cutting pattern which 

cut s out the 1 i ght-t r ansmi t t ing mater i a 1 without completely 

cutting the same. 

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 

the pressing member, so as to grow a crack, whereby the 

light-transmitting material can further reliably be cut at 
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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 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  133 which the object is intended to be cut 5 is formed.
Fig.  37 shows the crack region 9 formed upon irradiation with  pulse laser light such that the direction
of linear  polarization of pulse laser light aligns 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
crack region 9 extending along the line along which the object 10 is intended to be cut 5 can be formed
by a smaller number  of shots. On the other hand, Fig. 38 shows the crack region  9 formed upon
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 
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the position of the crack formed. 

Preferably, the light-transmitting material is one 

whose surface is formed with a plurality of circuit sections, 

whereas the optical device converges the laser light such 

that the light-converging point is positioned within the 

light-transmitting material part facing the gap formed 

between adjacent circuit sections. Wi th such a 

configuration, the light-transmitting material can reliably 
(
'- be cut at the position of the gap formed between adjacent 

circuit sections. 

Preferably, the optical device converges laser light 

by an angle at which the circuit sections are not irradiated 

wi th the laser light. When the optical device converges the 

laser light by an angle at which the circuit sections are 

not irradiated with the laser light as such, it can prevent 

the laser light from entering the circui t sections and protect 

the circuit sections against the laser light. 

Preferably, 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. 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 

be formed along the moving direction of the light-converging 

point, so that the directional stability of cutting further 
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l5 to be cut 5. Since the size of crack spot 90 in the directicn  of the line along which the object is
intended to be cut  5 is relatively small, the numberof 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 direction of the line  along which the object is intended 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 formed at the shot does not  extend much in directions other than the
direction aligning  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 he processed can be cut
precisely. Though making the size in a predetermined direction  relatively large among the sizes of a
modified region has  15 been explained in the case of linear polarization, the same 



improves, \.;hereby the direction of cutting can be controlled 

further easily. 

[Third Example] 

A third example of this embodiment "Jill be explained. 

5	 In the third example and a fourth example which will be 

explained later, an object to be processed is irradiated 

with laser light such that the direction of linear 

polarization of linearly polarized laser 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 obj ect to be processed. As a consequence, in the 

modified spot formed with a single pulse of shot (i.e., a 

single pulse of laser irradiation), the size in the direction 

extending along the line along which the object is intended 

15	 to be cut 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: 

c	 (A) Obj ect to be processed: Pyrex glass wafer (having 

a thickness of 700 ~m and an outer diametei of 4 inches) 

20 (8) Laser 

Light source: semiconductor laser pumping 

Nd:YAG laser 

Wavelength: 1064 nm 

Laser light spot cross-sectional area: 3.14 x 

Oscillation mode: Q-switch pulse 
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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
b becomes greater. Linearly polarized light 5 is elliptically polarized light with an ellipticity of zero.
Circularly polarized light is obtained when the ellipticity  is 1, which cannot make the size of the crack
region relatively  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 15 -egionsaswell. Also, though pulse
laser light isexplained,  the same holds in continuous wave laser light as well. The  
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Repetition frequency: 100 kHz 

Pulse width: 30 ns 

Output: output < 1 mJ/pulse 

Laser light quality: TElvJoo 

Polarization characteristic: linear 

polarization 

(C)	 Light-converging lens 

Magnification: x50
( 

NA: O. 55 

Transmi t tance with respect to laser light 

wavelength: 60% 

(D) Moving speed of a mounting table mounting the 

object to be processed: 100 mm/sec 

Each of Sampl e s 1, 2, which wa san obj ect to be processed, 

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 

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 

laser light. Letters LP and CP schematically indicate linear 

polarization and circular polarization, respectively. Fig. 
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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 angle of direction 0. Namely, when light with  linear polarization LP is
made incident on the quarter wave 10 plate 207, the transmitted light attains elliptical  polarization EP
with a predetermined ellipticity. Theangle  of direction is 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 regulator 201 can make the polarization of  laser light L become
elliptically polarized light EP having  a desirable ellipticity. The ellipticity is adjusted in view  



35 is a view schematically showing a cross section of Sample 

1 shown in Fig. 33 taken along the line XXXV-XXXV. Fig. 36 

is a view schematically showing a cross section of Sample 

1 shown in Fig. 34 taken along the line XXXVI-XXXVI. A crack 

5 spot 90 is formed within a glass wafe.r 211 which is the object 

to be processed. 

In the case where pulse laser light is linearly 

c 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 di rect i on aligning with the di rect ion of 1 inea r pol ari zation. 

This indicates that the forming of the crack spot 90 is 

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 

15 greater in any speci f i c di reet ion a s 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. 

( 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 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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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
quarter 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 polarized incident light.
Namely, when linearly  polarized light LP1 with an angle of direction of 45 is 10 incident on the half
wave plate 205, for example, transmitted  light becomes linearly polarized light LP2 rotated by 90  with
respect to the incident light LP1. When rotating the  polarization of laser light L emitted from the
ellipticity  regulator 201 by 90, the 90 rotation regulator 203 operates 15 sc as rn place the half wave
plate 205 onto the optical axis  of laser light L. When not rotating the polarization of laser  light L
emitted from the ellipticity regulator 201, the 90 C rotation regulator 203 operates so as to place the
half wave  
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which the object is intended to be cut 5 is formed. Fig. 

37 shows the crack region 9 formed upon irradiation with 

pulse laser light such that the direction of linear 

polarization of pulse laser light aligns with the line along 

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 
( 

crack region 9 extending along the line along which the object 

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 

to be cut 5. Since the size of crack spot 90 in the direction 

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

5 is relatively small, the number of shots required for forming 

( the crack region 9 becomes greater than that in the case 

of Fig. 37. Therefore, the method of forming a crack region 

ina ccordance wi th thi s 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 

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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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. 43 is a flowchart for explaining  this laser processing method. The object to 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. The ellipticity regulator 201 adjusts the ellipticity  of laser light L having linear
polarization LF emitted from  the laser light source 101 (3121) . The laser light L having 15 --------- 1
polarization EP with a desirable ellipticity can  be obtained when the angle of direction 9 of the quarter
wave plate is changed in the ellipticity regulator 201. First, for processing the object to he processed 1
along  the Y-axis direction, the major axis of an ellipse indicative  
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shot is accelerated in the width direction of the iine along 

which the object is intended to be cut 5. Therefore, when 

the crack spot 90 extends in the width direction of the line 

along which the object is intended to be cut 5 too much, 

the object 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 

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

5 in the method in accordarice 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 modified region has 

been explained in the case of linear polarization, the same 

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 

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 

the object is intended to be cut in the object to bepro~essed, 

effects similar to those in the case of linear polarization 
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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 to 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 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 irradiated with the laser light L such that the
major  axis indicative of the ellipse of elliptical polarization  EP of laser light extends along the
rightmost line along  which the object is intended to be cut 5 in the object 1. 15 Since the
light-converging point P of laser light L is  positioned within the object 1, molten processed regions  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 cut 5; so as to form a molten processed region within 20 the object to be processed
1 along the line along which the  
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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 b becomes greater. Linearly polarized light 

5 is elliptically polarized light with an ellipticity of zero. 

Circularly polarized light is obtained when the ellipticity 

is 1, which cannot make the size of the crack region relatively 

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 

15	 regions as well. Also, though pulse laser light is explained, 

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

foregoing also hold in a fourth example which will be explained 

( later. 

The laser processing apparatus in accordance with the 

2 a th i rd exampl e of thi s embodiment wi 11 now be explained. Fig. 

4a is a schema tic di agram of th isla ser proce s sing appa ratus . 

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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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 objectIs 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 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). 15 SubseauentIv, the laser light 101 generates
laser light  L, whereas the line along which the object is intended to  be cut extending in the X-axis
direction of the surface 3  of the object 1 is irradiated with the laser light L. Fig.  46 is a plan view of the
object 1. The object 1 is irradiated 20 with the laser light L such that the direction of the major  axis of
an ellipse indicative of the elliptical polarization  
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of polarization of laser light L emitted from a laser light 

source 101, and a 90 0 rotation regulator 203 for adjusting 

the rotation of polarization of the laser light L emitted 

from the ellipticity regulator 201 by about 90°. 

The ellipticity regulator 201 includes a quarter \-lave 

plate 207 shown in Fig. 41. The quarter wave plate 207 can 

adjust the ellipticity of elliptically polarized light by 

changing the angle of direct i on e. Namel y, when light with 
( 

linear polari zation LP is made incident on the quarter wave 

plate 207, the transmitted light attains elliptical 

pol ar i zation EP wi th a predetermined ell ipti ci t y. The angle 

of direction is 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 elliptici t yin th is embodiment. 

The ellipticity regulator 201 can make the polarization of 

laser light L become elliptically polarized light EP having 

a desirable ellipticity. The elliptici ty is adjusted in view 

( of the thickness and material of the object to be processed 

1, and the like. 

When irradiating the obj ect to be processed 1 wi th laser 

light L having linear polarization LP, the laser light L 

emi t ted from the la ser light source 101 is linear1 y pol ar ized 

light LP, whereby the ellipticity regulator 201 adjusts the 

angle of direction e of the quarter wave plate 207 such that 

the laser light L passes through the quarter wave plate while 

being the linearly polarized ligllt LP. Also, the laser light 
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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 this,  respective molten processed
regions are formed within the  object 1 along the individual lines to be cut successively  from the lower
side (S13l). Fig. 97 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 the lines to be cut  5, whereby the object 1 is
cut (5133) . This divides the object  1 into silicon chips. Effects of the third example will be explained.
20 According to the third example, the object 1 is irradiated  with pulse laser light L such that the
direction of the major  axis of an ellipse indicative of the elliptical polarization  
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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. 

