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DESCRIPTION
Laser Processing Method and Laser Processing Apparatus

Technical Field

The present invention relates to laser processing
methods and laser processing apparatus used for cutting
objects to be processed such as semiconductor material
substrates, piezoelectric material substrates, and glass
substrates.
Background Art

One of laser applications is cutting. A typical
cuttingprocésseffeé¥eg%yléseriéasfollows: 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
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. Howevef?hthis method also melts
surroundings of the region to become the cutting part in
the surface of the object to be cut. Therefore, in the case
where the object to be processed is a semiconductor wafer,
semiconductor devices located near the above-mentioned

region among those formed in the surface of the semiconductor

wafer might melt.
Known as examples of methods which can prevent the

surface of the object to be processed from melting are
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laser-based cutting methods disclosed in Japanese Patent

_ Bpplication Laid-Open No. 2000-219528 and Japanese Patent

Application Laid-Open No. 2000-15467. In the cutting
methods of these publications, the part to be cut in the
object to be processed is heated with laser light, and then
the object is cooled, so as to generate a thermal shock in
the part to be cut in the object, whereby the object is cut.
Disclosure of the Invention

When the thermal shock generated in the object to be
processed is large in the «cutting methods of the
above-mentioned publications, unnecessary fractures such
as those deviating from lines to be cut or those extending
to & part not irradiated with laser may occur. Therefore,
these cutting methods cannot achieve precision cutting.
When the object to be processed is a sémiconductor wafer,
aglasssubstrateformedwitha1iquidcrystéldisplaydevice,
or a glass substrate formed with an electrode pattern in
particular, semiconductor chips, liquid cfystal display
devices, or electrode patterns may be damaged due to the
unnecessary fractures. Also, average input energyissohigh
in these cutting methods that the thermal damage imparted
to the semiconductor chip and the like is large.

Ii is an object of the present invention to ﬁrovide
laserpfocessingmethodsandlaserprocessingapparatuswhich

generate no unnecessary fractures in the surface of an object

to be processed and do not melt the surface.
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(1) The laser processing method in acc.ordance with
an aspect of the present invention cémprises a step of
irradiating an object to bé;processed with laser light with
a light-converging point located therewithin, so as to fozi*m
a modified region caused by multiphoton absorpt-ion within
the object along a cutting line along which the object should

he cut. If there is a cextain start region in the parxt to

31}

be cut intheobject tobeprocessed, the object tohe processed

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

In the laser processing method in accordance with:chis aspect
of the present invention, theobject tobe processed is brxoken
along the line along which the object is intended to be cut
using the r{lodified region as the starting point, whereby
the object can };Je cut. Henc;:-z, the object to be processed
can be cut with a relatively small force, whereby the object
canbecut without generatingunnecessary fractuvresdeviating
from the line along which the object is intended to be cut
in the surféce of the object.

The laser processing method in accordance with this
aspect of the preser.zt inventionlocallygeneratesmultiphoton
absorptionwithin the ocbject tobe processed, thereby forming
amodified region. Therefore, laserlight is hardly absorbed
by the surface of the object to be processed, whereby the
surface of the object will not melt. Hexe, the

light-converging point refers to the positionwhere the laser

light is converged. The line along which the object is
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intended to be cut may be a line actually drawn on the surface
or inside of the object to be cut or a virtual line. The
subject of {1) explained in the foregoing also holds in (2)
to {6} which will be explained later.

The laserprocessingmethodinaccordancewithanaspect
the present invention comprises a step of irradiating an
object to be processed with laser 1light with a
light-convergingpoint locatedtherewithinunder acondition
with a peak power density of at least 1 x 10° (W/cm?) ang
a puvlse width of 1 ps or less at the light-converging point,
so as to form a modified region caused by mﬁltiphoton
absorption within the object along a line along which the
object is intended to be cut in the object.

The laser processing method in accordance with' this
aspect of the present invention irradiates an object to be
processed with laser light with a light-converéing point
located therewithin under a condition with a peak power
density of at least 1 x 10%® (W/cm®) and a pulse width of 1
ps or less at the light-converging point. Therefore, a
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

toc be processed, thereby forming a crack region within the

object to be processed. The crack region is an example of
the above-mentioned modified region, whereby the laser

processing method in accordance with this aspect of the



10

15

20

25

present 1invention enables leser processing without
generating melt or unnecessary fractures deviating fromthe
line along which the object 1s intended to be cut in the
surface of the object. An example of the object to be
processed in this lasef processing method is a member
including glass. Herxe, the peak power density refers tothe
electric field intensity of pulse laser light at the
light~converging point.

