
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 . For example,  a part to be cut in an object to be processed such
as a  semiconductor wafer or glass substrate is irradiated with  laser light
having a wavelength absorbed by the object, so 15 that melting upon heating
proceeds due to the laser light  absorption from the surface to rear face of
the object to  be processed at the part to be cut, whereby the object to  be
processed is cut. 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 I 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 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. is 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 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  laser processing methods 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  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 object 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 generating unnecessary fractures 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 locally generates multiphoton  absorption within the
object to be processed, there byforming  a modified region. Therefore, laser
light is hardly 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)  to (6) which will be explained later. 5 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  light -converging point
located therewithin under a condition  with a peak power density of at least
I x 108 (W/CM2) and 10 a pulse width of I ps or less at the light
-converging point,  so as to form a modified region caused by multiphoton
absorption within the object along a line along which the  object is
intended to be cut in the object. The laser processing method in accordance
with this  15 aspect of the present invention irradiates an object to be
processed with laser light with a light-converging point  located
therewithin under a condition with a peak power  density of at least 1 - 108
(W/CM2) and a pulse width of I 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 rnethod in accordance with this aspect of the 4 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 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 1 x 108 (W/cm2) and a pulse width of 1  ps
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 5 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 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 1 x 108
(W/cm2) and  a pulse width of 1 ns or less at the light-converging point, ?
5 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 (WW/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 change such as ionic valence change,  crystallization,
or polarization orientation is induced S 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, 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 is 



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: 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  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 cf 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 be cut.  This can form a
plurality of light-converging points along  the line along which the object
is intended to be cut at  the same time, thus being able to improve the
processing  speed. The modified region is formed by moving the cbject to  be
processed relative to the light-converging point of laser  light located
within the object. Here, the above-mentioned 10 relative movement forms
themodified regionwithin the object  tobeprocessed 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  



is 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 20 relatively small force. This can cut the object to be  processed
without generating unnecessary fractures  deviating from the line along
which the object is intended  to be cut in the surface of the object.
Examples of the object to be processed are members  25 including glass,
piezoelectric material, and semiconductor  material. Another example of the
object to be processed is  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, a display device such
as liquid crystal,  a piezoelectric device, or the like. The laser
processing method inaccordancewith an aspect  of the present invention
comprises a step of irradiating  a semiconductor material with laser light
with a 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 has
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 semiconductor material- 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 light-converging 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 piezoelectric material.  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  may have a 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  be processed at the position
of the gap formed between 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 along which the object 25 is intended to
be cut in the semiconductor material. The  laser processing method in
accordance with this aspect of il 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  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 to be processed.  The laser processing method in
accordance with this aspect of the present invention forms a modified region
by  irradiating the object to be processed with laser light such  20 that
themajor 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 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  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. 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 Iaser 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 polarized 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 109 (W/CM2 ) and a
pulse width of I lis or less at  the light-converging point, so as to form a
modified region  including a crack region along the line along which the
object  is intended to be cut within the object to be processed. The laser
processing method in accordance with this  is 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 14 an object to be
processed with laser light such that a  I i ght -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 be cut under a condition
with a peak power density of  at least I x 10B (W/CM2) and a pulse width of
I 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  is 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 is 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 5
extends along a line along which the object is intended to  be cut under a
condition with a peak power density of at  least 1 X 108 (W / CM2) and a
pulse width of I ns or less at  the light -converging point, so as to form a
modified region  including a refractive index change region which is a
region 10 with a changed refractive index within the object along a  line
along which the object is intended to be cut in the  object. The laser
processing method in accordance with this  aspect of the present invention
irradiates the object to  15 be processed with laser light such that the
major axis of the ellipse indicative of the elliptical polarization of
laser light extends along the line along which the object  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 processinq
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 the ellipticity is zero.
Linearly polarized  light can maximize the size of the modified region
extending  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 is the modified region, the
object to be processed may be  irradiated with laser light while the object
to be processed  is rotated by about 90' about the thickness direction of
the object to be processed. These can form another modified  region
extending in a direction along the surface of the 20 object to be processed
and intersecting the former modified  region. Therefore, for example,
respective modified  regions extending along lines to be cut in X- and
Y-axis  directions can be formed efficiently. 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 17 1
ight-converging point of laser light elliptically polarized  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 5 extends along a line along
which the object is intended to  be cut, so as to cut the object to be
processed along the  line along which the object is intended to be cut. The
laser processing method in accordance with this  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 the object to be processed. Therefore,  the object to be
processed can be cut along the line along is 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  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 multiphoton 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. 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 adjusted
by 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 th.e 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 is
by the light -converging point within the object to be  processed; and
moving means for relatively moving the  light-converging point of pulse
laser light along the line  along which the object is intended to be cut.
The laser processing apparatus in accordance with this  20 aspect of the
present 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 3 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 is 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 20 a-long 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 a n 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/cM 2 ) at a light -converging point; means  for locating the light
-converging point of the pulse laser  light converged by the
light-converging point within the  object tobe processed; and moving means
for relatively 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  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 I x 108 (W/CM2) at  a light-converging point;
means for locating the  2 ight -converging point of the pulse laser light
converged is 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 staring  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
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 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  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 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 I 20 ps or less; and lens selecting
means including a plurality  of light-converging lenses for converging the
pulse laser  light emitted from the laser ligh t source such that the pulse
laser light attains a peak power density of at least I x  101 (WICM2)' 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  by
irradiating the object to be processed with one pulse 26 cf pulse laser
light while locating the light-ccnverging  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  ,.is 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; a I i ght
-converging lens f or 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 27 least 1 x 108 (W/C:M2) at a light-converging point;
numerical  aperture adjusting means for adjusting the size cf 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 as storinq
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 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 the present invention comprises a laser light
source  for emitting pulse laser light having a pulse width of I 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
is emitted from the laser light source such that the pulse laser  light
attains a peak power density of at least I ), 108 (W/CM2)  at a I i ght
-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 locatinq 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  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  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 1 ight -converging lenses and the size of modified spot;
size  selecting means for choosing, according to an inputted  magnitude of
power of pulse laser light and an inputted size  of numerical aperture, a
size of the modified spot formed  at thus inputted magnitude and size; and
size display means 15 for displaying the size of modified spot chosen by the
size  selecting means. For the same reason as that of the laser processing
apparatus in accordance with the above-mentioned aspect of  the present
invention, the laser processing apparatus in 20 accordance with this aspect
of the present invention can  increase the number of kinds of controllable
dimensions of  modified spots and can see the size of modified spots before
laser processing. The laser processing apparatus explained 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  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
ps or less; power adjusting means for adjusting the magnitude  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 I 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  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  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 thepresent invention 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.  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  is 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 I 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 



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 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 i5 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 opt -1ca 1 system -including the 1
ight-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 the present 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 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 laserlight source  for emitting pulse laser
light having a pulse width of 1  lis or less; lens selecting means including
a plurality of  I i ght- converging lenses for converging the pulse laser
light is 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  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 34 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  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
selecting meansselects among a plurality oflight-converging 25 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 35 for
emitting pulse laser light having a pulse width of 1  us or less; power
adjusting means for adjusting the magnitude  of power of pulse laser light
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 I 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 



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 ob~ect is intended
to is 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  object; the laser processing apparatus
further comprising 20 correlation 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; 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 adj-L~sting 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  



to form thus 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 ~5 includinq the light -converging
lens so as to attain the chosen  magnitude of power and size of numerical
aperture. Therefore,  modif ied spots having a desirable size can be formed.
Also,  since the magnitude of power and the 5izeof 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 I  iis 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 108 (Gd/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
light-converging point of the pulse laser light converged 10 by a
light-converging lens chosen by the lens selecting means  within an object
to be processed; and moving means for  relatively moving the
light-converging point of pulse laser  light along a line along which the
object is intended to  



be cut in the object to be processed; wherein one modified 15 spot is farmed
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 storingmeans 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 this 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  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 of numerical
aperture are combined together, the  number of kinds of controllable
dimensions of modified spots  20 can be increased. The laser processing
apparatus in accordance with this  aspect of the present 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  modified spots define a modified 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  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. is 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 of irradiating  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 f irst 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. The laser processing method in accordance with an aspect  of
the present invention comprises a f irst step of irradiating  an object to
be processed 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 miiltiphoton 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 I i ght -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,  5 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  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  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 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 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 f ormed 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 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  ca I
culating means for calculating a distance between modified is spots adjacent
each other according to an inputted magnitude  of f requency; and distance
display means for displaying the  distance calculated by the distance
calculating means. The inventor ha s found that, when the I ight- converging
point of pulse laser light has a fixed relative moving speed,  20 the
distance between a mudified part (ref erred to as modif ied ~;Pot) formed
bN7 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.  :n the present
specification, this distance is expressed 43 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  obj ect i s intended to be cut within the obj ect 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  magnitudeof frequency,
and displays thus calculated distance. 15 Therefore, with respect to
modified spots formed according  to the magnitude of frequency fed into the
laser processing  apparatus, the distance between adjacent spots can be seen
before laser processing. The laser processing apparatus in accordance with
an  20 aspect of the present invention comprises a laser light source  for
emitting pulse laser light having a pulse width of I  lis or less; light
-converg ing 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/cm4) at a light-converging point; means
for  



locating the light- 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 is 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 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 display means f or 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 is fixing the object to be processed, or by
moving both.  The laser processing apparatus in accordance with this  aspect
of the present invention calculates the distance  between adjacent modified
spots 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 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 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  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 distance display means f or displaying the distance  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 processinq 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 amodified  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 2S
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 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 according -to an inputted  magnitude of frequency;
light-converging means for 10 converging the pulse laser light emitted f rom
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 I i ght- converging means is within an object tc be
processed; and moving means for  relatively moving the light-converging
point of pulse laser  light along a line along which the object is intended
to  be cut in the object to be processed; wherein one modified  spot is
formed within the cbj ect to be processed by irradiating 20 the object to be
processed with one pulse of pulse laser  light while locating the
light-converging pcint 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 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 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 freq~uency of the  pulse
laser light emitted from the laser light source such  that this magnitude of
distance is attained between the 20 adjacent modified spots. The frequency
adjusting means  adjusts the magnitude of repetition frequency of the pulse
laser light emitted from the laser light source such that  the magnitude of
frequency calculated by the frequency  calculating means 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 modif ied
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 I  I~s 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 (Iq / CM2) at a 1 i ght -converging point;
means for  locating the light-converging point of the pulse laser light
converged by the light-converging means within an object  to be processed;
moving means for relatively moving the  light-converging point of pulse
laser light along a line 20 along which the object is intended to be cut in
the object  to be processed; and speed adjusting means for adjusting  the
magnitude of relative moving speed of the  light-converging point caused by
the moving means; wherein  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 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 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 speed adjusting means 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
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  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 5 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  display means for 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
emittinq pulse laser light having a pulse width of I 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  (1~7/CM2 ) -convergi
ng  power density of at least I - 108 at alight - ~P  point; means for
locating the light -converging point of the  pulse laser light converged by
the 1 i ght -converging means  within an obj ect to be processed; moving
means f or relat ivel y 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  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 the magnitude 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 is speed
adjusting means adjust the magnitude of repetition  frequency and the
magnitude of relative moving speed of the  



light-converging point of pulse laser light so as to attain  'the values of
calculated combination. Therefore, a  desirable magnitude of distance can be
attained between  20 adjacent modified spots. The laser processing
apparatus, in accordance with the  present invention may comprise display
means for displaying  the magnitude of frequency and magnitude of relative
moving  speed calculated by the combination calculating means. when 25
operating the laser processing apparatus according to the  inputted
magnitude of distance between adjacent modified 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  plurality of modified
spots along a line along which the  object is intended to be cut within the
object to be processed.  These modified spots define a 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  is 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 modi f ied region continuously  