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 

c 
polarized light LP 1 with an angle of direction of 45° is 

incident on the half wave plate 205, for example, transmitted 

light becomes linearly polarized light LP2 rotated by 90° 

with respect to the incident light LPI. When rotating the 

polarization of laser light L emitted from the ellipticity 

regulator 201 by 90 0, the 90 ° rotation regulator 203 operates 

so a s to pI a ce the ha I f wave plate 205 onto the optical axis 

of laser light L. W,hen not rotating the polarization of laser 

light L emitted from the ellipticity regulator 201, the 90° 

c rotation regulator 203 operates so as to place the half wave 

plate 205 outside the optical path. of laser light L (i.e., 

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 

and that the direction of optical axis of 'laser light L is 

changed by 90 0. The laser processing apparatus 200 comprises 
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EP of pulse laser light L extends along the lines to be cut  5 as shown in Figs. 44 and 96. As a
consequence, 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 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 15 processing apparatus 300. those identical to constituents of the
laser processing apparatus 200 in accordance with  the third example shown in Fig. 40 will be referred
to with  numerals identical thereto without repeating their  overlapping explanations. 20 The laser
processing apparatus 300 is not equipped with  the 90 rotation regulator 203 of the third example. A
0-axis  stage 213 can rotate the X-Y plane of a mounting table 107  about the thickness direction of the
object to be processed  
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a 8-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 

of stage 213. 

Wi th reference to Figs. 40 and 43, the laser processing 

method in accordance wi th the third example of thi s embodiment 

will now be explained. Fig. 43 is a flowchart for explaining 

this laser processing method. The object to be processed 

1 is a silicon wafer. Steps S101 to SIll are the same as 

those of the first example shown in Fig. 15. 

The ellipticity regulator 201 adjusts the ellipticity 

of laser light L having linear polarization LP emi tted from 

the laser light source 101 (5121). The laser light L having 

elliptical polarization EP with a desirable ellipticity can 

be obtained when the angle of direction 8 of the quarter 

wave plat~ is changed in the ellipticity regulator 201. 

First, for processing the object to be processed 1 along 

the Y-axis direction, the major axis of an ellipse indicative 

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 to be processed 1 (S123). This is 

achieved by rotating the 8-axis stage 213. Therefore, the 

8-axis stage 213 functions as major axis adjusting means 

or linear polarization adjusting means. 
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1. This makes the polarization of laser light L emitted from 25 the ellipticity regulator 201 relatively
rotate by 90.  The laser processing method in accordance with the  143 fourth example of this
embodiment will be explained.  Operations of step 5101 to step 5123 in the laser processing  method
in accordance with the third example shown in Fig.  43 are carried out in the fourth example as well.
The 5 operation of subsequent step S125 is not carried out, since  the fourth example is not equipped
with the 90 rotation  regulator 203. After step 5123, the operaticn of step 5127 is carried  out. The
operations carried out so far process the object  10 1 as shown in Fig. 44 in a manner similar to that in
the third example. Thereafter, the stage controller 115  regulates the 9-axis stage 213 so as to rotate it
by 90.  The rotation of the 9-axis stage 213 rotates the object 1  by 90 in the X-Y plane. Consequently,
as shown in Fig. 49, 15 the major axis of elliptical polarization EP can be caused  to align with a line
along which the object is intended to  be cut intersecting the line along which the object is intended C
to be cut 5 having already completed the modified region  forming step. 20 Then, like step 5127, the
object 1 is irradiated with  the laser light, whereby molten processed regions are formed  within the
object to he 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  
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for processing the object 1 along the Y-a>;is direction, 

the 90° rotation regulator 203 carries out adjustment which 

does not rotate the polarization of laser light L (5125). 

Namely, it operates so as to place the half wave plate to 

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 wi th the laser 

light L. Fig. LJLJ is a plan view of the object 1. The object 

1 is irradiated with the laser light L such that the major 

axis indicative of the ellipse of elliptical polarization 

EP of laser light extends along the rightmost line along 

which the object is intended to be cut 5 in the object 1. 

Since the light-converging point P of laser light L is 

positioned within the object 1, molten processed regions 

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 cut 5, so as to form a mol ten processed region wi thin 

the object to be processed 1 along the line along which the 

object is intended to be cut 5. 

Then, the X-axis stage 109 is 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 

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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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 controlled by regulating the magnitude of power of pulse laser light and the size of
numerical aperture of an optical system including a  C light-converging lens. The modified spot refers
to a modified part formed by a single pulse shot of pulse laser  20 light (i.e., one pulse laser
irradiation), whereas an  assembly of modified spots forms a modified region. The  necessity to control
the sizes of modified spots will be  explained with respect to crack spots by way of example. When a
crack spot is too large, the accuracy of cutting  25 an object to be cut along a line along which the
object is  
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similar to that mentioned above. By repeating this, a mol ten 

processed region is formed within the object 1 alo~g the 

lines to be cut 5 successively from the right side (S127). 

Fig. 45 shows the case where the object 1 is irradiated with 

the laser light L having linear polarization. Namely, the 

object 1 is irradiatedwi th laser light 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. 

Next, the 90 0 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 0 (S219). 

Subsequently, the laser light 101 generates laser light 

L, whereas the line along which the object is intended to 

be cut extending in the X-axis direction of the surface 3 

(	 of the object 1 is irradiated with the laser light L. Fig. 

46 is a plan view of the object 1. The object 1 is irradiated 

wi th the laser light L such that the direction of the major 

axis of an ellipse indicative of the elliptical polarization 

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 

direct ion of the object 1. Since the light-converging point 

P of laser light L is posi tioned wi thin the obj ect 1, mol ten 

processed regions are formed only within the object 1. The 
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intended to be cut decreases, and the flatness of the cross  245 section deteriorates. This willbe
expIained 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-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, 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 cutting the object 1  along the line along which the object is intended to be cut 15 5
becomes lower. Also, irregularities of cross sections 43  in the object 1 become so large that the
flatness of the  cross section 43 deteriorates. When crack spots 90 are formed  relatively small (e.g.,
20 pm 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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X-axis stage 109 is moved along the line along which the 

obj ect is intended to be cut 5, so as to form a mol ten processed 

region within the object 1 extending along the line along 

which the object is intended to be cut 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 1, whereby 

a molten processed region is formed within the object 1 along 

the line along which the object is intended to be cut 5 in 

a manner similar to that mentioned above. By repeating this, 

respective molten processed regions are formed within the 

object 1 along the individual lines to be cut successively 

from the lower side (5131). Fig. 47 shows the case where 

the object 1 is irradiated with the laser light 1 having 

linear polarization LP. 

Then, the object 1 is bent along the lines to be cut 

5, whereby the obj ect 1 is cut (5133). This di vide s the obj ect 

( 1 into silicon chips. 

Effects of the third example will be explained. 

According to the third example, the object 1 is irradiated 

wi th pulse laser light L such that the direc:tion of the major 

axis of an ellipse indicative of the elliptical polarization 

EP of pulse laser light 1 extends along the lines to be cut 

5 as shown in figs. 44 and 46. As a consequence, the size 

of crack spots in the direction of lines to be cut 5 becomes 

relatively large, wherebycrackregionsextendingalonglines 
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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 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  be regulated so as tobecome smaller
(greater) as the numerical 20 aperture of a light-converging lens is greater (smaller).  Also, even when
the numerical aperture of the  light-converging lens is the same, sizes of crack spots can  be regulated
so as to become smaller and larger when the  laser light power (peak power density) is made lower
and  25 higher, respectively. Therefore, as can be seen from the graph shown in Fig.  
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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 

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 obj ect is intended to be cut 5. These resul ts are similar 
( 

to those of the fourth example which will be explained later. 

[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 

appara t us 300. Among the cons tit uents of the 1a ser 

processlng apparatus 300, those identical to constituents 

of the laser processing apparatus 200 in accordance with 

the third example shown in Fig. 40 will be referred to with 

numerals identical thereto without repeating their 

overlapping explanations. 

The laser processing apparatus 300 is not equipped wi th 

the 90 0 rot a t ion regula tor 203 of the thi rd example. A 8-axi s 

stage 213 can rotate the X-Y plane of a mounting table 107 

about the thickness direction of the object to be processed 

1. This makes the polarization of laser light L emi tted from 

the ellipticity regulator 201 relatively rotate by 90 0 
• 

The laser processing method in accordance with the 
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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 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 light L is 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 view of a crack. spot 90 formed due to the multiphoton  absorption
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 thickness direction of the object 1, whereas the  148 
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fourth example of this embodiment will be explained. 

Operations of step SIal to step S123 in the laser processing 

method in accordance with the third example shown in Fig. 

43 are carried out in the fourth example as well. The 

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 

( 

c 

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. Thereafter, 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. Consequently, as shown in Fig. 49, 

the major axis of elliptical polarization EP can be caused 

to align with a line along which the object is intended to 

be cut intersecting the line along which the obj ect is intended 

to be cut 5 having already completed the modified region 

forming step. 