The laserprocessingmethodinaccordancewithanaspect
the present invention comprises a step of irradiating an
object to be processed with laser light with a
light~convergingpoint located therewithinunder acondition
with a peak power density of at least 1 x 10% (W/cm®) and
a2 pulse width of 1 ps or less at the light-converging point,
50 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
processed with laser light with a light-converging point
located therewithin under a condition with 2 peak power
density of at least 1 x 10% (W/cm?) and a pulse width of 1
ps or less at the light-converging point. Therefore, the
inside of the object to be processed is locally heated by
multiphoton absorption.~ This heating forms a molten

processed region within the object to be processed. The
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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

fractures deviating from the line along which the object
is intended tobe cut in the surface of the object. Anexample
of the object to be processed in this laser processing method
is a member including a semiconductor material.

The laserprocessingmethod inaccordancewithanaspect
of the present invention comprises a step of irradiating
an object to be processed with laser 1light with a
light-converging point located therewithinunder a condition
with a peak power density of at least 1 x 10® (W/ecm®) and
a pulse width of 1 ns or less at the light-converging point,
so as to form a modified region including a refractive index
change region which is a region with a changed refractive
index within the object along a line along which the object
is intended to be cut in the object.

The laser processing method in accordance with this
aspect of the present invention irradiates an object to be
processed with laser light with a light-converging point
located therewithin under a condition with a peak power
density of at least 1 x 10° (W/cm?) and a pulse width of 1
ns or less at the light-converging point. When multiphoton
absorption is generated within the object to be processed

with a very short pulse width as in this aspect of the present
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invention, the energy caused by multiphoton absorption is
not transformed into thermal energy, so that a permanent
structural change such as ionic valence change,
crystallization, or polarization orientation is induced
within the object, whereby a refractive index change region
is formed. Thisrefractive index changeregion isan 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 fractures deviating from the
line along which the object is intended to be cut in the
surface of the object. An example of the object to be
processed in this laser processing method is a member
including glass.

Modes employable in the foregoing laser processing
methods in accordance with the present invention are as
follows: Laser light emitted from a laser light sourxce can
include pulse lasexr light. The pulse laser light can
concentrate the energy of laser spatially and temporally,
whereby even a single laser light source allows the electric
field intensity (peak power density) at the light-converging
point of lJaser light to have such amagnitude that multiphoton
gbsorption can occur.

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

a case where laser light emitted from one laser light source
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is converged and then the object is irradiated with thus
converged laser light with a light~converging point located
therewithin, for exanple. This converges laser light,
thereby allowing the electric field intensity of laser light
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
respective laser light beams emitted from a plurality of
laser light sources fromdirectionsdifferent fromeach other
with a light-converging point located therewithin. Since
a plurality of laser light sources are used, this allows
the electric field intensity of leser light at the
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
laser light sources may enter the object to be processed
fromthe surface thereof. Apluralityof laser light souxrces
may include a laser light source for emitting laser light
enteringtheobjecttobe;uocessedfromthesurfacethéreof,
and a laser light source for emitting laser light entering
the object to be processed from the rear face thereof. A

plurality of laser light sources may include a light source
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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 object to
be processed relative to the light-converging point of laser
light located within the object. Here, the above-mentioned
relativemovement forms themodified regionwithinthe object
tobeprocessed alonga linealongwhich 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 tobe processed along the line along which
the object is intended to be cut. When the object to be
processed cannot be cut in themodified region forzﬁing step,
the cutting step cuts the object. The cutting step breaks
the object to be processed using the modified region as a
starting point, thus being able to cut the object with a
relatively small forxce. This can cut the object to be
processed without generating wunnecessary fractures
deviating from the line along which the object is intended
to be cut in the surface of the object.

Examples of the object to be processed are members
including glass, piezoelectric material, and semiconductor

material. Another example of the object to be processed is

|\
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a member transparent to laser light emitted. This laser
processing method is also applicable to an object to be
processed having a surface formed with an electronic device
or electrode pattern. The electronic device refers to 2
semiconductor device, adisplay device suchas ligquidcrystal,
2 piezoelectric device, or the like.