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 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, 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  modif ied 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 object 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. 57 The Iaser processing method in a ccordance with an aspect  of
the present invention comprises a step of irradiating  an object to be
processed with laser light while locating  a I ight -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 I 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 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  present invention, 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  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  (e. g - , rear f ace) opposing the
entrance f ace within the object  to be processed within the object to be
processed when the 20 light-converging point of laser light is located at a
position  closer to and farther from the entrance face than is a half
thickness position in the thickness direction, respectively- When a fracture
extending a long 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
is 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 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 be made smaller.  Therefore, when the entrance f ace
of the object to be process-ed 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  an object to be
processed 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. In a 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 entrance face of the object 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: 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 106
(W/cm2) and a pulse width of 1 ps or less at the  light-converging point, a
modified region including a crack  region can be formed within the object to
be processed. This 20 generates a phenomenon of an optical damage caused by
multiphoton absorption within the object 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 63
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 be processed is irradiated with laser  5 light under a
condition with a peak power density of at least  



I - 101 (W/cm2) and a pulse width of I ps 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 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
tobe processed is irradiated with laser  light under a condition with a peak
power density of at least  i - loll (W/CM2 ) and a pulse width of I 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  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 is 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 be
processed at the entrance face;  a first moving step of relatively moving
the object in the  thickness direction according to the data of second
relative  movement amount; 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 object with respect
to the  laser light irradiating  the object becomes the distance from the
entrance face to  the light-converging point of laser light. Therefore, when



10 the object to be processed is moved by the relative movement  amount
obtained by dividing the distance from the entrance  to the inside of the
object by the above-mentioned -refractive  index, the light-converging point
of laser light can be  aligned with a desirable position in the thickness
direction  15 of the object. The laser processing apparatus in accordance
with an  aspect of the present invention comprises a laser light source  for
emitting pulse laser light having a pulse width of I  ~is 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 be 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 locatingthe I ight-convergingpos it ion of
pulse  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  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-converging point of the pulse 15 laser liqht converged by the 1ight-
converging means at the  entrance f ace; and second moving means f or
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 I  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 I x 108 (W/CM2) at a light-converging point; means
for  locating the I ight -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 10 the thickness of the object to be
processed; and moving means  for relatively moving the 1 i ght -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 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  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. I 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. I 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 he processed  cut by the laser processing method in accordance
with the  10 embodiment; Fig. 7 is a graph showing relationships between the
electric field intensity and the magnitude of crack in the  laser processing
method in accordance with the embodiment; Fig. 8 is a sectional view of the
object to be processed  



15 in a first step of the laser processing method in accordance  with the
embodiment; Fig. 9 is a sectional view of the object to be processed  in a
second step of the laser 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; 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; 10
Fig. 15 is a flowchart for explaining the laser  processing method in
accordance with the first example of  the embodiment; Fig. 16 is a plan view
of an object to be processed  for explaining a pattern which can be cut by
the laser  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 far 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  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; 25 Fig. 28 is a
sectional view of a piezoelectric device  wafer or the like showing a first
step of the cutting method  in accordance with the second 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 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  a 1.7i thi n which a crack
reqion 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 72 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 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  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  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 silicon 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; 15 Fiq. 50 is a plan
view of the object to be processed  in the case where a crack spot is formed
relatively large  by using the laser processing method in accordance with a
fifth example of the embodiment; Fig. 51 is a sectional view taken along
LI-LI on the  20 line along which the object is intended to be cut shown in
Fig. 50; Fig. 52 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
LIII-LIIl  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
F~g~ 50 cut along the line along which the object  is intended to be cut~
Fig. 5 6 i s 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  is intended to be cut; Fig. 58 is a sectional view
of the object to be processed  showing a state where pulse laser light is
converged within  the object by using a light -converging lens having a
predetermined numerical aperture; 20 Fig. 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. 58 75 is used; Fig.
61 is a sectiona I 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 tobe processed  in the
case where pulse laser light having a power lower  than that the example
shown in Fig.. 60 is -used; Fig. 65 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. 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  is accordance with
the fifth example of the embodiment; Fig. 72 is a schematic diagram of the
laser processing  apparatus in accordance with a sixth example of the
embodiment;  Fig.. 73 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. 74 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; 5 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  20 the
object is intended to be cut, in which a crack region is formed by the laser
processing method in accordance with  an eighth example of the embodiment;
Fig. B2 is a plan view of another example of the part  of object to be
processed extending along the line along  2S 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  



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  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 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; 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  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  in accordance with this
embodiment form a modified region  by multiphoton absorption. The
multiphoton absorption is 20 a phenomenon occurring when the intensity of
laser light  is made very high. First, the multiphoton absorption will  be
explained in brief. A material becomes optically transparent when the
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 > EG. 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
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  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 I 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  I is irradiated with laser
light L while locating a  light-converging point P within the object I under
a condition  generating multiphoton absorption, so as to form a modified
region 7. The 1 i ght -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 I 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  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  25 3 of the object I will
not melt. If a starting point exists in a part to be cut when 83 cutting the
object 1, the object I Wi I I break from the starting  point, whereby the
object 1 can be cut with a relatively  small force as shown in Fig. 6.
Hence, the cbject I can be  cut without generating unnecessary fractures in
the surface  3 of the object I. 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 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 



is 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  is
large. Breaking and cutting can be carried out with 84 favorable control
even in this naturally 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 Rn object to be processed (e.g., glass or a
piezoelectric material made of LiTa03) is irradiated with 7 J - 1-, +- - -
-~ n 17 in r ri i n n 15 laser light while the -~IAII point is located  



therewithin under a condition with a peak power density of  at least 1 x 108
(W/CM2 ) and a pulse width of I ps or less  at the light-converging point.
This magnitude of pulse 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 85 electric
field intensity is 1 x 10 12 (W / CM2) , for example.  The pulse width is
preferably 1 ns to 200 ns, for example.  Theformingof a crack region caused
bymultiphoton absorption  is described, for example, in "Internal Marking of
Glass 5 Substrate by Solid-state Laser Harmonics", Proceedings of  45th
Laser Materials Processing Conference (December 1999) ,  pp. 23-28. The
inventor determined relationships between the  electric f ield 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 prn) (3) Laser Light source: semiconductor laser pumping  is Nd:YAG
laser Wavelength: 1064 nm Laser light spot cross-sectional area: 3.14 



10-1 cm, 20 Oscillation mode: Q-switch pulse  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 Transmittance with respect to laser light  wavelength: 60% (D)
Moving speed of a mounting table mounting the  object to be processed: 100
mm/sec 5 The laser light quality of TEMpp 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  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/cm2) , and become greater as the peak power  density increases. 87 A
mechanism by which the object 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 within the object  1 under a condition
where multiphoton absorption occurs,  so as to form a 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  



while the light-convergingpoint is 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. 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,  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, and polycrystal
structures. Namely, 10 it refers to a region in which a monocrystal
structure has  changed into an amorphous structure, a region in which a
monocrystal structure has changed into a polycrystal  structure, and a
region in which a monocrystal structure  has changed into a structure
including an amorphous structure 15 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 I  X lo12
(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 Laser light spot cross-sectional area: 3.14 5 10-1
cm, 10 oscillation mode: Q-switch pulse  Repetition frequency: 100 kHz
Pulse width: 30 ns Output: 20 pJ/pulse Laser light quality: TEMOD
Polarization characteristic: linear polarization  (C) Light-converging lens
Magnification: x5O  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 be explained. 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 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 Society, No. 66
(April 2000), pp. 72-73. Pere, a fracture is generated in the
cross-sectional  5 direction while using the molten processed region as a
starting point, whereby the silicon wafer is cut when the  fracture reaches
the surface and rear face of the silicon  wafer. The fracture -reaching the
surface and rear face of  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 is 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 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  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 10' (W/cm2) and
a pulse width of 1 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  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/cm2)
, 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
bymultiphcton 15 absorption is described, for example, in "Formation of
Photoinduced Structure within Glass by Femtosecond Laser  Irradiation",
Proceedings of42thLaser 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 inthismethod. 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 dichroicmirror 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 203; a
mounting  table 107 for mounting an object to be processed 1 irradiated
with the laser light L converged by the light-converging 10 lens 105; an
X-axis stage 109 for moving the mounting table  107 in the X-axis direction;
a Y-axis stage 111 for moving  the mounting table 107 in the Y-axis
direction orthogonal  to the X-axis direction; a Z-axis stage 113 for moving
the  mounting table 107 in -the Z-axis direction orthogonal to 15 X- and
Y-axis directions; and a stage controller 215 for  controlling the movement
of these three stages 109, 111,  113 The Z-axis direction is a direction
orthogonal to the  surface 3 of the object to be processed 1, thus becoming
20 the direction of focal depth of laser light L incident on  the object 1.
Therefore, moving the Z-axis stage 113 in the  Z-axis direction can locate
the light-converging point P  of laser light L within the object 1. This
movement of  I ight -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 (211) 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:YVO4 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  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 beam
splitterl19, and thus reflected visible  light beam is transmitted through
the dichroic mirror 103 10 and light-converging lens 105, so as to
illuminate the surf ace  3 of the object I including the line along which
the object  is intended to be cut S and the like. The laser processing
apparatus 100 further comprises  an image pickup device 121 and an imaging
lens 223 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 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 225 for inputting the imaging data 96
outputted from the imaging device 121, a n 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  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. 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 97 method in accordance with a first example of the embodiment 5
will now be explained. Fig. 15 is a flowchart for explaining  this laser
processing method. The object to be processed  I is a silicon wafer. First,
a light absorption characteristic of the object  I is determined by a
spectrophotcmeter or the like which  is not depicted. According to the
results of measurement,   laser light source 101 generating laser light L
having   wavelength to which the object 1 is transparent or exhibits 



10 a low absorption is chosen (SIOI) . Next, the thickness of  the object I
is measured. According to the result of  measurement of thickness and the
refractive index of the  object 1, the amount of movement of the object I in
the Z-axis  direct-ion is determined (S103) This is an amount of movement is
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 laser light L to be
positioned within the object  1. This amount of movement is fed into the
overall controller  20 127. The object I 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 I (S105) 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.
According to the focal point data, the stage controller  115 moves the
Z-axis stage 113 in the Z-axis direction (S109) .  As a consequence, the
focal point of visible light from the 10 observation light source 117 is
positioned at the surface  3. According 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 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 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
(Sill). 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 be cut 5 within the object I (S113) .
Then, the  object 1 is bent along the line along which the object is 10
intended to be cut 5, and thus is cut (S115) This divides  the object 2 into
silicon chips. Effects of the first example will be explained. Here,  the
line along which the object is intended to be cut 5 is  



irradiated with the pulse laser light L under a condition 15 causing
multiphoton absorption while locating the  light-converging point P within
the object 2- 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  I 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 100 is intended to be cut 5 while using a
modified region as  a starting point can cut the object 1 with a relatively
small  force. This can cut the object 1 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 I 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
15 such as melting due to the forming of a modified region.  