Then, like step S127, the object 1 is irradiated with 

the laser light, 'vI,hereby mol ten processed regions are formed 

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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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 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 is a sectional view of a crack spot 90 formed
due to the  multiphoton absorption caused by irradiation with the laser  C light L. As can be seen when
Figs. 59 and 63 are compared  20 with each other, in the case where the numerical aperture  of the
light-converging lens is the same, the sizes of height  h and width w of crack spot 90 can be regulated
so as to  become smaller (greater) when the laser light power is made  lower (higher). 25 The example
shown in Fig. 64 is a sectional view of  an object to be processed 1 within which pulse laser light  149 



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 \'Jith 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 

c 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 controlled by regulating the 

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 pulse laser 

20 light (i .e., one pulse laser irradiation), whereas an 

assembly of modified spots forms a modified region. The 

necessity to control the sizes of modified spots will be 

explained with respect to crack spots by way of example. 

When a crack spot is too large, the accuracy of cutting 

25 an object to be cut along a line along which the object is 

intended to be cut decreases, and the flatness of the cross 

145
 

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 utilized, this embodiment achieves  a high convergence of laser light and can
converge light  up to about the wavelength of laser light. As a consequence,  the beam profile of this
laser 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. 150 As in the foregoing, this embodiment can
control sizes  



5

10

15

20

25

c 

section deteriorates. This "Jill be explained wi tll 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 

accordance with this embodiment. Fig. 51 is a sectional view 

t a ken a long LI - LI on the 1ine along wh i ch the obj ect is intended 

to be cut 5 in Fig. 50. Figs. 52, 53, and 54 are sectional 

views taken along lines LIl-LII, LIII-LIlI, and LIV-LIV 

orthogonal to the line along which the object is intended 

to be cut 5 in Fig. 50, respectively. As can be seen from 

these drawings, the deviat ion in sizes of cra ck spots 9 becomes 

greater when the crack spots 90 are too large. Therefore, 

as shown in Fig. 55, the accuracy of cutting the object 1 

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

.5 becomes lower . Also, irregulari ties of cross sections 43 

in the object 1 become so large that the flatness of the 

cross sect i on 43 det eri orates. When crack spot s 90 are formed 

relatively small (e.g., 20 ~m or less) by using the laser 

processing apparatus in accordance with this embodiment, 

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 

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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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 directions easy and hard to cut due to the crystal  orientation of the object,
for example. When cutting such  an object, the size of crack spots 90 formed in the easy-to-cut
direction is made greater as shown in Figs. 56 and 57, for 20 example. When the direction of 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 hard-to-cut direction,  on the other hand, the size of crack spots 90 formed in this
direction is made greater as shown in Figs. 57 and 66. Here, 25 Fig. 66 is a sectional view of the
object 1 shown in Fig.  57 taken along LXVI-LXVI. Hence, a flat cross section can  151 be obtained in
the easy-to-cut direction, while cutting is  possible in the hard-to-cut direction as well. 
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\JJhen 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 be carried 

out. If crack spots are extremely small with respect to an 

object to be processed having a large thickness, however, 

the object will be 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 

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 

magnification of x50 and an NA of 0.55. The peak power densi ty 

is proport ional to the ene rgy of laser light per pu 1 se, i. e. , 

the pO\.ver of pulse laser light, as e>:plained above, ItJhereby 

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 

be regulated so as tobecome smaller (greater) as the numerical 

aperture of a light-converging lens is greater (smaller). 

Also, even when the numerical aperture of the 

light-converging lens is the same, sizes of crack spots can 

be regulated so as to become smaller and larger when the 

laser light power (peak power density) is made lower and 

higher, respectively. 

Therefore, as can be seen from the graph shown In Fig. 
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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 Fig. 14. The laser processing apparatus 400 comprises a power  regulator 401
for adjusting the power of laser light L emitted  20 from a laser light source 101. The power regulator
401 comprises, for example, a plurality of ND (neutral density)  filters, and a mechanism for moving the
individual ND filters  to positions perpendicular 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  152 of energy. A plurality of ND filters have respective
extinction factors different from each other. By using one li of a plurality of ND filters or combining
some of them, the  
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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 pOvJer is made lower. 

On the contrary, sizes of crack spots can be regulated so 

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. 

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 

absorption or higher by this laser irradiation. Fig. 59 is 

a sectional view of a crack spot 90 formed due to the 

mul tiphoton absorption caused by irradiation wi th 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 

which pulse laser light L is 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 view of a crac k spot 90 formed due to the mul t iphoton 

absorption caused by irradiation with the laser light L. 

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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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 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 laser light L emitted from the laser light source 101.  Therefore, the
power of laser light L can be adjusted by 25 at least one of the power regulator 401 and laser light
source  controller 102. If the size of a modified region can attain  153 a desirable value due to the
adjustment of power of laser  light L by the laser light source controller 102 alone, the  power regulator
401 is unnecessary. The power adjustment  explained in the foregoing is effected when an operator of 
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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 

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 

(. so as to become smaller (greater) when the numerical aperture 

of a light-converging lens is made greater (smaller). 

The example shown in Fig. 62 is a sectional view of 

an object to be processed 1 within which pulse laser light 

L having a power lower than that in the example shown in 

Fig. 58 is converged. In the example shown in Fig. 62, since 

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 is a sectional view of a crack spot 90 formed due to the 

mul tiphoton absorption caused by irradiation with the laser( 
light L. As can be seen when Figs. 59 and 63 are compared 

with each other, in the case where the numerical aperture 

of the light-converging lens is the same, the sizes of height 

h and width w of crack spot 90 can be regulated so as to 

become smaller (greater) when the laser light power is made 

lower (higher). 

The example shown in Fig. 64 is a sectional Vlew of 

an object to be processed 1 within which pulse laser light 
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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 apertures of 20 respective optical systems including the light-converging  lenses 105a,
2O5b, 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 causinga desirable light
-converginglens 25 among the light-converging lenses 105a, 105b, 105c to be  placed onto the optical
axis of laser light L. Namely, the  154 lens selecting mechanism 403 is of revolver type. The number of
light-converging lenses attached to the  lens selecting mechanism 403 is not restricted to 3 but may
be other numbers. When the operator of the laser processing 5 apparatus inputs a size of numerical
aperture or an  
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L having a power lower than that 1n 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 6S a re campa red vJ i t h each other, the si zes 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 

1-5 a high beam quality is utilized, this embodiment achieves 

a high convergence of laser light and can converge light 

up toabout the wavelength of laser light. As a consequence, 

( the beam profile of this laser light attains a Gaussian 

d istr ibut ion, whereby the elect r ic 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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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 105c 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 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  155 the optical system including the light-converging lens to  the size selector 411 by
using a keyboard or the like. In  this example, the input may choose one of the light-converging  lenses
105a, 105b, 105c instead of the numerical aperture 5 size being directly inputted. In this case, the
respective  numerical apertures of the light-converging lenses 105a,  



As in the foregoing, this embodiment can control sizes 

of crack spots. Sizes of crack spots are determined in view 

of a requirement for a degree of precise cutting, a requirement 

for a degree of flatness in cross sections, and the magnitude 

5 of thickness of the ·obj ect to be processed. Si zes 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 modified spots, thusmaking itpossible tocarry 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 

respecti ve directions easy and hard to cut due to the crystal 

orientation of the object, for example. When cutting such 

( an object, the size of crack spots 90 formed in the easy-to-cut 

direction is made greater as shown in Figs. 56 and 57, for 

20 exampl e. When the di rect ion of ali ne along which the obj ect 

is intended to be cut orthogonal to the line along which 

the object is intended to be cut 5 is a hard-to-cut direction, 

on the other hand, the size of crack spots 90 formed in this 

direction is made greater as shown in Figs. 57 and 66. Here, 

25 Fig. 66 is a sectional view of the object 1 shown in Fig. 

57 taken along LXVI-LXVI. Hence, a flat cross sectibn can 
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105b, 105c are registered in the overall controller 127  beforehand, and data of the numerical aperture
of the optical  system including the chosen light-converging lens is  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 are registered in / the
column 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
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 1011 (W/cm2)  while the numerical
aperture is 0.55 has a size of 120 pm. 25 The data of this correlation can be obtained by carrying  out
experiments explained in Figs. 58 to 65 before laser  156 processing, for example. When the
magnitude of power and numerical aperture size  are fed into the size selector 411, the latter chooses
the  set having their corresponding values from the correlation 5 storing section 413, and sends data of
size corresponding  to this set to the monitor 129. As a consequence, the size  of a modified spot
formed at thus inputted magnitude of power  
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be obtained in the easy-to-cut direction, while cutting is 

possible in the hard-to-cut direction as well. 

Though the fact that sizes of modified spots are 

controllable has been explained in the case of crack spots, 

the same holds in mel ting spots and refracti ve 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 

and seventh examples which will be explained later. 

The laser processing apparatus in accordance wi th 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 

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 L emitted 

from a laser light source 101. The power regulator 401 

comprises, for example, a plurality of NO (neutral density) 

filters, and a mechanism for moving the individual ND filters 

to positions perpendicular to the optical axis of the laser 

light L and to the outside of the optical path of laser light 

L. An ND filter isa filter which reduces the intensity of 

light without changing the relative spectral distribution 
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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 shown in Fig. 70. For example, the modified  spot formed when the numerical 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 power may be made variable  157 while the size of numerical aperture 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) while the numerical aperture is fixed at 0.8 has a  5 size of 30 pm. The
laser processing method in accordance with the fifth  example of this embodiment will now be
explained with  reference to Fig. 67. The object to he processed 1 is a silicon  
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of energy. A plurality of NO filters have respective 

extinction factors different from each other. By using one 

of a plurality of NO filters or combining some of them, the 

power regulator 401 adjusts the power of laser light L emitted 

from the laser light source 101. Here, a plurality of NO 

fil ters may have the same extinction factor, and the power 

regulator 401 may change the number of NO 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 

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 

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 dri ving current for a pumping semiconductor 

laser in the laser light source 101 can be regulated by a 

laser light source controller 102 which is an example of 

dri ving current control means, so as to regulate the power 

of laser light L emitted from the laser light source 101. 