The laser processingmethodinaccordancewithanaspect
of the present invention comprises a step of irradiating
a semliconductor material with laser light with a
light~convexrging point located therewithinunder a condition
with a peak power density of at least 1 x 10° (W/cm?) and
a pulse width of 1 ps or less at the light~converging point,
so as to form a modified region within the semiconductor
material along a line along which the object is intended
tobecut inthe semiconductormaterial. Thelaserprocessing
method in accordance with an aspect of the present invention
comprises a step of irradiating a piezoelectric material
with laser light with a light-converging point located
therewithin under a2 condition with a peék power density of
at least 1 x 10% (W/cm®) and a pulse width of 1 ps or less
atthelight~convérgingpoint,soastoformanwdifiedregion
within the piezoelectric material along a line along which
the object isintendedtobecut inthepiezoelectricmaterial.
These methods enable laser cutting without generating melt
or unnecessary fractures deviating from the_ line along whiéh

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

10
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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
aspect of the present invention, the object to be processed
mayhaveasurface formedwithapluralityofcircuit 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
of circuit sections. This can reliably cut the object to
beprocessedat thepositionof the gap formedbetween adjacent
circuit sections.

The lLaserprocessingmethod inaccordancewithanaspect
of the present invention can converge laser light at an angle
by which a plurality of circuit sections are not irradiated
with the laser light. This can pfevent the laser light from
enterinq the circuit sections and protect the circuit
sections against the laser light.

Thelaserprocessingmethodinaccordancewithanaspect
the present invention comprises a step of irradiating a
semiconductor material with laser light with a
light-converging point located within the semiconductor
material, soas to form a molten processed region only within
thesemicondbctormaterialalongalinealongwhichtheobject

is intended to be cut in the semiconductor material. The

laser processing method in accordance with this aspect of
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the present invention enables laser processing without
generatingunnecessaryfracturesinthesurfaceoftheobject
to be processed and without melting the surface due to the
same reasons asmentioned above. Themoltenprocessedregion
may be caused by multiphoton abhsorption 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
polarized with an ellipticity of other than 1 is located
within the object to be processed while the major axis of
an ellipse indicative of the elliptical polarization of the
laser light extends along a liﬁe along which the object is
intended to be cut, so as to form a modified region caused
by multiphoton absorption along the line along which the
object is intended tobe cut within the object tobe processed.

The laser processing method in accordance with this
aspect of the present invention forms a modified region by
irradiating the object to be processed with laser light such
that themajor axisofanellipseindicative of theelliptical
polarization of laser light extends along the line along
which the object is intended to be cut in the object to be
processed. The inventor has found that, when elliptically
polarized laser light is used, the forming of a modified
regionisacceleratedinthemajor axisdirectionofanellipse

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

Also, the laser processing method in accordance with’
the present invention restrains the modified region from
being formed except in the direction extending along the
line along which the object is intended to be cut, thus making
it possible to cut the object tobe processed precisely along
the line along which the object is intended to be cut.

Here, the ellipticity refers to half the length of the
minor axis/half the length of major axis of the ellipse.
As the ellipticity of laser light is smaller, the forming
ofmodified 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 ellipticitycan
be determined in view of the thickness, material, and the
like of the object to be processed. Lineaxr polarization is

elliptical polarization with an ellipticity of zero.

13
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The laser processingmethodinaccordancewithan aspect
of the present invention comprises a step of irradiating
an object to be processed with laser light such that a
light-convergingpoint of laser light ellipticallypolarized
with an ellipticity of other than 1 is located within the
object to be processed while the major axis of an ellipse:

indicative of the elliptical polarization of the laser light

extends along a line along which the object is intended to

be cut under a condition with a peak-power density of at
least 1 x 10% (W/cm®) and a pulse width of 1 ps or less at
the light-converging point, so as to form a modified region
includingacrack fegionalong the line along which the object
is intended to be cut within the object to be processed.

The laser processing method in accordance with this
aspect of the present invention irradiates the object to
be processed with lasex light such that the major axis of
the ellipse indicative of the’'elliptical polarization of
laser light extends along the line along which the object
is intended to be cut in the object to be processed, thus
making it possible to form the modified region efficiently
and cut the object precisely along the line along which the
object is intended to be cut as in the lasex processingmethod
in accordance with the above-mentioned aspect of the present
invention.

The laser processingmethod inaccordancewithanaspect

of the present invention comprises a step of irradiating



10

15

20.

25

an object to be processed with laser light such that a
light-convergingpoint of laser lightellipticallypolarized
with an ellipticity of other than 1 is located within the
object to be processed while the major axis of an ellipse
indicative of the elliptical polarization of the laser light
extends along the line along which the object is intended
to be cut under a condition with a peak power density of
at least 1 x 10° (W/cm?) and a pulse width of 1 ps or less
at the light-converging point, soas to formamodified region
including a molten processed region along the line along
which the object is intended to be cut within the object
to be processed.