As explained in the foregoing, the first example can  cut the object I
without generating unnecessary fractures  deviating from the line along
which the object is intended  to be cut 5 and melt in the surface 3 of the
object . 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  is be
improved. Since laser light is used for cutting the object 1,  the first
example enables processing more complicated than  



that obtained by dicing with a diamond cutter. For example,  even when the
line along which the 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  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 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. 



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 PJ) - This
example can form a plurality of light -converging points 5 P1, P,~, . . .
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 modif ied 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 S. [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  of LiTa03 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 204
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)
.  The light absorption characteristic can be measured by using 20 a
spectrophotometer or the like. Once 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 (S203) 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 pJ.
The  spot diameter of laser light L emitted from the YAG laser  is about 20
pm. 5 Next, the thickness of the material to be 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 from the 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 (S207). 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  20
the material to be cut and the refractive index of the material 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 source 117, so as to  irradiate the material to be cut with thus
emitted light. 15 1hen, 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 (S211). Here, the surface
observation image of 20 piezoelectric device wafer 31 obtained by the
observation  light source 117 is captured by the image pickup device 121,
whereas the imaging data processor 125 determines the moving  position of
the Z-axis stage 113 according to the result  of imaging such that the light
emitted from the observation 25 light source 117 forms a focal point on the
surface o'f 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 the moving 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 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 



and refractive index of the material to be cut (S215).  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 iZradiated with laser light L,  5
and the X-axis stage 109 and the Y-axis stage III are moved in conf ormity
to a desirable cutting pattern (S21'7) 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 (80 Iim as mentioned 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 is 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  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 209 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 the light-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 the light-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  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 n 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 20
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., the moving direction of the
light-converging point of laser light L as shown ~n 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 25 frequency of laser light L and the moving
speed of material  to be cut 32 are increased. ill 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 be 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  depicted) connected to the
suction chuck 34, a pressure needle  36 (pressing member), pressure needle
driving means (not 20 depicted) for moving the pressure needle 36, and the
like.  Usable as the pressure needle driving means is an actuator  of
electric, hydraulic, or other types. Figs. 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 34 approaches the  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 34 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 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  is wafer sheet 3"j
deforms, while the pressure needle 116 applies a stress to the piezoelectric
device wafer 31 from the 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 an 25 adhesiveness as
mentioned above, thereby being able to  prevent cut and separated
piezcelectric device chips 37 from 113 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 pie2oelectric device wafer  31 (surface) held by the wafer
sheet 32 are cleaned with  the ion air. Here, a suction apparatus may be
provided in 15 place of the ion air cleaning, such that the cut and
separated  piezoelectric device chips 37 and piezoelectric device wafer  31
are cleaned as dust and the like are aspirated. Known  as a method of
cutting the material to be cut due to  environmental changes is one
imparting a temperature change 20 to the material to be cut having the crack
regions 9 only  therewithin. When a temperature change is imparted to the
material to be cut as such, a thermal distortion can occur  in the material
part formed with the crack regions 9, so  that the crack regions grow,
whereby the material to be cut  25 can be cut. Thus, in the second example,
the light -converging lens 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  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 within  the light-transmitting material and its
vicinity. Since the  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 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  



5 piezoelectric device chips 3-, the light -conveyg .J in^ lens  105
converges the laser light L such that the light-converging  point is
positioned within the wafer part facing the gap  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 5 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. 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 



15 of a modified part (crack 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-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 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 10 refractive index), thus being able to cut the  light-transmitting
material without generating the crack  regions 9 by utilizing such a
mechanical characteristic  change. Though the focus adjustment of laser
light L is carried  out by moving the Z-axis stage 113 in the laser
processing  apparatus 100, it may be effected by moving the
light-converging lens 105 in the optical axis direction of  laser light L
without being restricted thereto. Though the X-axis stage 109 and Y-axis
stage III are  



7 moved in conformity to a desirable cutting pattern in the  laser
processing apparatus 200, 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  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. 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,
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  5 can be realized in the cutting step. In the method
of cutting a light-transmitting material  in accordance with this aspect of
the present invention,  since the forming of a modified part is realized by
non-contact  processing with laser light, problems of durability of blades,
10 their replacement frequency, and the like in the dicing caused  by
diamond cutters will not occur. Also, since the forming  of a modified part
is realized by non-contact processing  with the laser light, the method of
cutting a  light-transmitting material in accordance with this aspect i5 of
the present invention can cut the light-transmitting  material along a
cutting pattern which cuts out the  light-transmitting material without
completely cutting the  same. Preferably, the light-transmitting material is
formed 



20 with a plurality of circuit sections, 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. When irradiating the light-transmitting 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  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  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 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  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 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
light-converging point, within the light-transmitting  47 _ 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 bemade smaller  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  invention,
dust-emitting powders hardly exist, so that no  lubricating/cleaning water
for preventing the dust-emitting  powders f rom f lying 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, 15 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 224 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,  3
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  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-transmitting material; an optical device for  converging the
laser light emitted from the laser light source  such that a
light-converging point thereof is positioned  within the light-transmitting
material; and cutting means  for cutting the light-transmitting material at
the position 20 of a modified part formed only at the light -converging
point  of laser light within the light-transmitting material and  its
vicinity. In the apparatus for cutting a light-transmitting  material in
accordance with this aspect of the present  25 invention, the optical device
converges laser light such 



that the Iight -converging point of laser light is positioned 225 within 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 5 position of the modified part formed only at the  light-converging
point within the light-transmitting  material and its vicinity, whereby the
light-transmitting  material is reliably cut along thus formed modified
part.  As a consequence, the amount of dust emission is very small, 10
whereas the possibility of dicing damages, chipping, cracks on the material
surface, and the like occurring also becomes  very low. Also, since the
light-transmitting material is  cut along the modified part, the directional
stability of  cutting improves, whereby the cutting direction can be
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  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 f or preventing the dust-emitting 25
powders from f lying 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 10
material in accordance with this aspect of the present  invention can cut
the light-transmitting material along a  cutting pattern which cuts out the
light-transmitting  material without completely cutting the same. The
apparatus for cutting a light-transmitting  15 material in accordance with
an aspect of the present invention  comprises a laser light source; holding
means for holding  the light-transmitting material; an optical device for
converging laser light emitted from the laser light source  such that a
light-converging point thereof is positioned 20 within the
light-transmitting material; and cutting means  for cutting the
light-transmitting material by growing a  crack formed only at the
light-converging point of laser  light within the light-transmitting
material and its  vicinity. 25 In the apparatus for 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 -convergingpoint 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-transmitting 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 consequennnce, 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 FP01-0144-00
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 5 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 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  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. 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  not irradiated with the laser
light as such, it can prevent  the laser light from entering 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 the
light-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  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  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: (A) Object to be processed:
Pyrex glass wafer (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 10-8
cm` Oscillation mode: Q-switch pulse 131 5 10 Repetition frequency: 100 kHz
Pulse width: 30 ns Output: output < 1 mJ/pulse  Laser light quality: TEMao
Polarization characteristic: linear 



polarization  (C) Light-converging lens Magnification: x50  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 Each of
Samples l , 2, which was an object to be processed, 1.7 was exposed to a
single pulse se 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 CP
schematically indicate linear  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 aligningwith the
direction oflinearpolarization.  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 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 I 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 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 15 to be cut S. 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 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 be cut 5 too much, 5 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 10 5 in the method in accordance with
this embodiment shown  in Fig_ 37, whereby the object to be processed can be
cut  



precisely. Though making the size in a predetermined direction  relatively
large among the sizes of a modified region has  15 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 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 15 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  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  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. 



15 The 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  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 0 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 900 rotation regulator 203 includes
a half wave  plate 205 as shown in Fig. 42. The half wave plate 205 is  a
wavelength plate for making polarization orthogonal to  linearly polarized
incident light. Namely, when linearly  polarized light LP, with an angle of
direction of 450 is 10 incident on the half wave plate 205, for example,
transmitted  light becomes linearly polarized light LP2 rotated by 900  with
respect to the incident light LPI. When rotating the  polarization of laser
light L emitted from the ellipticity  regulator 201 by 90', the 90' rotation
regulator 203 operates  ~~n Pq to 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"  rotation
regulator 203 operates so as to place the half wave  plate 205 outside the
optical path of laser light L (i.e., 20 at a site where the laser light L
does not pass through the  half wave plate 205) The 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 by 90'. 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 laser
processing  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 SlIl are the same as  those of the first example shown in Fig. 15.
The ellipticity regulator 201 adjusts the ellipticity  of laser light L
having linear polarization LP emitted from  the laser light source 101
(S121) The laser light L having  I I J nt J rA I polarization EP with a
desirable ellipticity can  be obtained when the angle of direction 8 of the
quarter  wave plate is changed in the ellipticity regulator 201. 