Therefore, the power of laser light L can be adjusted by 

at least one of the power regulator 401 and laser light source 

controller 102. If the size of a modified region can attain 
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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. (Fig. 68) . Asa consequence, the size and form of a melting  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 5115 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  158 into silicon chips.  [Sixth
Example] A sixth example of this embodiment will now be explained  mainly in terms of its differences
from the fifth example.  5 Fig. 72 is a schematic diagram of this laser processing apparatus 500.
Among the constituents of the laser  processing apparatus 500, those identical to constituents  of the
laser processing apparatus 400 in accordance with C the fifth example shown in Fig. 67 are referred to
with numerals  



a desirable value due to the adjustment of power of laser 

light L by the laser light source controller 102 alone, the 

power regulator 401 is unnecessary. The power adjustment 

explained in the foregoing is effected when an operator of 

5 the laser processing apparatus inputs the magnitude of pO"Jer 

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 L whose power 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 0 
; a lens' selecting mechanism 403 

including a plurality of light-converging lenses for 

converging the laser 1 ight L reflected by the dichroic mirror 

IS 103; and a lens selecting mechanism controller 405 for 

controlling the lens selecting mechanism 403. 

The lens selecting mechanism 403 comprises 

light-converging lenses 10Sa, 105b, 10Sc, and a support plate 

407 for supporting them. The numerical apertures of 

20 respective optical systems including the light-converging 

lenses 105a, 10Sb, 10Sc 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 causing a desirable light-converging lens 

25 among the light-converging lenses 105a, 10Sb, 10Sc to be 

placed onto the optical axis of laser light L. Namely, the 
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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 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 beam expander 501. Fig. 72
does not depict this. When the  size of numerical aperture is fed into the overall controller  127, the
latter carriesout control for changing themagnitude  of beam expander 501. This regulates the
magnification of 5 beam diameter of the laser light 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  light-converging lens 105 is possible. This will be  10 explained with
reference to Figs. 73 and 74. 



lens selecting mechanism 403 is of revolver type. 

The number of light-converging lenses attached to the 

lens selecting mechanism 403 is not restricted to 3 but may 

be other numbers. When the operator of the laser processing 

5 apparatus inputs a size of numerical aperture or an 

instruction for choosing one of the light-converging lenses 

10Sa, 10Sb, 10Sc 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. 

IVJounted 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 10Sc 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 

c 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 magni tude of pO\,.ler 

of pulse laser light or the size of numerical aperture of 
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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 laser processing apparatus 600. Among the constituents of  160 the laser processing
apparatus 600, those identical to  constituents of the laser processing apparatus in accordance  with
the fifthand sixth examples are referred towith numerals  identical thereto without repeating their
overlapping  5 explanations. In the laser processing apparatus 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 C a light-converging lens 105. Changing the aperture size of  10 the iris diaphragm 601 adjusts the
effective diameter of  the light-converging lens 105. The iris diaphragm 601 is  



the optical system including the light-converging lens to 

the size selector 411 by using a keyboard or the like. In 

this example, the inputmay choose one of the light-converging 

lenses 10Sa, 10Sb, 10Sc instead of the numerical aperture 

5 size being directly inputted. In this case, the respective 

numerical apertures of the light-converging lenses 10Sa, 

10Sb, 10Sc are registered in the overall controller 127 

beforehand, and data of the numerical aperture of the optical 

c system including the chosen light-converging lens is 

10 automatically fed into the size selector 411. 

The correlation storing section 413 has stored the 

correlation between the set of pulse laser power magni tude 

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 column for numerical aperture. In the column for power, 

ma gni tudes of power at ta ined by the power regulator 401 are 

20 registered. In the column for size, sizes of modified spots 

formed by combinations of powers of their corresponding sets 

and numerical apertures are registered. For example, the 

modified spot formed when the power is 1.24 x lOll (W/cm2 
) 

while the numerical aperture is 0.55 has a size of 120 ~m. 

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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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  light-converging lens 105, adjustment for decreasing the  161 numerical aperture of the
optical system including the  light-converging lens 105 is possible. This will be  explained with
reference to Figs. 76 and 77. Fig. 76 is a view showing the convergence of laser light  5 L effected by
the light-converging lens 105 when 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 achieve adjustment  so as to increase the numerical aperture with reference
to  



processing, for example. 

vJhen the magni tude of power and numerical aperture size 

are fed into the size selector 411, the latter chooses the 

set having their corresponding values from the correlation 

5 storing section 413, and sends data of size corresponding 

to this set to the moni tor 129. As a consequence, the size 

of a modified spot formed at thus inputted magnitude of power 

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 

mod i fie d sp0 tis a 1sod i s pIa ye don the m0 nit 0 r 12 9 . Hen c e , 

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 aperture is 0.55 while the 

2S power is fixed at 1.49 x lOll (W/cm2 
) has a size of. 150 jJm. 

Alternatively, the magnitude of pO\.Jer may be made variable 
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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 modified and the like.  162 According to this input, the power selector 417 chooses a
power corresponding to the value of size identical to thus  inputted size from the correlation storing
section 413, and  sends it to the power regulator 401. Therefore, when the 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. If no  size at the value identical to that of thus inputted value  is stored in the
correlation storing section 413, power data  
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while the size of numerical aperture 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 1011 

(W/cm2 
) while the numerical aperture is fixed at 0.8 has a 

size of 30 ]Jm. 

Thelaserprocessingmethodinaccordancewiththefifth 

example of this embodiment will now be explained wi th 

re f erence to Fig. 67. The obj ect to be processed 1 is a si 1 icon 

( wafer. In the fifth example, operations of steps S101 to 

SIll are carried out as in the laser processing method in 

accordance with the first example shown in Fig. 15. 

Aft er step SIll, the magni tude of power and numer ica 1 

aperture size are fed into the overall controller 127 as 

explained above. According to the data of power inputted, 

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,c 
thereby adjusting the numerical aperture. These data are 

also fed into the size selector 411 of the overall controller 

127 (Fig. 68). As a consequence, the si ze and form of a mel ting 

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 

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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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. Asa consequence, the numerical aperture selector 419  chooses a numerical aperture
corresponding to a size having  a value identical to that of the inputted size from the  correlation,
storing section 413, and sends data of this 5 numerical aperture to the lens
selectingmechanismcc)ntroller  405, beam expander 501, or iris diaphragm controller 603.  Therefore,
when the laser processing apparatus regulated  tothissizeofnumerical aperture isused forlaser
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 is variable. 
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into silicon chips.
 

[Sixth Example]
 

As i xth example of t hi s embodiment vJi 11 now be expl ained 

mainly in terms of its differences from the fifth example. 

Fig. 72 is a schematic diagram of this laser processing 

apparatus 500. Among the consti tuents of the laser 

processing apparatus 500, those identical to constituents 

of the laser processing apparatus 400 in accordance with 

( the fifth example shown in Fi g. 67 are refer red to wi th numeral s 

identical thereto wi thout 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 

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 

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 

controller 127. This will be explained in the following. 

The overall controller 127 is electrically connected to the 
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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 correlation  storing section 413. Data 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 controller 405, beam expander 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 modified  spot having a desirable size can be formed. The data 10
concerning the magnitude of power and size of numerical  aperture is also sent to the monitor 129,
whereby the magnitude  of power and size of numerical aperture is displayed. These modified
examples can control sizes of modified  spots. Therefore, when the size of a modified spot is made  



10

15

5

20

25

beam expander 501. Fig, 72 does not depict this. \t~hen the 

si ze of numerical aperture is fed into the overall controller 

127, the 1at ter car r ies out control for changing the magni tude 

of beam expander 501. This regulates the magnification of 

beam diameter of the laser light 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 

( light-converging lens 105 is possible. This will be 

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 

by the light-con'Jerging lens 105 1tJhen 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 toc 
the numerical aperture of the optical system including the 

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 

and sixth examples. Fig. 75 is a schematic diagram of this 

laser processing apparatus 600. Among the constituents of 
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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  modified spots. In the following explanation, the distance  is assumed to
be a pitch p. The control of pitch p will be  explained in terms of a crack region by way of example. 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 ]Je processed. The moving  speeds of these stages are
examples of relative moving speed  of the light-converging point of pulse laser light. The crack 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  is intended to be cut 5 is as follows: n
= f/v. 15 The reciprocal of the number n of crack spots formed  



the laser proces sing appa ra tus 600, those ident i cal to 

consti tuents of the laser processing apparatus in accordance 

wi t h the fifth and sixth examples a re refer red to wi th numera 1 s 

identical thereto wi thout repeating· their overlapping 

5 explanations. 

In the laser processing apparatus 600, an iri s diaphragm 

601 is disposed on the optical axis of laser light L instead 

of the beam expander 501 between a dichroic mirror 103 and 

c a light-converging lens 105. Changing the aperture size of 

10 the iris diaphragm 601 adjusts the effective diameter of 

the light-converging lens 105. The iris diaphragm 601 is 

an example of numerical aperture regulating means. The laser 

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 

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 si ze of aperture of the iris diaphragm 601, thereby 

carrying out adjustment for decreasing the effecti ve diameter 

25 of the light-converging lens 105. Therefore, with only one 

light-converging lens 105, adjustment for decreasing the 
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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  along which the object is intended to be cut 5 as shown in 5 Figs. 81 to 83. Figs.
81 to 83 are 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  
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numerical aperture of the optical system including the 

light-converging lens 105 is possible. This will be 

explained with reference to Figs. 76 and 77. 