The laser processing method in accordance with this
aspect of the present invention irradiates the object to
be processed with laser light such that the major axis of
the ellipse indicative of the elliptical polarization of
laser light extends along the line along which the object
is intended to be cut in the object to be processed, thus
making it possible to form the modified region efficiently
and cut the object precisely along the line along which the
object is intended to be cut as in the laser processing method
in accordance with the above-mentioned aspect of the present
invention. |

The laserprocessingmethod inaccordancewith anaspect
of the present invention comprises a step of irradiating

an object to be processed with laser light such that a

15



10

15

20

25

light«convergingpointoflaseriightellipticallypolarized
with an ellipticity of other than 1 is located within the
object to be processed while the major axis of an ellipse
indicatrweoftheellipticalpolarizatim¥ofthelaserlight
extends along a line along which the object is intended to
be cﬁt under a condition with a peak power density of at
least 1 x 10% (W/cm®) and a pulse width of 1 ns or less at
the light-converging peint, so as to form a modified region
inclvuding a refractive index change region which is a region
with a changed refractive index within the object along a
line along which the object is intended to be cut in the
object.

The laser processing method in accordance with this
aspect of the present invention irradiates the object to
be processed with laser 1light such that the major axis of
the ellipse indicative of the elliptical polarization of
laser light extends along the line along which the object
is intended to be cut in the object to be processed, thus
making it possible to form the modified region efficiently
and cut the'object precisely along the line along which the
objectisintendedtobecutas:hnthelaserprocess@ngn@thod
in accordance with the above-mentioned aspect of the present
invention.

Modes employable in the laser processing methods in
accordance wffh the foregoing: aspecfs of the present

invention are as follows:
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Laser light having elliptical polarization with an
ellipticity of zero can be used. Linearly polarized light
isobtainedwhentheellipticity iszero. Linearlypolarized
light canmaximize the size of themodified 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 2 quarter-wave plate. When a
gquarter-wave plate is used, the ellipticity can be adjusted
by changing the angle of direction alone.

After the step of forming the modified region, the
object to be processed may be irradiated with laser light
while the polarization of laser light is rotated by about
90° by a half-wave plate. Also, after the step of forming
the modified region, the object to be processed may be
irradiated with laser light while the object to be processed
is rotated by about 90° about the thickness direction of
the object to be processed. These can form another modified
region extending in a direction along the surface of the
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.

Thelaserprocessingmethodinaccordancewithanaspect
of the present invention comprisés a step of irradiating

an object to be processed with laser light such that a

17
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light-convergingpoint of laserlight ellipticallypolarized
with an ellipticity of other than 1 is located within the
object to be processed while the major axis of an ellipse
indicative of the ell;ptical polarization of the laser light
extends along a line along which the object is intended to
be cut, so as to cut the object to be processed along the
line along which the object is intended to be cut.

The laser processing method in accordance with this
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
isintendedtobecut intheobject tobeprocessed. Therefore,
the object to be processed can be cut along the line along
which the object is intended tobe cut. The laser processing
method in accordancewith this aspect of the present invention
can cut the object to be processed by making thé object absorb
lasexr light so as to melt the object upon heating. Also,
the laser processing method in accordance with this aspect
of the present inventionmay generatemultiphoton absorption
by irradiating the object to be processed with laser light,
thereby forming a modified region within the object, and
cut the object while using the modified region as & starting
point.

The laser processing apparatus in accordance with an

aspect of the present inventioncomprises alaser light source

18
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for emitting pulse laser light having a pulse width of 1
Hs oxr less; ellipticity adjusting means for making the pulse
laser light emitted from the laser light source attain
elliptical polarization with an ellipticity of other than
1; major axis adjusting means for making a major axis of
an ellipse indicative of the elliptical polarization of the
pulse laser light adjustedby theellipticity adjustingmeans
extend along & line along which the object is intended to
be cut in an object to be processed; light-converging means
for converging the pulse laser light adjusted by the major
axis adjusting means such that the pulse laser light attains
a peak power density of at least 1 x 10°%° (W/em?) at a
light-converging point; means for locating the
light-converging point of the pulse laser light converged
by the light-converging 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
aspectof thepresent inventionenables laser cutting without
generating melt or unnecessary fractures deviating from the
line along which the object is intended to be cut in the
surface of the object to be processed for the same reason
as that in the laser processing methods in accordance with
the above-mentioned aspects of the present invention. Also,