First, f or processing the object to be processed I along  the Y-axis
direction, the major axis of an ellipse indicative  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 (S123) .
This is  achieved by rotating the E)-axis stage 213. Therefore, the 25
O-axis stage 213 functions as major axis adjusting means  or linear
polarization adjusting means. 139 For processing the object I a Ion g 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 I 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. 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  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 25 is formed within
the object I 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, a molten  processed region is formed within the object 1 along the
lines to be cut 5 successively from the right side (S127).  Fig. 45 shows
the case where the object 1 is irradiated with 5 the laser light L having
linear polarization. Namely, the  object 1 is irradiated with 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. 10 Next, the 90 rotation regulator 203 operates so as  to place
the half wave plate 205 (Fig. 42) onto the optical  axis of laser light L.
This carries out adjustment for  rotating the polarization of laser light
emitted from the  ellipticity regulator 219 by 90 (S219). 15 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 20 with 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  direction of the object I.
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 141 X-axis stage 109 is moved along the line along which the  object is
intended to be cut 5, so as to f orm a 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 5 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 (S131). Fig. 47
shows the case where  the object I is irradiated with the laser light L
having  15 linear polarization LP. Then, the object I is bent along the
lines to be cut  5, whereby the object 2 is cut (S133) This divides the
object  I into silicon chips. Effects of the third example will be
explained.  20 According to the third example, the object I is irradiated
with pulse laser light L such that the direction of the major  ,axis of an
ellipse indicative of the elliptical polarization  EP of pulse laser light L
extends along the lines to be cut  



5 as shown in Figs. 44 and 46. As a consequence, the size 25 of crack spots
in the 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 5. These results are
similar  to those of the fourth example which will be explained later.  10
[Fourth Example] The fourth example of this embodiment will be explained
mainly in terms of its differences from the third example.  Fig. 48 is a
schematic diagram of this laser processing  apparatus 300. Among the
constituents of the laser  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. Ae-axis  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 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 S101 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 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 S123, the operation
of step 5127 is carried  out. The operations carried out so far process the
object  10 1 as shown in Fig. 44 in a manner similar to that in the third
example. Thereafter, the stage controller 115  regulates the 6-axis stage
213 so as to rotate it by 90.  The rotation of the e--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 obj ect is intended  to be cut 5 having already completed
the modified region  forming step. 20 Then, like step 5127, the object 1 is
irradiated with  the laser light, whereby molten processed regions are
formed  within the object to be processed 1 along lines to be cut  5
successively from the right side. Finally, as with step  S133, the object 1
is cut, whereby the object 1 is divided  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,  is
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 section deteriorates- Thiswill be explained with
reference  to Figs. 50 to 55. Fig. 50 is a plan view of an object to  



be processed 1 in the case where crack spots are formed  relatively large by
using the laser processing method in 5 accordance with this embodiment. Fig.
51 is a sectional view  taken along LI-LI on the line along which the object
is intended  to be cut 5 in Fig. 50. Figs. 52, 53, and 54 are sectional
views taken along lines LII-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  these drawings, the deviation in sizes of
crack 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  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 I 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. 146 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 be carried  out. If
crack spots are extremely small with respect to an 



5 object to be processed having a large thickness, however,  the object will
be hard to cut. The f act 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 x1O 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 x5O and an NA of 0. 55. The peak power density  is proportional to the
energy of laser light per pulse, i . e . ,  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 to become smaller (greater) as the numerical 20 aperture of
a light-converging lens is greater (smaller) - Also, even when the numerical
aperture of the  I ight -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. 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 cf 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 is absorption or higher by
this laser irradiation. Fig. 59 is  a sectional view of a crack spot 9C
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 I 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  41 in the thickness direction of the
object 1, whereas the 148 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  



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
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 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 15 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. Asa 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  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  of modif ied spots,
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. There are cases where an object to be
processed has  respective direct-ions easy and hard to cut due to the
crystal  orientation of the object, for 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~
Though the fact that sizes of modified spots are  controlIable 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 f requency 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 mainlv 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  of a plurality
of ND filters or combining some of them, the  power regulator 401 adjusts
the power of laser light L emitted 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  f ilter 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 ICI 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 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 203 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'; a lens- selecting
mechanism 403  including a plurality of light - converging lenses for
converging the laser light L reflected by the dichroic mirror is 101-3; and
a lens selecting mechanism controller 405 for  controlling the lens
selecting mechanism 403. The lens selecting mechanism 403 comprises  light
-converging lenses 1 05a, 105b, 105c, and a support plate  



407 for supporting them. The numerical apertures of 20 respective optical
systems including the light -converging  lenses 105a, 105b, 105c differ from
each other. According  to a signal from the lens selecting mechanism
controller  405, the lens selecting mechanism 403 rotates the support  plate
4 07, thereby causing a desirable light-converging lens 25 among the
light-converging lenses 105a, 105b, 105c to be  placed onto the optical axis
of laser light L. Namely, the 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  apparatus inputs a size of
numerical aperture or an  instruction for choosing one of the
light-converging lenses  105a, 103b, 105c into the overall controller 127,
which will  be explained later, by using a keyboard or the like, the  I i
ght -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  is the optical axis of laser light L. The overall controller
127 is electrically connected  to the power regulator 4 0 1. 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 413, 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 p~ulse laser light or the size of numerical aperture of 153 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,  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  1.0 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,
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 423, 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  and numerical aperture size is
displayed on the monitor 129.  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 - 10" (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 1011  (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 be processed I is a silicon  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. IS.
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 I upon irradiation of one pulse  of
laser light L are displayed on the monitor 129. Then, operations of steps
S113 to S115 are carried out  25 as in the laser processing method in
accordance with the  first example shown in Fig. 15. This divides the object
I 



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  the fifth example shown in Fig. 67 are ref erred to with
numerals 10 identical thereto without repeating their overlapping
explanations. In the laser processing apparatus 500, a beam expander  S01 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 502 is an example of
numerical aperture regulating means. The laser processing  apparatus 500 is
equipped with a single light-converging 20 lens 105 instead of the lens
selecting mechanism 4C3.  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 carries out control for changing the magnitude  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. 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 fifth and sixth examples are
referred to with numerals  



identical thereto without repeating their overlapping  5 explanations. In
the laser processing apparatus 600, an iris diaphragm  601 is disposed on
the optical axis of laser light L instead  of the beam expander 501 between
a dichroic mirror 103 and  a light-converging lens 105. Changing the
aperture size of 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. 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  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  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 427 by a keyboard or the like. 25 The size of modif ied
spot is determined in view of the thickness  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
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. 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 5 numerical aperture to the lens selecting
mechanism controller  405, beam expander 501, or iris diaphragm controller
603.  Therefore, when the laser processing apparatus regulated  tothis size
of numerical aperture is usedfor laser processing,  a modified spot having a
desirable size can be formed. The 



10 data concerning this numerical aperture is also sent to the  monitor 129,
whereby the size of numerical aperture is  displayed. In this example, the
power is fixed while  numerical aperture is variable. Fig. 80 is a block
diagram of the overall controller  15 127 provided in still another modified
example of the laser  processing apparatus in accordance with this
embodiment.  The overall controller 127 comprises a set selector 421 and  a
correlation storing section 413. It differs from the  examples of Figs. 78
and 79 in that both power and numerical 20 aperture are chosen. The
correlation storing section 413  has stored the correlation between the set
of power and  numerical aperture and the size in Fig. 69 beforehand. An
operator of the laser processing apparatus inputs 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  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 be processed. The moving
speeds of these stages are examples of relative moving speed  of the
light-converging point of pulse laser light. Thecrack 10 part formed by one
shot of pulse laser light is referred  to as crack spot- Therefore, the
number n of crack spots  formed per unit length of the line along which the
object  is intended to be cut 5 is as follows: 



n = f/v. 15 The reciprocal of the number n of crack spots formed  per unit
length corresponds to the pitch p: p = 1/n. 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 ways of relationship between  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  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 laser processing, 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 from being superposed  on crack spots 90 which have already been
formed. As a 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  



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. 268 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 be 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 crackspots, 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  f ormed. Therelative movement of the
light-converging point 13 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 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 ICO in  accordance with the
f irst example shown in Fig. 14. The laser  light source 101 is a Q-switch
laser. Fig. 84 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 20 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  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 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-5witch 59 so
as to make it attain a high 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 5 127, which will be explained later, by using a keyboard
or  the like. The f oregoing 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 a line
along which the object is intended  to be cut. Theref ore, 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  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 1~1 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  195. 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  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 l45. 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 145 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 be 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 = I/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 stages109, 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 f requency 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. 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 f ixed, 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  is 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 i5  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  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 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 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 blockdiagram 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. 



5 86 and 87 in that both repetition 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 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. The laser
processing method in accordance with the 176 eighth example of this
embodiment will now be explained.  The object tobe processed I is a silicon
wafer. In the eighth  example, operations from steps S101 to Slll 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 I and the like. The magnitude of
pitch p is fed  into the overall controller 127 shown in Fig. 88. Then, in a
manner similar to that of the laser processing  method in accordance with
the first example shown in Fig.  15, operations of step S113 to S115 are
carried out. This  is divides the object I 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 I and the like enables
processing in conformity  to the aimed purpose. JNinth Example] 25 A ninth
example of this embodiment changes the position  of the light-converging
point of laser light irradiating 177 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. 10 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. A method of forming two crack regions 9 will be explained  in
brief. First, the object I 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
I 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 I near its surface 3 and is moved along 25
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 I near  the surface 3. Then, as shown in Fig. 90, cracks
91 naturally grow  from the crack regions 9A, 9B. Specifically, the cracks
92 :7 8 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 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 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,
.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 be 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  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 with 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  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  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  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  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 I 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  f ormed is f ormed by using the data of f irst
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 S105 and S107 are
the same as steps S105 and S107  in the first example shown in Fig. 15. The
focal point data  calculated by step S107 is sent to the stage controller
115.  According to the focal point data, the stage controller 115 10 moves
the Z-axis stage 113 in the Z-axis direction (S109) - This positions the
focal point of visible light of the  observation light source 117 at the
surface 3. At this point  of Z-axis stage 113, the focal point P of pulse
laser light  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 215 moves  the object I in the Z-axis direction by using the
Z-axis 284 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 5 10 1. Next, as in step S113 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. 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 within  the object 1 (5115) .
Subsequently, as in step 5113, a molten 15 processed region is formed within
the object 1 (S117) . In  this step, the molten processed region is formed
near the  surface 3 within the object 1. Finally, the object I 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 I into silicon chips. Effects of the ninth example of this
embodiment will  be explained . The ninth example forms a plurality 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 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 obj ect is intended 5 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] 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 1 and its vicinity.
186 Fig. 97 is a partly sectional view of the object I shown  in Fig. 96.
After the crack region 9 is formed, cracks 91  are naturally grown toward
the surface 3 and rear face 21.  When the crack region 9 is 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  large thickness. Therefore, a part
to be cut extending along 10 the line along which the object is intended to
be cut 5 in 15 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 a perspective view of an object to be processed  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 or its vicinity. 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. 5 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  cutting the
object 1. Namely, growing cracks 91 from the 10 crack region 9 toward the
surface 3 and rear face 21 of the  object 1 cuts the object I. 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  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 be made
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  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 1 is 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  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  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  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 f ormed 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  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, whereby
the crack region 9 to be f ormed  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 mod fied region  can be 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  the first example shown in Fig.
14. In the tenth example,  the Z-axis stage 113 adjusts the position of I
ight -converging  point P in the thickness direction of object 1- This can
is adjust the light -converging point P so as to locate it at  a position
closer to or farther fromthe entrance -face (surface  3) than is a half
thickness position in the thickness direction  of the object I 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 I moves in the thickness direction thereof and  where the
light- converging lens 105 moves in the thickness 25 direction of the object
I in the present invention, the amount  of movement of the object I 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  focal point of visible light at the surface
3. The laser  processing apparatus 1 is adjusted such that the 15
light-converging point P of laser light L is located at the  surface 3 at
the position of Z-axis stage 113 where the focal  point of visible light is
located at the surface 3. Hence,  the focal point 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 the movement
amount (z) explained with reference  25 to Figs. 93 and 94 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 1. 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.
Step S101 is the same as step 5101 of the first example  15 shown in Fig.
15. Subsequently, as in step 5103 of the first  example shown in Fig. 15,
the thickness of object 1 is measured.  According to the result of
measurement of thickness and the  refractive index, the amount of movement
(z) in the Z-axis  direction of object 1 is determined (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 Pin the thickness direction of object  I is determined. The amount of
movement (z) in the Z--axis 194 direction is one example of data of relative
movement of  the object 1 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 5107  