Fig. 76 is a view showing the convergence of laser light 

L effected by the light-converging lens 105 when no iris 

diaphragm is provided. On the other hand, Fig. 77 is a vie"J 

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 

with each other, the seventh example can achieve adj ustment 

so as to increase the numerical aperture wi th reference to 

the numer i ca 1 aperture 0 f the opt ica 1 s ys tern incl uding the 

light-converging lens 105 in the case where the iris diaphragm 

is not provided. 

Mod if i ed 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 

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. 

25The si ze of modi fi ed spot is determined in view of the thic kne ss 

and material of the object to be modified and the like. 
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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 formed 5 along the line along which the object is intended 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.  81, and substantially equals the size d in Fig. 82, whereby  10 regions
generating multiphoton absorption upon irradiation with pulse laser light can be prevented frombeing
superposed  on crack spots 90 which have alreadybeen formed. Asa result,  deviations in sizes of
crack spots 90 can be made smaller.  Namely, the inventor has found that, when a region generating
15 multiphoton absorption upon irradiation with pulse laser  light is superposed on crack spots 90
which have already  been formed, deviations in sizes of crack spots 90 formed  



According to this input, the power selector 417 chooses a 

power cor respondi ng to t he va 1ue of si ze ident ica 1 to thu s 

inputted size from the correlation storing section 413, and 

sends it to the power regulator 401. Therefore, when the 

S 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 

magni tude of power is al so sent to the mon i tor 129, whereby 

( the magnitude of power is displayed. In this example, the 

10 numerical aperture is fixed while power is variable. If no 

size at the value identical to that of thus inputted value 

is st ored in the cor relat ion stor ing sect ion 413, power data 

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 

2S apparatus inputs a desirable size of a modified spot to the 

numerical aperture selector 419 by using a keyboard or the 
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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 by changing the  pitch p in view of the thickness and material of the object  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 melting  spots and refractive index change spots. However, there are  no problems even
when melting spots and refractive index  change spots are superposed on those which have already
been  formed. The relative movement of thelight-converging point 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-converging point of pulse laser light is moved while  
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like. As a consequence, the numerical aperture selector 419 

chooses a numerical aperture corresponding to a size having 

a value identical to that of the inputted size from the 

correlation. storing section 413, and sends data of this 

numericalaperturetothelensselectingrnechanismcontroller 

405, beam expander 501, or iris diaphragm controller 603. 

Therefore, when the laser processing apparatus regulated 

to th i s si ze of nurner ical aperture is used for la ser processing, 

( a modified spot having a desirable size can be formed. The 

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 is variable. 

Fig. 80 is a block diagram of the overall controller 

127 provided in still another modified example of the laser 

processing apparatus in accordance with this embodiment. 

The overall controller 127 comprises a set se-lector 421 and 

a correlation storing section 413. It differs from thec. 
examples of Figs. 78 and 79 in that both. power and numerical 

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 

a keyboard or the like. As a consequence, the set selector 

421 chooses a set of power and numerical aperture 
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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 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 where the loss in a resonator  i5 is made high by utilizing 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 
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corresponding to thus inputted size from the correlation 

storing section 413. Data 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 

selecting mechanism controller 405, beam expander SOl, 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 modified 

c spot having a desirabl e size can be formed. The data 

concerning the magnitude of power and size of numerical 

aperture is also sent to the moni tor 129, whereby the magni tude 

of power and size of numerical aperture is displayed. 

These modified examples can control sizes of modified 

spot s . There fore, when the size of a modif i ed spot is made 

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 modifiedl 
spot can be enhanced, whereby the object can be cut. 

[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 
. . 

frequency of pulse laser light and the magnitude of relative 

moving speed of the light-converging point of pulse laser 
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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 processed  1 is moved in the X- or Y-axis direction, so as to form a  10 modified region
along aline along which the object is 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  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  
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light. Namely, it controls the distance between adjacent 

modified spots. In the following explanation, the distance 

is assumed to be a pitch p. The control of pitch p will be 

explained in terms of a crack region by way of example. 

Let f (Hz) be the repetition frequency of pulse laser 

light, and v (mrn/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 relati ve moving speed 

( 
\, of the light-converging point of pulse laser light. The crack 

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 

is intended to be cut 5 is as follows: 

n = f/v. 

The reciprocal of the number n of crack spots formed 

per unit length corresponds to the pitch p: 

p = lin. 

Hence, the pi t ch p can be controlled when at 1ea st one 

of the magni tude of repeti tion frequency of pulse laser light 

and the magnitude of relative moving s~eed 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 (mrn/sec) is decreased. By contrast, the pitch p can be 

controlled so as to become greater when the repetition 

frequency f (Hz) is decreased or \h'hen the stage moving speed 
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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  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_ 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 the
distance calculating section 141, the magnitude  of repetition frequency of pulse laser light and
respective  magnitudes of moving speeds of the stages 109, 11l are inputted. 15 These inputs are
effected by the operator of laser processing  apparatus using a keyboard or the like. The distance
calculating section 141 calculates the  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 consequence, the distance between  
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v (mm/sec) 1S increased. 

IVJeanwh i Ie, the re a re three wa ys of rela t ionship betvJeen 

the pitch p and crack spot size in the direction of line 

along which the object is intended to be cut 5 as shown in 

Figs. 81 to 83. Figs. 81 to 83 are 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 wi th this embodiment. 

( 
A crack spot 90 is formed by olle pulse of pulse laser light. 

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 pi tch p is greater than 

the size d. The crack region 9 is formed discontinuously 

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 pi tch p substantially equals the si ze 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. 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 

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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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 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 having registered the
relationship between the magnitude of repetition frequency,  the moving speeds of stages 109, 111,
and the distance between 15 modified spots beforehand is prepared, and the distance  calculating
section 141 is caused to store data of this table.  When the magnitude of repetition frequency and the
magnitudes  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. 
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to be cut 5 keeps a strength to some extent. Therefore, when 

carrying out a step of cutting the object to be processed 

a fter laser processing, handl ing of the obj ect becomes easier. 

In Figs. 82 and 83, the crack region 9 is continuously formed 

along the line along which the object is intended 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. 

( 81, and substantially equals the size d in Fig. 82, whereby 

regions generating multiphoton absorption upon irradiation 

with pu 1se la se r light can be prevented from being superposed 

on crack spots 90 which have already been formed. As a resul t, 

deviations in sizes of crack spots 90 can be made smaller. 

Namely, the inventor has found that, \-"hen a region generating 

multiphoton absorption upon irradiation 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 

object along a line along which the object is intended to 

be cut prec i sel y, and the flatness of cross sect ion 

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 

is intended to be cut precisely, while cross sections can 

be made flat. 
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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  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 in view of the thickness and material of the object  to be processed and the like. Upon this
input, the frequency  calculating section 147 calculates a frequency for attaining  
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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 

rna gni tude of re 1a t i ve mov ing speed of the 1 ight -con".~rging 

point of pulse laser light. This enables laser processing 

in con f ormi t y to the obj ect to be proces sed by changing the 

pi tch p in view of the thickness and material of the object 

and the like. 

Though the fact that the pi tch p can be controlled is 

explained in the case of crack spots, the same holds in mel ting 

spots and refracti ve index change spots. However, there are 

no problems even when melting spots and refractive index 

change spots are superposed on those which have already been 

formed. The relative movement of the light-converging point 

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-converging point of pulse laser light is moved while 

the obj ect is fixed, a case where the obj ect and the 

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. 

vhth reference to Fig. H, the laser processing 

apparatus in accordance with the eighth example of this 
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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  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. In this example, the repetition frequency is  fixed. The
speed calculating section 149 sends thus 20 calculated data to the stage controller ll5. When the
object  to be processed is subjected to laser processing by the laser  processing apparatus regulated
to this magnitude of stage  moving speed, the distance between adjacent modified spots  can attain a
desirable magnitude. Data of this magnitude 
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embodiment will be explained mainly in terms of its 

differences from the laser processing apparatus 100 in 

accordance wi th the first example shown in Fig. 14. The laser 

light source 101 is a Q-switch laser. Fig. 84 is a schematic 

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 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 

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 I"Jhere the loss in a resonator 

is made high by utilizing 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 

instantaneously and generate pulse laser light L. A signal 

S (e. g., a change in a repet it ion frequency of an ul t r asonic 

pulse) from a laser light source controller 102 controls 

the Q-swi tch 59 so as tomake it attain a high state. Therefore, 

the signal S from the laser light source controller 102 can 

regulate the repetition frequency of pulse laser light L 

emitted from the laser light source 101. The laser light 
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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 source controller 102 adjusts the laser light source 101 so as to attain the calculated
magnitude of repetition  frequency. The stage controller 115 adjusts the stages 109,  111 so as to
attain the calculated magnitude of stage moving  speed. When the object to be processed is subjected
to laser 20 processing by thus regulated laser processing apparatus,  the distance between adjacent
modified spots can attain a  desirable magnitude. Data of thus calculated magnitude of  repetition
frequency and magnitude of stage moving speed  are also sent to the monitor 129, whereby thus
calculated  25 values are displayed. 
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source controller 102 is an example of frequency adjusting 

means. The repetition frequency is regulated 'vJhen an 

operator of the laser processing apparatus inputs the 

magnitude of repetition frequency to an overall controller 

127, 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 obj ect to be processed 

(	 1 is moved in the X- or Y-axis direction, so as to form a 

modi fied region along a line along Wllich the object is 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 

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 

regulating the moving speed of the Y-axis stage 111. The( 
adj ustment of the respect i ve. mov ing speeds of these stages 

iscontro11ed 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 

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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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 S113 to 5115 are carried out. This  15 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  laser light, and regulating the
magnitudes of moving speeds 20 of X-axis stage 109 and Y-axis stage 111_ Changing the  magnitude
of distance in view of the thickness and material  of the object 1 and the like enables processing in
conformity  to the aimed purpose. [Ninth Example] 25 A ninth example of this embodiment changes the
position  of the light-converging point of laser light irradiating 



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 wi th the eighth example further adds 

5 other functions to the overall controller 127 of the laser 

processing apparat us in accordance l..Ji th the fir st 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 the distance calculating section 141, the magnitude 

of repetition frequency of pulse laser light and respective 

magnitudes of moving speeds of the stages 109,111 are inputted. 