it irradiates the object to be processed with laser light

19
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such that the major axis of the ellipse indicative of the
elliptical polarization of laser light extends along the
line along which the object is intended to be cut in the
object to be processed, thus making it possible to foxm the
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
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
the object to be processed by about $%0° about a thickness
direction of the object. These can make the major axis of
the ellipse indicative of the elliptical polarization of
pulse laser light extend along another line along which the
object is intended to be cut which extends in a direction
along a surface of the object to be processed while extending
inadirection intersecting along the former line along which
the object is intended to be cut. Therefore, fér example,
respective modiiied regions extending along lines to be cut
in X—.and Y-axis directions can be formed efficiently.

The laser processing apparatus in accordance with.an

aspectof thepresent inventioncomprisesalasexr light source

20
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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 lasex light emitted from the laser
light source align with a line along which the object is
intended to be cut in an object to be processed;
light-converging means for converging the pulse laser light
adjusted by the linear polarization adjusting means such
that the pulse laser light attains a peak power density of
at least 1 x 10® (W/cm?) at a light-converging point; means
for locating the light-converging point of the pulse laser
light converged by the light-converging point within the
object tobe processed; andmovingmeans for relativelymoving
the light-converging point of pulse laser light along the
line along which the object is intended to be cut.

The laser processing apparatus in accordance with this
aspect of the present inventionenables laser cuttingwithout
generating melt or unnecessary fractures deviating from the
line along which the object is intended to be cut in the
surface of the object to be processed for the same reason
as that in the laser processing methods in accordance with
the above-mentioned aspects of the present invention. Also,
as with the laser processingznethodé in accordance with the
above-mentioned aspects of the present invention, the laser
processing apparatus in accordance with this aspect of the

present invention makes it possible to form the modified

21
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region efficiently and cut the object precisely along the
line along which the objectl is intended to bé cx;t.

(3) The laser processing apparatus in accordance
with an aspect of the present invention comprises a laser
light source for emitting pulse laser light having a pulse
width of 1 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
converging the pulse laser light adjusted by the linear
polarization adjusting means such that the pulse laser light
attzins a peak power density of at least 1 x 10° (W/cmz_) at
a light-converging point; means for locating the
light-converging point of the pulse laser light converged
by the light-converging means within an object to be
processed; and moving means for relatively moving the
light-converging point of pulse laser light along a line
along which the object is intended to be cut in the object
to be processed; wherein one modified spot is 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 furthexr comprising correlation storing
means having stored therein a correlation between the
magnitude of power of pulse laser adjusted by the power

adjusting means and the size of modified spot; size selecting

22
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means for choosing, according to an if)putted magnitude of
power of pulse lasexr light, a size of the modified spot formed
at thismagnitudeof power fromthecorrelationstoringmeans;
and size display means for displaying the size of modified
spot chosen by the size selecting means.

The inventor has found that the modified spot can be
controlled so as to become smaller and larger when the power
of pulse laser light is made lower and higher, respectively.
The modified spot is a modified part formed by one pulse
of pulse laser light, whereas an assembly of modified spots
forms a modified region. Control of the modified spot size
affects cutting of the object to be processed. Namely, the
accuracy in cutting the object to be processed along the
line along which the object is intended to be cut and the
flatness of the cross section deteriorate when the modified
spot is too large. When the modified spot is too small for
the object to be processed having a large thickness, on the
other hand, the object is hard to cut. The laser processing
apparatus in accordance with this aspect of the present
invention can control the size of modified spot by adjusting
the magnitude of power of pulse leser light. Therefore, it
can cut the object to be processed 'precisely along the line
along which the object is intended to be cut, and can obtain
a flat cross section.

The laser processing apparatus in accordance with this

aspect of the present invention also comprises correlation
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storing means having stored th.ereil{ a8 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
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 intc the laser processing apparatus can be seen

before laser processing.

The laser processing apparatus in accordance with an

aspect of thepresentinventioncomprisesa 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 the laser light source such thet
the pulse laser light attains a peak power density of at
least 1 x 10® (W/cm?) at a light-converging point; numerical
aperture adjusting means for adjusting the size of numerical
aperture of anoptical systemincluding the light~converging
lens according to an inputted size of numerical aperture;
means for leocating the light-converging point of the pulse
laser light converged by the light-converging lens within
an object to be processed,: and moving means for relatively
moving the light-converging point of pulse laser light along
a line along which the object is intended to be cut in the

object to be processed; wherein one modified spot is formed
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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 a2 correlation between
the sizeof numerical aperture adjustedby 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
at this size of numerical aperture from the correlation
storing means; and size display means for displaying the
size of modified spot chosen by the size selecting means.