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  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 5113 and S115 shown in Fig. 15. The foregoing divides
the object 1 into  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. 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  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. 19~
Claims: 1. A laser processing method comprising 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 said object along a line  along which the object is
intended to be cut in said object. 2. A laser processing method comprising a
step of irradiating an object to  be processed with laser light with a
light-converging point located therewithin under a  condition with a peak
power density of at least 1 x 108 (W/em2) at the light-converging  



point and a pulse width of 1 gs or less, so as to form a modified region
including a crack  region within said object along a line along which the
object is intended to be cut in said  obj ect. 3. A laser processing method
comprising a step of irradiating an object to  be processed with laser light
with a light-converging point located therewithin under a  condition with a
peak power density of at least 1 x 108 (W/cm2) at the light-converging
point and a pulse width of 1 s or less, so as to form a modified region
including a  molten processed region within said object along a line along
which the object is  intended to be cut in said object. 4. A laser
processing method comprising a step of irradiating an object to  be
processed with laser light with a light-converging point located therewithin
under a  condition with a peak power density of at least 1 x 108 (W/cm2) at
the light-converging  point and a pulse width of 1 ns or less, so as to form
a modified region including a  refractive index change region which is a
region with a changed refractive index within  said object along a line
along which the object is intended to be cut in said object. 5. A laser
processing method according to one of claims I to 4, wherein  the laser
light emitted from said laser light source includes pulse laser light. 6. A
laser processing method according to one of claims 1 to 5, wherein  said
irradiating an object to be processed with laser light with a
light-converging point  located therewithin is carried out by irradiating
said object with laser light emitted from  one laser light source while
converging said laser light and locating a light-converging  point within
said object. 7. A laser processing method according to one of claims 1 to 5,
wherein  said irradiating an object to be processed with laser light with a
light-converging point  located therewithin is carried out by irradiating
said object with a plurality of laser light  beams emitted from respective
laser light sources from different directions while  locating respective
light-converging points within said object. 198 8. A laser processing method
according to claim 7, wherein said plurality  



of laser light beams emitted from respective laser light sources enter said
object from  said surface thereof. 9. A laser processing method according to
claim 7, wherein said plurality  of laser light sources include a laser
light source for emitting a laser light beam entering  said object from said
surface thereof, and a laser light source for emitting a laser light  beam
entering said object from the rear face thereof. 10. A laser processing
method according to one of claims 7 to 9, wherein  said plurality of laser
light sources include a light source section having laser light  sources
arranged in an array along said line along which the object is intended to
be cut. 11. A laser processing method according to one of claims 1 to 10,
wherein  said modified region is formed by relatively moving said object
with respect to the  light-converging point of laser light located within
said object. 12. A laser processing method according to one of claims 1 to
11, further  comprising a cutting step of cutting said object along said
line along which the object is  intended to be cut after the step of forming
said modified region. 13. A laser processing method according to one of
claims 1 to 12, wherein  said object includes glass. 14. A laser processing
method according to one of claims 1 to 12, wherein  said object includes a
piezoelectric material. 15. A laser processing method according to one of
claims 1 to 12, wherein  said object includes a semiconductor material. 16.
A laser processing method according to one of claims 1 to 15, wherein  said
object is transparent to laser light irradiated. 17. A laser processing
method according to one of claims 1 to 16, wherein  said surface of said
object is formed with an electronic device or electrode pattern. 18. A laser
processing method comprising a step of irradiating a  semiconductor material
with laser light with a light-converging point located therewithin  under a
condition with a peak power density of at least 1 x 10$ (W/cmz) at the
light-converging point and a pulse width of 1 s or less, so as to form a
modified region  



within said semiconductor material along a line along which the object is
intended to be  cut in said semiconductor material. 19. A laser processing
method comprising a step of irradiating a  piezoelectric material with laser
light with a light-converging point located therewithin  under a condition
with a peak power density of at least 1 x 10s (W/cmz) at the
light-converging point and a pulse width of 1 gs or less, so as to form a
modified region 199 within said piezoelectric material along a line along
which the object is intended to be  cut in said piezoelectric material. 20.
A laser processing method according to one of claims 1 to 19, wherein  said
object has a surface formed with a plurality of circuit sections; and
wherein the light-converging point of laser light is located within said
object so  as to face a gap formed between adjacent circuit sections among
said plurality of circuit  sections. 21. A laser processing method according
to claim 20, wherein laser light is  converged by an angle keeping said
laser light from irradiating said plurality of circuit  sections. 22. A
laser processing method comprising a step of irradiating a  semiconductor
material with laser light with a light-converging point located therewithin,
so as to form a molten processed region only within said semiconductor
material along a  line along which the object is intended to be cut in said
semiconductor material. 23. A laser processing method comprising a step of
irradiating an object to  be processed with laser light elliptically
polarized with an ellipticity of other than 1 such  that a light-converging
point of said laser light is located within said object while the  major
axis of an ellipse indicative of the elliptical polarization of laser light
extends  along a line along which the object is intended to be cut, so as to
form a modified region  caused by multiphoton absorption along said line
along which the object is intended to  be cut within said object. 24. A
laser processing method comprising a step of irradiating an object to  



be processed with laser light elliptically polarized with an ellipticity of
other than 1 such  that a light-converging point of said laser light is
located within said object while the  major axis of an ellipse indicative of
the elliptical polarization of laser light extends  along a line along which
the object is intended to be out under a condition with a peak  power
density of at least 1 x 108 (W/cm2) at the light-converging point and a
pulse width  of 1 gs or less, so as to form a modified region including a
crack region along said line  along which the object is intended to be cut
within said object. 25. A laser processing method comprising a step of
irradiating an object to  be processed with laser light elliptically
polarized with an ellipticity of other than 1 such  that a light-converging
point of said laser light is located within said object while the  major
axis of an ellipse indicative of the elliptical polarization of laser light
extends  along a line along which the object is intended to be cut under a
condition with a peak  power density of at least 1 X 108 (W/cm2) at the
light-converging point and a pulse width  of 1 s or less, so as to form a
modified region including a molten processed region along 200 said line
along which the object is intended to be cut within said object. 26. A laser
processing method comprising a step of irradiating an object to  be
processed with laser light elliptically polarized with an ellipticity of
other than 1 such  that a light-converging point of said laser light is
located within said object while the  major axis of an ellipse indicative of
the elliptical polarization of laser light extends  along a line along which
the object is intended to be cut under a condition with a peak  power
density of at least 1 X 108 (Wlcm2) at the light-converging point and a
pulse width  of 1 ns or less, so as to form a modified region including a
refractive index change region  which is a region with a changed refractive
index within said object along said line along  which the object is intended
to be cut in said object. 27. A laser processing method according to one of
claims 23 to 26, wherein  said elliptical polarization is linear
polarization with an ellipticity of zero. 28. A laser processing method
according to one of claims 23 to 27, wherein  said ellipticity of elliptical
polarization is adjusted by changing the angle of direction of a  



quarter-wave plate. 29. A laser processing method according to one of claims
23 to 28,  comprising a step of irradiating said object with laser light
while rotating the polarization  of laser light by about 90 by a half-wave
plate after the step of forming said modified  region. 30. A laser
processing method according to one of claims 23 to 28,  comprising a step of
irradiating said object with laser light while rotating the polarization  of
laser light by about 90 about a thickness direction of said object by a
half-wave plate  after the step of forming said modified region. 31. A laser
processing method comprising a step of irradiating an object to  be
processed with laser light elliptically polarized with an ellipticity of
other than 1 such  that a light-converging point of said laser light is
located within said object while the  major axis of an ellipse indicative of
the elliptical polarization of laser light extends  along a line along which
the object is intended to be cut, so as to cut said object along  said line
along which the object is intended to be cut. 32. A laser processing
apparatus comprising: a laser light source for emitting pulse laser light
having a pulse width of 1 .ms or less; ellipticity adjusting means for
making the pulse laser light emitted from said  laser light source attain
elliptical polarization with an ellipticity of other than 1; major axis
adjusting means for making the major axis of an ellipse indicative of  the
elliptical polarization of pulse laser light adjusted by said ellipticity
adjusting means 201 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 said  major axis adjusting
means such that said pulse laser light attains a peak power density  of at
least 1 x 108 (W/cm2) at a light-converging point thereof; means for
locating the light-converging point of pulse laser light converged by  