15 These inputs are effected by the operator of laser processing 

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 = flv, and p = lin) . The 

20 distance calculating section 141 sends this distance data 

to the moni tor 129. As a consequence, the distance between 

modified spots formed at the inputted magni tudes 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 Slzes of modified spots formed in this laser 
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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 I 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 object is intended 15 to be 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  178 



processing apparatus. According to the distance data and 

the size data stored in the size storing section 143, the 

image preparing section 145 prepares image data of a modified 

region formed by the di stance and si ze, 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 adj acent modi fied spots and the 

form of modified region can be seen before laser processing. 

Though the di stance ca lculat ing sect ion 141 cal culates 

10 the distance between modified spots by utilizing the 

expressions (n :::: flv, and p :::: lin), the following procedure 

may also be taken. First, a table having registered the 

relationship between the magni tude of repeti tion frequency, 

the moving speeds of sta ges 109, 111, and the di stance between 

15 modified spots beforehand is prepared, and the distance 

cal cuI ating secti on 141 is caused to store da ta of thi stable. 

When the magn i tude of repet it ion f reguency and the magni tude s 

c of moving speeds of st ages 109, 111 a re fed into the di stance 

ca 1culating sect i on 141, the lat t er 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, the magni tudes of stage moving speeds may be made 

va r iable whi Ie the magn i tude of repet i tion 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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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  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 is difficult 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 in a direction orthogonal to the thickness
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 the ninth example of this embodiment,  
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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 1L9 to display the distance between modified spots 

5 and an image of the modified region. 

As in the foregoing, the overa 11 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 

inputted, and the magni tude of repeti tion 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 

modi f ied spots to the frequency cal cul a ting secti on 14 7 by 

20 us ing a keyboa rd or the 1 i ke. The magni tude of di stance is 

determined in view of the thickness and material of the object 

to be processed and the like. Upon this input, the frequency 

cal culat ing sect i on 147 ca lcula te s a frequency for at t aining 

this magni tude 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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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  from the 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. In the random  forming, for example in Fig. 91, the crack region 9C is
formed 25 first, then the crack region 9B, and finally the crack region  9A is formed by reversing the
direction of incidence of laser  180 light. Though the forming of a plurality of modified regions  
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sends thus calculated data to the laser light source 

controller 102. vi/hen the object to be processed is subjected 

to laser processing by the laser processing apparatus 

regulated to this magnitude of frequency, the distance 

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 bl ocl< diag ram showing a pa rt of st ill another 

example the overall controller 127 provided in the eighth 

example. The avera 11 controlle r 127 compri se s a speed 

calculating section 149. In a manner similar to that 

ment ioned above, the magni tude of di stance between adj acent 

modified spots is fed into the speed calculating section 

149. Upon this input, the speed calculating section 149 

calculates a stage moving speed for attaining this magni tude 

of distance according to the above-mentioned expressions 

and tables. In this example, the repetition frequency is 

fixed. The speed calculating section 149 sends thus 

calculated data to the stage controller 115. When the object 

to be processed is subjected to laser processing by the laser 

processing apparatus regulated to this magnitude of stage 

moving speed, the distance between adjacent modified spots 

can attain a desirable magnitude. Data of this magnitude 

of stage moving speed is also sent to the monitor 129, whereby 

this magnitude of stage moving speed is displayed. 
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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 object to be  processed 1, and at a substantially half thickness position. Here,
adjustment of the position of light-converging  point Pin the thickness direction of the object to be
processed  20 caused by the Z-axis stage will be explained with reference to Figs. 93 and 94. In the
ninth 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  181 light-converging point P of laser light L is positioned at  the surface 3 of the object 1. when the
Z-axis stage is moved  by z toward the light-converging lens 105, the  
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Fig. 88 is a block diagram showing a part 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. 

86 and 87 in that both repeti tion frequency and stage moving 

speed are calculated. In a 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 

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. The laser light 

source controller 102 adjusts the laser light source 101 

so as to attain the calculated magnitude of repetition 

frequency. The stage controller 115 adjusts the stages 109, 

111 so as to attain the calculated magnitude of stage moving 

speed. When the object to be processed is.subjected to laser 

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 

values are displayed. 

The laser processing method in accordance with the 

176
 

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 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 is 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  182 light is located at the surface 3. Data of the amount of  movement (z) explained in Figs. 93
and 94 is fed into and  stored in the overall controller 127. With reference to Fig. 95, the laser
processing method  



eighth example of this embodiment will now be explained. 

The object to be processed 1 is a silicon wafer. In the eighth 

example, operations from steps 5101 to 5111 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 5111, 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 obj ect 1 and the like. The magni tude of pi tch p is fed 

into the overall controller 127 shown in Fig. 88. 

Then, in a manner simi la r to that of the la ser proces sing 

method in accordance with the first example shown in Fig. 

15, operations of step 5113 to 5115 are carried out. This 

15 divides the object 1 into silicon chips. 

As explained in the foregoing, the eighth example can 

control the distance between adjacent melting spots by 

c regulating the magnitude of repetition frequency of pulse 

la ser 1 i ght, and regula t ing the magni tudes of mov ing speeds 

20 of X-axis stage 109 and Y-axis stage 111. Changing the 

magni tude of distance in vie\'" of the thickness and material 

of the object 1 and the like enables processing in conformity 

to the aimed purpose. 

[Ninth Example] 

2 5 A ninth example of this embodiment changes the position 

of the light-converging point of laser light irradiating 
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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.
Step 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
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 light-converging point C P of laser light L to be located within the object 1. Namely,  the position
of light-converging point P in the thickness  20 direction of 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. In
this  embodiment, data of a first movement amount for positioning  the light-converging point P near
the rear face within the 25 object 1 and data of a second movement amount for positioning  the
light-converging point P near the surface 3 within the  183 object I are used. A first molten processed
region to be  formed is formed by using the data of first movement amount.  A second molten
processed region to be formed is formed by  using the data of second movement amount. Data of
these 5 movement amounts are fed into the overall controller 127.  
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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 "Jill be 

explained in terms of a crack region by "Jay of example. Fig. 

89 is a perspecti ve vie'''' 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 wi th the ninth example 

of this embodiment. 

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 a long a line a long which the obj ect is intended 

to be 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 

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 (9E) along the line along which 

the obj ect is intended to be cut 5 within the obj ect 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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Steps SlOS 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 the line along which the object is intended to be cut  5 is 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 stage controller 115 moves  the object 1 in the Z-axis direction by using the Z-axis  189
stage 113 to a position where the light-converging point  P of laser light L is located within the object I
(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, a molten processed region is formed within, the object  
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naturally grow from the crack region 9A toward the rear face 

21, from the crack region 9A (98) toward the crack region 

98 (9A), and from the crack region 98 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 sect ion. Hence, the 

object 1 can be cut along the line along which the object 

( 
is intended to be cut 5 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 plurali ty 

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 

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 is difficult 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 98. Cutting can. also be 

achieved in a direction orthogonal to the thickness direction 

25	 of the object 1 as long as it is the direction of incidence 

of laser light as shown in Fig. 92. 
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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
processed 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  beexplained. Theninthexampleformsapluralityofmodified  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
185 relatively large or where the object 1 is made of a material  in which cracks are hard to grow from
a modified region,  for example, the object 1 is hard to cut when only one modified  region exists along
the line along which the object is intended 5 to he cut S. In such a case, forming a plurality of modified
regions as in this embodiment can easily cut the object 1.  [Tenth Example] 
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Preferably, in the ninth example of this embodiment, 

.a plurality of crack regions 9 are successively formed from 

the side farther from the entrance face (e.g., surface 3) 

of the obj ect to be proce ssed on which the pul s e la ser 1ight 

L is incident. for example, in fig. 89, the crack region 

9A is formed first, and then the crack region 98 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 

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. 

Forming the crack regions 9 successively from the side farther 

from the 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 

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 obj ect to be processed, or formed randomly. In the random 

forming, for example in fig. 91, the crack region 9C is formed 

first, then the crack region 98, and finally the crack region 

9A is formed by reversi ng the direct ion of incidence of la ser 
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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. When the object to be processed  1 is irradiated with the line 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 the object is intended to be cut  5 at a half thickness position of the object land 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 91  are naturally grown toward the surface 3 and rear face 21.  When the crack
region 9 is formed at the half thickness position 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  
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light. 

Though the forming of a plurality of modified regions 

is explained in the case of crack regions, 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 

ninth example of this embodiment has a configuration similar 

to that of the laser processing apparatus 100 in accordance 

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 

from the entrance face (surface 3) than is a half thickness 

position in the thickness direction of the object to be 

processed 1, and a t a substant iall y ha 1 f thi ckness posi ti on. 

( Here, adjustment of the position of light-converging 

point P in the thickness direction of the obj ect to be processed 

caused by the Z-axi s stage will be explained wi th reference 

to Figs. 93 and 94. In the ninth example of this embodiment, 

the position of light-converging point of laser light in 

the thickness direction of the object to be processed is 

adjusted so as to be located at a desirable position within 

the object with reference to the surface (entrance face) 

of the object. Fig. 93 shows the state where the 
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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 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 surface 3 oritsvicinity. Hence, fractures extending along  the line
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. S In the case where the surface 3 of the object 1 is formed  with electronic devices
and electrode patterns in particular,  forming the crack region 9 near the surface 3 can prevent  the
electronic devices and the like from being damaged when C cutting the object 1. Namely, growing
cracks 91 from the  
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light-converging point P of laser light L is positioned at 

the surface 3 of the object 1. When the Z-axis stage is moved 

by z toward the light-converging lens 105, the 

light-converging point P moves from the surface 3 to the 

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 retractive index of the object 1 

wi th 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 

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 refract i ve index (N). Thi s can locate the 

light-converging point P at the desirable position. 

As explained in the fir st exampl e, the stage cant rolle r 

115 controls the movement of the Z-axis stage 113 according 

to focal point data, such that the focal point of visible 

light is located at the surface 3. The laser processing 

apparatus 1 is adjusted such that the light-converging point 

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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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 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  188 random form of the crack region 9 itself appears at the surface  3, which
causes chipping, thereby deteriorating the accuracy  in breaking and cutting. The crack region 9 can
also be formed while the  5 light-converging point of pulse laser light L is adjusted  so as to be located
at a position farther from the surface  3 than is a half thickness position in the thickness direction  of
the object 1. In 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  
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light is located at the surface 3. Data of the amount of 

movement (z) explained in Figs. 93 and 9~ is fed into and 

stored in the overall controller 127. 

Wi th reference to Fig. 95, the laser processing method 

in accordance wi th 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. 
( 

Step S101 is the same as step S10l of the first example 

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 obj ect 1 in the Z-axis direction is 

determined (SI03). This is the 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 in order for the light-converging point 

P of laser light L to be located within the object 1. Namely, 

the position of light-converging point P in the thickness 

direction of object 1 is determined. The posi tion of 

light-converging point P is determined in view of the 

thickness and material of object 1 and the like. In this 

embodiment, data of a first movement amount for positioning 

the light-converging point P near the rear face wi thin the 

obj ect 1 and data of a second movement amount for posi tioning 

the light-converging point P near the surface 3 within the 
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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
9 in  the X-axis direction and the crack region 9 in the Y-axis  direction cross each other
three-dimensionally. 25 When the object l i s a semiconductor wafer, for example,  a plurality of 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 lattice in the semiconductor wafer, whereas  the latter is divided into individual chips
while 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 C and the crack region 9 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  



object 1 are used. A first molten processed region to be 

formed is formed by using the data of first movement amount. 

A second molten processed region to be formed is formed by 

using the data of second movement amount. Data of these 

5 movement amounts are fed into the overall controller 127. 

Steps Sl05 and Sl07 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 

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 the line along which the object is intended to be cut 

5 is displayed on the monitor 129. 

The data of first movement amount determined by step 

Sl03 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 stage controller 115 moves 

the object 1 in the Z-axis direction by using the Z-axis 
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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 formed closer to the surface  190 (entrance face) 3 than is the crack region 9 formed
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 earlier,  the pulse laser light L irradiated when forming the crack 5 region 9 to be
formed later is scattered by the crack region  9 formed earlier at the location where the cross section
in the X-axis direction and the cross section in the Y-axis  direction intersect each other at right angles.
This 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  
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stage 113 to a position where the light-converging point 

P of laser light L is located within the object 1 (S111). 

This inside position is near the rear face of the object 

1. 

5	 Next, as in step Sl13 of the first example shown in 

Fig. 15, a molten processed region is formed within the object 

1 so as to extend along the line along which the object is 

intended to be cut 5 (S113). The molten processed region
( 

is 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 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 wi thin 

the object 1 (S115). Subsequently, asinstepS113, a molten 

15	 processed region is formed within the object 1 (SI17). In 

this step, the molten processed region is formed near the 

surface 3 within the object 1. 

Finally, the obj ect 1 is bent along the line along which 

the object is intended to be cut 5, and thus is cut (Sl19). 

20 This divides the object 1 into silicon chips. 

Effects of the ninth example of this embodiment will 

be explained. The ninth example forms a plurali ty of modified 

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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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 processed  191 and the like enables laser processing in conformity to the  object.
Though the fact that the position of a modified region  can he controlled is explained in the case of a
crack region,  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  
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relatively large or where the object 1 is made of a material 

in which cracks are hard to grow from a modified region, 

f or example, the obj ect lis ha rd to cut when on I y one modif ied 

reg ion exi st s a long the 1ine a long whi ch the obj ect is intended 

to be cut 5. In such a case, forming a plurality of modified 

regions as in this embodiment can easily cut the object 1. 

[Tenth Example] 

Atenthexampleofthisembodimentcontrolstheposition 

of a modified region in the thickness direction of an object 

to be processed by adj usting 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 

9 is formed wi thin the object 1 by using the laser processing 

method in accordance with the tenth exampl e of th is 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 

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 

1 is irradiated wi th the line a long which the obj ect is intended 

to be cut 5 under these conditions, a crack region 9 is formed 

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

5 at a hal f thickness position of the obj ect 1 and its vicinity. 
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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) than is 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 amount  of movement of the object 1 in the thickness direction of  192 the object 1 is
defined as a first relative movement amount  or a second relative movement amount. The adjustment
of light-converging point P in the  thickness direction of the object to be processed caused  5 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 processor 125 calculates focal point  data for locating the focal point of visible light
generated  by the observation light source 117 on the 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  
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Fi g. 97 is a pa rt ly secti ana 1 v ieliJ of the obj ect 1 shown 

in Fig. 96. After the crack region 9 is formed, cracks 91 

are naturally grown toward the surface 3 and rear face 21. 

When the crack reg ion 9 is formed at the ha 1f thickness pas i tion 

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, a part to be cut extending along 

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. 

Fig. 98 is aperspectiveviewof 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 9 shown 
,-. 

in Fig. 98 is formed when the light-converging point of pulse 

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 on the surface 3 side within the 

object 1. Fig. 99 is a partly sectional view of the object 

1 shown in Fig. 98. Since the crack region 9 IS formed on 

the surface 3 side, naturally growing cracks 91 reach the 
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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, 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 amount  of the object to be processed 1 in the thickness direction  of the object 2.
The overall controller 127, stage controller  115, and Z-axis stage 113 adjust the position of 5
light-converging point of pulse laser light converged by  the light-converging lens within the range of
thickness of  the object 1. The laser processing method in accordance with the tenth  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
example shown in Fig.  15. The object to be processed 1 is a silicon wafer. 
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surface 3 or its vicini ty. Hence, fractures extending along 

the line 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. 

In the case where the surface 3 of the object 1 is formed 

with el ectronic dev ices and el ectrode pa t terns in pa rt icular, 

forming the crack region 9 near the surface 3 can prevent 

the electronic devices and the like from being damaged when 

c	 cutting the object 1. Namely, growing cracks 91 from the 

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 

3 is reI at i vel y long, the devi a tion in the grow ing direction 

of cracks 91 on the surface 3 side becomes greater. As a 

consequence, the cracks 91 may reach regions formed with 

electronic devices and the like, thereby damaging the 

electronic devices and the like. When the crack region 9 

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 be made smaller. 

Therefore, cutting can be effected without damaging the 

electronic devices and the like. When the crack region 9 

is formed at a location too close to the surf ace 3, the crack 

reg ion 9 is formed at the surface 3. As a consequence, the 
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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 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 l in the thickness direction thereof. The position  of light-converging point P is determined
in view of the  thickness and material of the object 1, effects of processing 5 (e.g., easiness to handle
and cut the object), and the like.  This data of movement amount is fed into the overall controller  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 calculated by step S107 is data of a second movement amount  in the Z-axis
direction of object 1. This focal point data is sent to the stage controller  115. According to this focal
point data, the stage controller  



random form of the crack region 9 itself appears at the surface 

3, which causes chipping, thereby deteriorating the accuracy 

in breaking and cutting. 

The crack reg ion 9 can a Iso be formed wh i Ie the 

5 light-converging point of pulse laser light L is adjusted 

so as to be located at a position farther from the surface 

3 than is a half thickness position in thethickness direction 

ofthe 0 b j e c t 1. I nth i s cas e, the c r a c k reg ion 9 i s formed 

c 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 posi tion 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 When the obj ect 1 is a semiconductor wa fer, f or example, 

a plurality of crack regions 9 are formed in parallel in 
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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 controller 115. According to  this data of movement amount, the stage
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-converging point  P of laser light is located within the object 1 (Sill).  Steps S113 and
S115 are similar to steps S113 and S115 shown in Fig. 15. The foregoing divides the object I 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 light L while adjusting the  position of
light-converging point P in the thickness  direction of object 1, thereby forming a modified region. 
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each of the X- and Y-axis directions. This forms the crack 

regions 9 like a lattice in the semiconductor 'tJafer, "Jhereas 

the latter is divided into individual chips while using the 

lattice-like crack regions as starting points. When the 

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 

c	 and the crack region 9 in the Y-axis direction intersect 

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 

angles wi th a high accuracy. This inhibi ts the obj ect 1 from 

being cut precisely at the intersection. 

c 
When the position of the crack region 9 in the X-axis 

direction and the posi tion of the crack region 9 in the Y-axis 

direction differ from each other in the thickness direction 

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 

crack region	 9 in the Y-axis direction, the crack region 

9 to be formed	 later is preferably formed closer to the surface 
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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 apparatus 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: a mounting stage adapted for
mounting the object to be  processed: a laser light source for emitting the laser light; 
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(entrance face) 3 than 1S the crack region 9 formed 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 earlier, 

the pulse laser light L irradiated when forming the crack 

region 9 to be formed later is scattered by the crack region 

9 formed earlier at the location where the cross section 

in the X-axis direction and the cross section in the Y-axis 

direction intersect each other at right angles. This forms 

deviations between the size of a part formed at a position 

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 

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 a t a pos it ion to become the above-mentioned 

intersecting location, whereby the crack region 9 to be formed 

later can be formed uniformly. 