said light-converging point within said object; and moving means for
relatively moving the light-converging point of pulse laser  light along
said line along which the object is intended to be cut. 33. A laser
processing apparatus according to claim 32, comprising 90  rotation
adjusting means adapted to rotate the polarization of pulse laser light
adjusted by  said ellipticity adjusting means by about 90. 34. A laser
processing apparatus according to claim 32, comprising  rotating means for
rotating a table for mounting said object by about 90 about a  thickness
direction of said object. 35. A laser processing apparatus comprising: a
laser light source for emitting pulse laser light having a pulse width of 1
s or  less and linear polarization; linear polarization adjusting means for
making the direction of linear  polarization of the pulse laser light
emitted from said laser light source align with a line  along which the
object is intended to be cut in an object to be processed; light-converging
means for converging the pulse laser light adjusted by said  linear
polarization adjusting means such that said pulse laser light attains a peak
power  density of at least 1 x 10$ (W/cm2) at a light-converging point
thereof; means for locating the light-converging point of the pulse laser
light converged  by said light-converging point within said object; and
moving means for relatively moving the light-converging point of pulse laser
light along said line along which the object is intended to be cut. 36. A
laser processing apparatus comprising: a laser light source for emitting
pulse laser light having a pulse width of 1 s or less; power adjusting means
for adjusting the magnitude of power of the pulse laser  light emitted from
said laser light source according to an input of the magnitude of power  of
pulse laser light; light-converging means for converging the pulse laser
light adjusted by said  



linear polarization adjusting means such that said pulse laser light attains
a peak power 202 density of at least 1 x 108 (W/cm2) at a light-converging
point thereof; means for locating the light-converging point of the pulse
laser light converged  by said light-converging means within an object to be
processed; and moving means for relatively moving the light-converging point
of pulse laser  light along a line along which the object is intended to be
cut in said object; wherein one modified spot is formed within said object
by irradiating said  object with one pulse of pulse laser light while
locating the light-converging point within  said object; said laser
processing apparatus further comprising: correlation storing means having
stored therein a correlation between the  magnitude of power of pulse laser
adjusted by said 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 said modified spot formed at said magnitude
of power from  said correlation storing means; and size display means for
displaying the size of modified spot chosen by said size  selecting means.
37. A laser processing apparatus comprising: a laser light source for
emitting pulse laser light having a pulse width of 1 ps or less; a
light-converging lens for converging the pulse laser light emitted from said
laser light source such that said pulse laser light attains a peak power
density of at least 1  x 108 (W/cm2) at a light-converging point thereof;
numerical aperture adjusting means for adjusting the size of numerical
aperture  of an optical system including said light-converging lens
according to an inputted size of  numerical aperture; means for locating the
light-converging point of the pulse laser light converged  



by said light-converging lens within an object to be processed; and moving
means for relatively moving the light-converging point of pulse laser  light
along a line along which the object is intended to be cut in said object;
wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the
light-converging point within  said object; said laser processing apparatus
further comprising: correlation storing means having stored therein a
correlation between the size of  numerical aperture adjusted by said power
adjusting means and the size of modified 203 spot; size selecting means for
choosing, according to said inputted magnitude of  power of pulse laser
light, a size of the modified spot formed at said size of numerical
aperture from said correlation storing means; and size display means for
displaying the size of modified spot chosen by said size  selecting means.
38. A laser processing apparatus comprising: a laser light source for
emitting pulse laser light having a pulse width of I us or less; and lens
selecting means including a plurality of light-converging lenses for
converging the pulse laser light emitted from said laser light source such
that said pulse  laser light attains a peak power density of at least 1 X
108 (W/cm2) at a light-converging  point thereof, said lens selecting means
being adapted to select among a plurality of  light-converging lenses, a
plurality of optical systems including said light-converging  lenses having
respective numerical apertures different from each other; means for locating
the light-converging point of the pulse laser light converged  by a
light-converging lens chosen by said lens selecting means within an object
to be  processed; and moving means for relatively moving the
light-converging point of pulse laser  



light along a line along which the object is intended to be cut in said
object; wherein one modified spot is formed within said object by
irradiating said  object with one pulse of pulse laser light while locating
the light-converging point within  said object; said laser processing
apparatus further comprising: correlation storing means having stored
therein a correlation between sizes of  numerical apertures of a plurality
of optical systems including said light-converging  lenses and the size of
modified spot; size selecting means for choosing, according to a size of
numerical aperture of  an optical system including said chosen
light-converging lens, a size of the modified spot  formed at said size of
numerical aperture from said correlation storing means; and size display
means for displaying the size of modified spot chosen by said size
selecting means. 39. A laser processing apparatus comprising: a laser light
source for emitting pulse laser light having a pulse width of 1 s or less;
power adjusting means for adjusting the magnitude of power of pulse laser
light 204 emitted from said laser light source according to an inputted
magnitude of power of  pulse laser light; a light-converging lens for
converging the pulse laser light emitted from said  laser light source such
that said pulse laser light attains a peak power density of at least 1  x
108 (W/cm2) at a light-converging point thereof; numerical aperture
adjusting means for adjusting the size of numerical aperture  of an optical
system including said light-converging lens according to an inputted size of
numerical aperture; means for locating the light-converging point of the
pulse laser light converged  by said light-converging lens within an object
to be processed; and moving means for relatively moving the light-converging
point of pulse laser  



light along a line along which the object is intended to be cut in said
object; wherein one modified spot is formed within said object by
irradiating said  object with one pulse of pulse laser light while locating
the light-converging point within  said object; said laser processing
apparatus further comprising: correlation storing means having stored
therein a correlation between a set of  the magnitude of power of pulse
laser light adjusted by said power adjusting means and  the size of
numerical aperture adjusted by said numerical aperture adjusting means and
the size of modified spot; size selecting means for choosing, according to
said inputted magnitude of  power of pulse laser light and said inputted
size of numerical aperture, a size of the  modified spot formed at said
inputted magnitude and size; and size display means for displaying the size
of modified spot chosen by said size  selecting means. 40. A laser
processing apparatus comprising: a laser light source for emitting pulse
laser light having a pulse width of 1 s or less; power adjusting means for
adjusting the magnitude of power of pulse laser light  emitted from said
laser light source according to an inputted magnitude of power of  pulse
laser light; lens selecting means including a plurality of light-converging
lenses for  converging the pulse laser light emitted from said laser light
source such that said pulse  laser light attains a peak power density of at
least 1 x 108 (W/cm2) at a light-converging  point, said lens selecting
means being adapted to select among a plurality of  light-converging lenses,
a plurality of optical systems including said light-converging 205 lenses
having respective numerical apertures different from each other; means for
locating the light-converging point of the pulse laser light converged  by
said light-converging lens chosen by said lens selecting means within an
object to be  



processed; and moving means for relatively moving the light-converging point
of pulse laser  light along a line along which the object is intended to be
cut in said object; wherein one modified spot is formed within said object
by irradiating said  object with one pulse of pulse laser light while
locating the light-converging point within  said object; said laser
processing apparatus further comprising: correlation storing means having
stored therein a correlation between a set of  the magnitude of power of
pulse laser light adjusted by said power adjusting means and  sizes of
numerical apertures of a plurality of optical systems including said
light-converging lenses and the size of modified spot; size selecting means
for choosing, according to said inputted magnitude of  power of pulse laser
light and the size of numerical aperture of an optical system  including
said chosen light-converging lens, a size of the modified spot formed at
said  magnitude and size; and size display means for displaying the size of
modified spot chosen by said size  selecting means. 41. A laser processing
apparatus according to one of claims 36 to 40,  comprising: image preparing
means for preparing an image of modified spot having the size  selected by
said size selecting means; and image display means for displaying the image
prepared by said image preparing means. 42. A laser processing apparatus
comprising: a laser light source for emitting pulse laser light having a
pulse width of 1 gs or less; power adjusting means for adjusting the
magnitude of power of pulse laser light  emitted from said laser light
source; light-converging means for converging the pulse laser light emitted
from said  



laser light source such that said pulse laser light attains a peak power
density of at least 1  X 108 (W/cm2) at a light-converging point thereof;
means for locating the light-converging point of the pulse laser light
converged  by said light-converging means within an object to be processed;
and 206 moving means for relatively moving the light-converging point of
pulse laser  light along a line along which the object is intended to be cut
in said object; wherein one modified spot is formed within said object by
irradiating said  object with one pulse of pulse laser light while locating
said light-converging point  within said object; said laser processing
apparatus further comprising: correlation storing means having stored
therein a correlation between the  magnitude of power of pulse laser light
adjusted by said power adjusting means and the  size of modified spot; and
power selecting means for choosing, according to an inputted size of
modified  spot, a magnitude of power of pulse laser light adapted to form
said size from said  correlation storing means; said power adjusting means
adjusting the magnitude of power of pulse laser  light emitted from said
laser light source such that the magnitude of power chosen by  said power
selecting means is attained. 43. A laser processing apparatus comprising: a
laser light source for emitting pulse laser light having a pulse width of 1
s or less; a light-converging lens for converging the pulse laser light
emitted from said  laser light source such that the pulse laser light
attains a peak power density of at least 1  X 108 (W/cm2) at a
light-converging point thereof, numerical aperture adjusting means for
adjusting the size of numerical aperture  of an optical system including
said light-converging lens; means for locating said light-converging point
of the pulse laser light converged  



by said light-converging lens within an object to be processed; and moving
means for relatively moving the light-converging point of pulse laser  light
along a line along which the object is intended to be cut in said object;
wherein one modified spot is formed within said object by irradiating said
object with one pulse of pulse laser light while locating the
light-converging point within  said object; said laser processing apparatus
further comprising: correlation storing means having stored therein a
correlation between the size of  numerical aperture adjusted by said
numerical aperture adjusting means and the size of  modified spot; and
numerical aperture selecting means for choosing, according to an inputted
size  of modified spot, the size of numerical aperture adapted to form said
inputted size; 207 said numerical aperture adjusting means adjusting the
size of numerical aperture  of the optical system including said
light-converging lens such that the size of numerical  aperture chosen by
said numerical aperture selecting means is attained. 44. A laser processing
apparatus comprising: a laser light source for emitting pulse laser light
having a pulse width of 1 gs or less; lens selecting means including a
plurality of light-converging lenses for  converging the pulse laser light
emitted from said laser light source such that said pulse  laser light
attains a peak power density of at least 1 x 148 (W/cm2) at a
light-converging  point thereof, said lens selecting means being adapted to
select among a plurality of  light-converging lenses, a plurality of optical
systems including said light-converging  lenses having respective numerical
apertures different from each other; means for locating the light-converging
point of the pulse laser light converged  by said light-converging lens
chosen by said lens selecting means within an object to be  processed; and
moving means for relatively moving the light-converging point of pulse laser