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. 

Changing the posi tion of light-converging point in view of 

the thickness and material of the object to be processed 
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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 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  198 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  
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and the 1 i ke enables laser proces sing in con f ormi t y to the 

object. 

Though the factthat the position of a modified region 

can be controlled is explained in the case of a crack region, 

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 w'i th the 

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. In the tenth example, 

the Z-axis stage 113 adjusts the posi tion of light-converging 

point P in the thickness direction of object 1. This can 

adjust the light-converging point P so as to locate it at 

a posi tion closer to or farther from the entrance face (surface 

3) than is a hal f th ic kness posi t ion in the thi ckness di rection 

of the object 1 or at a substantially half thickness position, 

for example. These adjustment operations and the placement 

of the light-converging point of laser light wi thin 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 

direction of the object 1 in the present invention, the amount 

of movement of the object 1 in the thickness direction of 
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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 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  
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the obj ect 1 is de fined a s a first re lative movement amount 

or a second relative movement amount. 

The adjustment of light-converging point P in the 

thickness direction of the object to be processed caused 

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 processor 125 calculates focal point 

data for locating the focal point of visible light generated 

by the observation light source 117 on the surface 3 according 

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 

light-converging point P of laser light 1 is located at the 

su rf ace 3 at the posi t i on of Z-axi s stage 113 where the foca 1 

point of visible light is located at the surface 3. Hence, 

the focal point data is an example of second relative movement( 
amount of the object 1 in the thickness direction thereof 

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 the movement amount (z) explained wi t h re f erence 

to Figs. 93 and 94 is fed into and stored in the overall 

controller 127. Namely, the overall controller 127 has a 
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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 comprising steps  of: irradiating an object to be processed with a pulsed laser
light  of which pulse width is larger than 1 Ns 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 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  
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function of storing data of the relative movement amount 

of the object to be processed 1 in the thickness direction 

of the object 1. The overall controller 127, stage controller 

lIS, and Z-axis stage 113 adjust the position of 

light-converging point of pulse laser light converged by 

the 1 i ght -conve rging len s wi th in the rang e of th ic knes s of 

the object 1. 

Thelaserprocessingmethodinaccordancewiththetenth 

c	 example will be explained wi th reference to the laser 

processing apparatus in accordance with the first example 

shown in Fig. 14 and the flowchart for the laser processing 

method in accordance with the first example shown in Fig. 

15. The object to be processed 1 is a silicon wafer. 

Step S101 is the same as step S101 of the first example 

shown in Fig. 15. Subsequently, as in step S103 of the first 

example shown in Fig. IS, the thickness of obj ect 1 is measured. 

According to the resul t of measurement of thickness and the 

refractive index, the amount of movement (z) in the Z-~xis 

direction of object 1 is determined (S103). This is the 

amount of movement of obj ect 1 in the Z-axi s di rect i on wi th 

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 

light-converging point P in the thickness direction of object 

1 is determined. The amount of movement (z)" in the Z-axis 
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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 processed along a line along which the object to be  processed is intended to be cut
to form a modified 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 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 cross 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  
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direction is one example of data of relative movement of 

the obj ect 1 in the th icknes s direct ion thereof. The pos i t ion 

of light-converging point P is determined in view of the 

thickness and material of the object 1, effects of processing 

(e.g., easiness to handle and cut the object) I and the like. 

This data of movement amount is fed into the overall controller 

127. 

Steps S105 and S107 are similar to steps S105 and S107 

of the first example shown in Fig. 15. The focal point data 

calculated by step S107 is data of a second movement amount 

in the Z-axis direction of object 1. 

This focal point data is sent to the stage controller 

115. According to this focal point data, the stage controller 

115 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 

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 

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 

be cut 5 is displayed on the monitor 127. 

Data of the relati ve movemen t amount determined by step 
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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 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  
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5103 has already been inputted to the overall controller 

127, and is sent to the stage controller 115. According to 

this data of movement amount, 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 is located within the object 1 (5111). 

Steps 5113 and 5115 are similar to steps Sl13 and 5115 

shown in Fig. 15. The foregoing divides the object 1 into 

c silicon chips. 

Effects of the tenth example of this embodiment will 

be explained. The.tenth example irradiates the object to 

be processed 1 wi th pulse laser light L while adjusting the 

posi tion of light-converging point P in the thickness 

direction of object 1, thereby forming a modified region. 

This can control the position of a modified region in the 

thickness direction of object 1. Therefore, changing the 

position of a modified regi9n in the thickness direction 

of object 1 according to the material and thickness of object( 
1, effects of processing, and the like enables cutting in 

conformity to the object 1. 

Industrial Applicability 

The laser processing method and appara tus in accordance 

with the present invention can cut an object to be processed 

without generating melt or fractures deviating from lines 

to be cut on" a surface of the object. Therefore, the yield 

and productivity of products (e.g., semiconductor chips, 
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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 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 predetermined position 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 secondposition
spaced from the surface of the object to be processed  by a second distance shorter than the first
distance and a third  



piezoelectric device chips, and display devices such as 

liquid crystal) prepared by cutting objects to be processed 

can be improved. 

c
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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 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  
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1. A laser processing apparatus 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: 

a mounting stage adapted for mounting the object to be 

processed: 

a laser light source for emitting the laser light; 

a converging lens for converging the laser 1 ight emi tted 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 posi tioned 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 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 cu t by irradiating the obj ect to be processed wi th a laser light, 

comprising the steps of: 

performing focus adjustment by moving at least one of the 

198 

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 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
object to be processed, and moving the mounting stage in the  direction perpendicular to the thickness
direction of the object to  be processed along the line along which the object to be processed  is
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 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/cmz); 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  



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 

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 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 wi thin the object to be processed 

which is mounted on the mounting stage so that the modified region 

lS 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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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 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 108 (W/cm2); 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 in which multi-photon absorption is
generated  by the irradiation of the pulsed laser light is not overlapped with  



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 obj ect 

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 comprising steps 

of: 

irradiating an object to be processed with a pulsed laser light 

of which pulse width is larger than 1 ]JS having wi th converging wi thin 

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 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 obj ect 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. The method according to claim 4, wherein the obj ect 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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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 light  at the converging point is not
smaller than 1 X 108 (W/cm2); and 205 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  



of which pulse width is larger than 1 ].lS having wi th converging wi thin 

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 8 (W/cm2 
) to make a plurality of modified 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 modified region functioning 

as a starting point for cutting the obj ect to be processed only wi thin 

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 cross 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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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 spot  is a refractive index change spot and the modified 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:  206 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 108 (W/cm2); and moving the converging point of the pulsed
laser light with  respect to the substrate relatively along a line along which the  



a converging kens for converging the laser light emitted from 

the laser light source wi thin the obj ect 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 obj ect to be processed by a first moving amount wi th 

using a predetermined posi tion 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 

wi th using a predetermined posi tion 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 predetermined posi tion is a posi tion 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. 
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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 the substrate  is cut. 207 



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 obj ect to be processed and wi thin the obj ect to be processed, 

a second posi tion spaced from the surface of the obj ect 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 

cut ting the obj ect to be processed wi thin the obj ect 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 wi thin the obj ect 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 obj ect to be processed wi thin the obj ect to be processed 

along a line along which the object to be processed is intended to 

be cut by irradiating the obj ect to be processed wi th 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 1 ight source wi thin the obj ect 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 object to be processed, and moving the mounting stage in the 

direction perpendicular to the thickness direction of the obj ect to 

be processed along the line along which the object to be processed 

is 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 ).lS wi th converging wi thin 

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 108 (W/cm2
); 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 

mel ting 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 wi th a laser light wi th a pulsed laser 

light of which pulse width is larger than 1 ].lS wi th converging wi thin 

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 108 (W/cm2 
) i 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 in which mul ti-photon absorption is generated 

by the irradiation of the pulsed laser light is not overlapped with 

a pre-formed another region in which the mul ti-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 ].lS 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 108 (W/cm2 
) i 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 plurali ty 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 is cut. 

19. The method according to claim 18, wherein the modified spot 

lS a crack spot and the modified spot is a crack region. 

20. The method according to claim 18, wherein the modified spot 

is a mol ten processed spot and the modified spot is a mol ten processed 

region. 

21. The method according to claim 18, wherein the modified spot 

is a refractive index change spot and the modified spot is a refractive 

index change region. 

22. The method according to anyone 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 wi th a laser light wi th a pulsed laser 

light of which pulse width is larger than 1 jJS wi th converging wi thin 

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 108 (W/cm2
); 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 

mol ten 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 substra te and the crack reaches 

to a front and back surface of the substrate so that the substrate 

is cut. 
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