light along a line along which the object is intended to be cut in said
object; wherein one modified spot is formed within said object by
irradiating said  object with one pulse of pulse laser light while locating
the light-converging point within  said object; said laser processing
apparatus further comprising: correlation storing means having stored
therein a correlation between sizes of  numerical apertures of said
plurality of light-converging lenses and the size of modified  spot; and
numerical aperture selecting means for choosing, according to an inputted
size  of modified spot, a size of numerical aperture adapted to form said
inputted size; said lens selecting means selecting among said plurality of
light-converging  lenses such that the size of numerical aperture chosen by
said numerical aperture  selecting means is attained. 45. A laser processing
apparatus comprising: a laser light source for emitting pulse laser light
having a pulse width of 1 p,s or less; power adjusting means for adjusting
the magnitude of power of pulse laser light  emitted from said laser light
source; a light-converging lens for converging the pulse laser light emitted
from said  laser light source such that said pulse laser light attains a
peak power density of at least 1 208 X 108 (W/cm2) at a light-converging
point thereof, numerical aperture adjusting means for adjusting the size of
numerical aperture  of an optical system including said light-converging
lens; means for locating the light-converging point of the pulse laser light
converged  by said light-converging lens within an object to be processed;
and moving means for relatively moving the light-converging point of pulse
laser  light along a line along which the object is intended to be cut in
said object; wherein one modified spot is formed within said object by
irradiating said  



object with one pulse of pulse laser light while locating the
light-converging point within  said object; said laser processing apparatus
further comprising: correlation storing means having stored therein a
correlation between a set of  the magnitude of power of pulse laser light
adjusted by said power adjusting means and  the size of numerical aperture
adjusted by said numerical aperture adjusting means and  the size of
modified spot; 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 said  inputted size; said power adjusting
means and numerical aperture adjusting means adjusting  the magnitude of
power of pulse laser light emitted from said laser light source and the
size of numerical aperture of the optical system including said
light-converging lens such  that the magnitude of power and size of
numerical aperture chosen by said set selecting  means are attained. 46. A
laser processing apparatus comprising: a laser light source for emitting
pulse laser light having a pulse width of 1 ps or less; power adjusting
means for adjusting the magnitude of power of pulse laser light  emitted
from said laser light source; lens selecting means including a plurality of
light-converging lenses for  converging the pulse laser light emitted from
said laser light source such that said pulse  laser light attains a peak
power density of at least 1 x 108 (W/cm2) at a light-converging  point
thereof, said lens selecting means being adapted to select among said
plurality of  light-converging lenses, a plurality of optical systems
including said light-converging  lenses having respective numerical
apertures different from each other; means for locating the light-converging
point of the pulse laser light converged  by said light-converging lens
chosen by said lens selecting means within an object to be 209 



processed; and moving means for relatively moving the light-converging point
of pulse laser  light along a line along which the object is intended to be
cut in said object; wherein one modified spot is formed within said object
by irradiating said  object with one pulse of pulse laser light while
locating said light-converging point  within said object; said laser
processing apparatus further comprising: correlation storing means having
stored therein a correlation between a set of  the magnitude of power of
pulse laser light adjusted by said power adjusting means and  sizes of
numerical apertures of said plurality of 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 said  inputted size from said
correlation storing means; said power adjusting means and lens selecting
means adjusting the magnitude of  power of pulse laser light emitted from
said laser light source and selecting among said  plurality of
light-converging lenses so as to attain the power and size of numerical
aperture chosen by said set selecting means. 47. A laser processing
apparatus according to claim 42, comprising display  means for displaying
the magnitude of power chosen by said power selecting means. 48. A laser
processing apparatus according to claim 43 or 44, comprising  display means
for displaying the size of numerical aperture chosen by said numerical
aperture selecting means. 49. A laser processing apparatus according to
claim 45 or 46, comprising  display means for displaying the magnitude of
power and the size of numerical aperture  in the set chosen by said set
selecting means. 50. A laser processing apparatus according to one of claims
36 to 49,  wherein a plurality of said modified spots formed along a line
along which the object is  intended to be cut within said object define a
modified region; 



said modified region including at least one of a crack region where a crack
is  generated within said object, a molten processed region which is melted
within said  object, and a refractive index change region where refractive
index is changed within  said object. 51. A laser processing method
comprising: a first step of irradiating an object to be processed with pulse
laser light while  locating a light-converging point of the pulse laser
light within said object, so as to form 210 a first modified region caused
by multiphoton absorption within said object along a first  line along which
the object is intended to be cut in said object; and a second step of
irradiating said object with pulse laser light while making said  pulse
laser light attain a power higher or lower than that in said first step and
locating the  light-converging point of the pulse laser light within said
object, so as to form a second  modified region caused by multiphoton
absorption within said object along a second line  along which the object is
intended to be cut in said object. 52. A laser processing method comprising:
a first step of irradiating an object to be processed with pulse laser light
while  locating a light-converging point of the pulse laser light within
said object, so as to form  a first modified region caused by multiphoton
absorption within said object along a first  line along which the object is
intended to be cut in said object; and a second step of irradiating said
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 said first step and
locating the  light-converging point of the pulse laser light within said
object, so as to form a second  modified region caused by multiphoton
absorption within said object along a second line  along which the object is
intended to be cut in said object. 53. A laser processing method comprising:
a laser light source for emitting pulse laser light having a pulse width of
1 s or less; 



frequency adjusting means for adjusting the magnitude of a repetition
frequency  of the pulse laser light emitted from said laser light source
according to an inputted  magnitude of frequency; light-converging means for
converging the pulse laser light emitted from said  laser light source such
that said pulse laser light attains a peak power density of at least I  X
108 (W/cm2) at a light-converging point thereof; means for locating the
light-converging point of the pulse laser light converged  by said
light-converging means within an object to be processed; and moving means
for relatively moving the light-converging point of pulse laser  light along
a line along which the object is intended to be cut in said object; wherein
one modified spot is formed within said object to be processed by
irradiating said object with one pulse of pulse laser light while locating
the  light-converging point within said object; and wherein a plurality of
said modified spots are formed along said line along  which the object is
intended to be cut within said object by irradiating said object with a 211
plurality of pulses of pulse laser light while locating the light-converging
point within  said object and relatively moving the light-converging point
along said line along which  the object is intended to be cut; said laser
processing apparatus further comprising: distance calculating means for
calculating a distance between said modified  spots adjacent each other
according to said inputted magnitude of frequency; and  distance display
means for displaying the distance calculated by said distance  calculating
means. 54. A laser processing method comprising: a laser light source for
emitting pulse laser light having a pulse width of 1 gs or less;
light-converging means for converging the pulse laser light emitted from
said  laser light source such that said pulse laser light attains a peak
power density of at least 1  



X 108 (Wlcm2) at a light-converging point thereof; means for locating the
light-converging point of the pulse laser light converged  by said
light-converging means within an object to be processed; moving means for
relatively moving the light-converging point of pulse laser  light along a
line along which the object is intended to be cut in said object; and speed
adjusting means for adjusting the magnitude of relative moving speed of  the
light-converging point of pulse laser light caused by said moving means
according to  an inputted magnitude of speed; wherein one modified spot is
formed within said object by irradiating said  object with one pulse of
pulse laser light while locating the light-converging point within  said
object; and wherein a plurality of said modified spots are formed along said
line along  which the object is intended to be cut within said object by
irradiating said object with a  plurality of pulses of pulse laser light
while locating the light-converging point within  said object and relatively
moving the light-converging point along said line along which  the object is
intended to be cut; said laser processing apparatus further comprising:
distance calculating means for calculating a distance between said modified
spots adjacent each other according to said inputted magnitude of speed; and
distance display means for displaying the distance calculated by said
distance  calculating means. 55. A laser processing method comprising a
laser light source for emitting pulse laser light having a pulse width of 1
s or 212 less; frequency adjusting means for adjusting the magnitude of a
repetition frequency  of the pulse laser light emitted from said laser light
source according to an inputted  magnitude of frequency; light-converging
means for converging the pulse laser light emitted from said  



laser light source such that said pulse laser light attains a peak power
density of at least 1  X 108 (W/cm2) at a light-converging point thereof;
means for locating the light-converging point of the pulse laser light
converged  by said light-converging means within an object to be processed;
moving means for relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to be cut in said
object; and speed adjusting means for adjusting the magnitude of relative
moving speed of  the light-converging point of pulse laser light caused by
said moving means according to  an inputted magnitude of speed; wherein one
modified spot is formed within said object to be processed by  irradiating
said object with one pulse of pulse laser light while locating the
light-converging point within said object; and wherein a plurality of said
modified spots are formed along said line along  which the object is
intended to be cut within said object by irradiating said object with a
plurality of pulses of pulse laser light while locating the light-converging
point within  said object and relatively moving the light-converging point
along said line along which  the object is intended to be cut; said laser
processing apparatus further comprising: distance calculating means for
calculating a distance between said modified  spots adjacent each other
according to said inputted magnitudes of frequency and speed; and distance
display means for displaying the distance calculated by said distance
calculating means. 56. A laser processing apparatus according to one of
claims 53 to 55,  comprising: size storing means having stored therein the
size of said modified spot formed  by said laser processing apparatus; image
preparing means for preparing an image of a plurality of said modified
spots formed along said line along which the object is intended to be cut
according to the  



size stored in said size storing means and the distance calculated by said
distance  calculating means; and 213 image display means for displaying the
image prepared by said image preparing means. 57. A laser processing
apparatus comprising: a laser light source for emitting pulse laser light
having a pulse width of 1 gs or less; frequency adjusting means for
adjusting the magnitude of a repetition frequency  of the pulse laser light
emitted from said laser light source; light-converging means for converging
the pulse laser light emitted from said  laser light source such that said
pulse laser light attains a peak power density of at least 1  X 108 (Wlcm2)
at a light-converging point thereof; means for locating the light-converging
point of the pulse laser light converged  by said light-converging means
within an object to be processed; and moving means for relatively moving the
light-converging point of pulse laser  light along a line along which the
object is intended to be cut in said object; wherein one modified spot is
formed within said object by irradiating said  object with one pulse of
pulse laser light while locating the light-converging point within  said
object; and wherein a plurality of said modified spots are formed along said
line along  which the object is intended to be cut within said object by
irradiating said object with a  plurality of pulses of pulse laser light
while locating the light-converging point within  said object and relatively
moving the light-converging point along said line along which  the object is
intended to be cut; said laser processing apparatus further comprising:
frequency calculating means for calculating, according to an inputted
magnitude  of distance between said modified spots adjacent each other, the
magnitude of repetition  frequency of the pulse laser light emitted from
said laser light source so as to attain thus  



inputted magnitude of distance between said modified spots adjacent each
other; said frequency adjusting means adjusting the magnitude of repetition
frequency  of the pulse laser light emitted from said laser light source
such that the magnitude of  frequency calculated by said frequency
calculating means is attained. 58. A laser processing apparatus according to
claim 57, comprising  frequency display means for displaying the magnitude
of frequency calculated by said  frequency calculating means. 59. A laser
processing apparatus comprising: a laser light source for emitting pulse
laser light having a pulse width of 1 s or less; 214 light-converging means
for converging the pulse laser light emitted from said  laser light source
such that said pulse laser light attains a peak power density of at least 1
X 108 (W/cm2) at a light-converging point thereof; means for locating the
light-converging point of the pulse laser light converged  by said
light-converging means within an object to be processed; moving means for
relatively moving the light-converging point of pulse laser  light along a
line along which the object is intended to be cut in said object; and speed
adjusting means for adjusting the magnitude of relative moving speed of  the
light-converging point caused by said moving means; wherein one modified
spot is formed within said object by irradiating said  object with one pulse
of pulse laser light while locating the light-converging point within  said
object; and wherein a plurality of said modified spots are formed along said
line along  which the object is intended to be cut within said object by
irradiating said object with a  plurality of pulses of pulse laser light
while locating the light-converging point within  said object and relatively
moving the light-converging point along said line along which  the object is
intended to be cut; said laser processing apparatus further comprising speed
calculating means for  



calculating, according to an inputted magnitude of distance between said
modified spots  adjacent each other, the magnitude of relative moving speed
of the pulse laser light so as  to attain thus inputted magnitude of
distance between said modified spots adjacent each  other; said speed
adjusting means adjusting the magnitude of relative moving speed of  the
light-converging point of pulse laser light caused by said moving means such
that the  magnitude of relative moving speed calculated by said speed
calculating means is  attained. 60. A laser processing apparatus according
to claim 59, comprising speed  display means for displaying the magnitude of
relative moving speed calculated by said  speed calculating means. 61. A
laser processing apparatus comprising: a laser light source for emitting
pulse laser light having a pulse width of 1 s or less; frequency adjusting
means for adjusting the magnitude of a repetition frequency  of the pulse
laser light emitted from said laser light source; light-converging means for
converging the pulse laser light emitted from said  laser light source such
that said pulse laser light attains a peak power density of at least 1 215 x
101 (W/cm2) at a light-converging point thereof; means for locating the
light-converging point of the pulse laser light converged  by said
light-converging means within an object to be processed; moving means for
relatively moving the light-converging point of pulse laser  light along a
line along which the object is intended to be cut in said object; and speed
adjusting means for adjusting the magnitude of relative moving speed of  the
light-converging point caused by said moving means; wherein one modified
spot is formed within said object by irradiating said  object with one pulse
of pulse laser light while locating the light-converging point within  said
object; and 



wherein a plurality of said modified spots are formed along said line along
which the object is intended to be cut within said object by irradiating
said object with a  plurality of pulses of pulse laser light while locating
the light-converging point within  said object and relatively moving the
light-converging point along said line along which  the object is intended
to be cut; said laser processing apparatus further comprising combination
calculating  means for calculating, according to an inputted magnitude of
distance between said  modified spots adjacent each other, a combination of
the magnitude of repetition  frequency of the pulse laser light emitted from
said laser light source and the magnitude  of relative moving speed of the
light-converging point of pulse laser light caused by said  moving means so
as to attain thus inputted magnitude of distance between said modified
spots adjacent each other; said frequency adjusting means adjusting the
magnitude of repetition frequency  of the pulse laser light emitted from
said laser light source such that the magnitude of  frequency calculated by
said combination calculating means is attained; said speed adjusting means
adjusting the magnitude of relative moving speed of  the light-converging
point of pulse laser light caused by said moving means such that the
magnitude of relative moving speed calculated by said combination
calculating means is  attained. 62. A laser processing apparatus according
to claim 61, comprising display  means for displaying the magnitude of
frequency and magnitude of relative moving  speed calculated by said
combination calculating means. 63. A laser processing apparatus according to
one of claims 53 to 62,  wherein a plurality of said modified spots formed
along said line along which the object  is intended to be cut within said
object define a modified region; and wherein said modified region includes
at least one of a crack region where a 216 crack is generated within said
object, a molten processed region which is melted within  said object, and a
refractive index change region where refractive index is changed  



within said object. 64. A laser processing method comprising: a step of
irradiating an object to be processed with laser light while locating a
light-converging point of laser light within said object, so as to form a
modified region  caused by multiphoton absorption within said object along a
line along which the object  is intended to be cut in said object, and
changing the position of the light-converging point of laser light in a
direction  of incidence of the laser light irradiating said object with
respect to said object, so as to  form a plurality of said modified regions
aligning with each other along said direction of  incidence. 65. A laser
processing method comprising: a step of irradiating an object to be
processed with laser light while locating a  light-converging point of laser
light within said object, so as to form a modified region  within said
object along a line along which the object is intended to be cut in said
object,  and changing the position of the light-converging point of laser
light in a direction  of incidence of the laser light irradiating said
object with respect to said object, so as to  form a plurality of said
modified regions aligning with each other along said direction of
incidence. 66. A laser processing method comprising: a step of irradiating
an object to be processed with laser light while locating a
light-converging point of laser light within said object under a condition
with a peak  power density of at least 1 x 108 (W/em2) at the
light-converging point and a pulse width  of 1 gs or less, so as to form a
modified region within said object along a line along  which the object is
intended to be cut in said object, and changing the position of the
light-converging point of laser light in a direction  of incidence of the
laser light irradiating said object with respect to said object, so as to
form a plurality of said modified regions aligning with each other along
said direction of  incidence. 



67. A laser processing method according to one of claims 64 to 66, wherein
said plurality of modified regions are formed successively from the side
farther from an  entrance face of said object on which laser light
irradiating said object is incident. 68. A laser processing method according
to one of claims 64 to 67, wherein  said modified region includes at least
one of a crack region where a crack is generated 217 within said object, a
molten processed region which is melted within said object, and a
refractive index change region where refractive index is changed within said
object. 69. A laser processing method comprising a step of irradiating an
object to  be processed with laser light through a laser light entrance face
of said object while  locating the light-converging point at a position
closer to or farther from said entrance  face than is a half thickness
position in the thickness direction of said object, so as to  form a
modified region within said object along a line along which the object is
intended  to be cut in said object. 70. A laser processing method according
to claim 69, wherein said  entrance face is formed with at least one of an
electronic device and an electrode pattern; and wherein the light-converging
point of laser light irradiating said object is  located at a position
closer to said entrance face than is the half thickness position in said
thickness direction. 71. A laser processing method comprising: a first step
of irradiating an object to be processed with laser light while locating  a
light-converging point of the laser light within said object, so as to form
a first  modified region caused by multiphoton absorption within said object
along a first line  along which the object is intended to be cut in said
object; and a second step of irradiating, after said first step, said object
with laser light while  locating the light-converging point of laser light
at a position different from the  light-converging point of laser light in
said first step in the thickness direction of said  object within said
object, so as to form a second modified region caused by multiphoton  



absorption extending along a second line along which the object is intended
to be cut and  three-dimensionally crossing said first modified region
within said object. 72. A laser processing method according to claim 71,
wherein said second  modified region is formed closer to the laser light
entrance face of said object than is said  first modified region. 73. A
laser processing method according to one of claims 69 to 72, wherein  said
object is irradiated with laser light under a condition with a peak power
density of at  least 1 X 108 (W/cm2) at the light-converging point of laser
light and a pulse width of 1s  or less, so as to form said modified region
including a crack region within said object. 74. A laser processing method
according to one of claims 69 to 72, wherein  said object is irradiated with
laser light under a condition with a peak power density of at  least 1 x 108
(W/cm2) at the light-converging point of laser light and a pulse width of 1
s  or less, so as to form said modified region including a molten processed
region within 218 said object. 75. A laser processing method according to
one of claims 69 to 72, wherein  said object is irradiated with laser light
under a condition with a peak power density of at  least 1 X 108 (W/cm2) at
the light-converging point of laser light and a pulse width of 1 ns  or
less, so as to form said modified region including a refractive index change
region  which is a region with a changed refractive index. 76. A laser
processing method according to one of claims 69 to 75, wherein  adjustment
of the position of the light-converging point of laser light irradiating
said  object in said thickness direction includes: a first calculating step
of defining a desirable position in said thickness direction  of the
light-converging point of laser light irradiating said object as a distance
from said  entrance face to the inside thereof and dividing said distance by
the refractive index of  said object with respect to the laser light
irradiating said object, so as to calculate data of  a first relative
movement amount of said object in said thickness direction; a second
calculating step of calculating data of a second relative movement  



amount of said object in said thickness direction required for positioning
the  light-converging point of laser light irradiating said object at said
entrance face; a first moving step of relatively moving said object in said
thickness direction  according to said data of second relative movement
amount; and a second moving step of relatively moving said object in said
thickness  direction according to said data of first relative movement
amount after said first moving  step. 77. A laser processing apparatus
comprising: a laser light source for emitting pulse laser light having a
pulse width of 1 p.s or less; light-converging means for converging the
pulse laser light emitted from said  laser light source such that said pulse
laser light attains a peak power density of at least 1  X 108 (W/cm2) at a
light-converging point thereof; first moving means for relatively moving the
light-converging point of pulse  laser light converged by said
light-converging means along a line along which the object  is intended to
be cut in an object to be processed; storing means for storing data of a
first relative movement amount of said object  in the thickness direction
for locating the light-converging position of pulse laser light  converged
by said light-converging means at a desirable position within said object,
said  data of first relative movement amount being obtained by defining the
desirable position  as a distance from the entrance face where the pulse
laser light emitted from said laser 219 light source enters said object to
the inside thereof and dividing said distance by the  refractive index of
said object with respect to the pulse laser light emitted from said laser
light source; calculating means for calculating data of a second relative
movement amount of  said object in the thickness direction required for
locating the light-converging point of  the pulse laser light converged by
said light-converging means at said entrance face; and second moving means
for relatively moving said object in said thickness  



direction according to said data of first relative movement amount stored by
said storing  means and said data of second relative movement amount
calculated by said calculating  means. 78. A laser processing apparatus
comprising: a laser light source for emitting pulse laser light having a
pulse width of 1 gs or less; light-converging means for converging the pulse
laser light emitted from said  laser light source such that said pulse laser
light attains a peak power density of at least 1  X 108 (W/cm2) at a
light-converging point thereof; means for locating the light-converging
point of pulse laser light emitted from  said laser light source within an
object to be processed; means for adjusting the position of light-converging
point of the pulse laser  light converged by said light-converging means
within the thickness of said object; and  moving means for relatively moving
the light-converging point of pulse laser  light along a line along which
the object is intended to be cut in said object. 220 
