The inventor has found that the modified spot can be
controlled so as to become smaller and larger when the
numerical aperture of the optical system including the
light-converging lens is made greater and smaller,
respectively. Thus, the laser processing apparatus in
accordance with this aspect of the present invention can
control the size of modified spot by adjusting the size of
numerical aperture of the optical system including the
light-converging lens.

The laser processing apparatus in accordance with this
aspect of the present invention also comprises correlation
storing means having stored therein a correlation between
the size of numerical aperture and the size of modified spot.

According to an inputted size of numerical aperture, the
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size of modified spot formed at this magnitude of power is
chosen from the correlation storing means, and thus chosen
size of modified spot is displayed. Therefore, the size of
modified spot formed at the size of numerical aperture fed
into the laser processing apparatus can be seen before laser
processing.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesalaser light source
for emitting pulse laser light having a pulse width of 1
ps or less; and lens selecting.means including a plurality
of light-converging lenses for converging the pulse laser
Lightemittedfromthelaserligﬁtsourcesuchthatthegmlse
laser light attains a peak power density of at least 1 x
10® (W/cm?) at a light-converging point, the lens selecting
means being adapted to select among a plurality of
light-converging lenses, a plurality of optical systems
including the light-converging lenses having respective
numexical apertures different from each other; means forx
locatingthelight—convergingpoint}ﬁfthepulselaser1ight
converged by a light-converging lens chosen gy the lens
selecting means within an object to be processed:; and moving
means for relatively moving the light-converging point of
pulse laser light along a line along which the object is
intended to be cut in the object to be processed; wherein
one modified spot is formed within the object to be processed

by irradiating the object to be processed with one pulse
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of pulse laser light while locating the light-converging
point within the object; the laser processing apparatus
further comprising correlation storing means having stored
therein a correlation between sizes of numerical apertures
of a plurality of optical systems inﬁluding the
light-converging lenses and the sizé of modified spot; size
selectingmeans for choosing, according toasizeof numerical
aperture of an optical system including a chosen
light-converging lens, a size of the modified spot formed
at this size of numerical aperture from the correlation
storing means; and size display means for displaying the
size of modified spot chosen by the éize selecting means.

The lasexr processing apparatus in accordance with the
present invention can control the size of modified spot.
Also, the sizeofmodified spot formedat thesize of numerical
aperture of the optical system including the chosen
light-éonverging lens can be seen before laser processing.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having a pulse width of 1
psorless;poweradjustingmeansforadjustingthemagnitude
of power of pulse laser light emitted from the laser light
source according to an inputted magnitude of power of pulse
lasexr light; alight-converging lens for convergingthepulse
laser light emitted from the laser light source such that

the pulse laser light attains a peak power density of at
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least 1 x 10% (W/cm?) at a light-converging point; numerical
aperture adjusting means for adjusting the size of numerical
aperture of anoptical systemincluding the light~converging
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
a line along which the object is intended to be cut in the
object to be processed; wherein one modified spot is formed
within the object to be processed by irradiating the object
to be processed with one pulse of pulse laser 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
a set of the magnitude of power of pulse: laser light adjusted
by thepower adjustingmeansandthe sizeof numerical aperture
adjusted by the numerical aperture adjusting means and the
size of modified spot: size selecting means for choosing,
according to an inputted magnitude of power of pulse laser
light and an inputted size of 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.

The laser processing apparatus in accordance with this

aspect of the present invention can combine power adjustment
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with numerical aperture adjustment, thus being able to
increase the number of kinds of controllable dimensions of
modified spots. Also, for the same reason as that of the
laser processing apparatus in accordance with the present
invention, the size of modified spot can be seen before laser
processing.

The laser processing abparatus in accordance with an
aspect of thepresent invention comprises alaser light source
for emitting pulse laser light having a pulse width of 1
pus or less; power adjusting means for adjusting the magnitude
of power of 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 fox converging the pulse laser light
emitted fromthe laser 1ight source such that the pulse laser
light attains a peak power density of at least 1 x 10% (W/cm®)
at a light-converging point, the lens selecting means being
adapted to select among a plurality of light-converging
lenses, a plurality of optical systems including the:
light-converging lenses having respective numerical
apertures different from each other: means for locating the
light-converging point of the pulse lasexr light converged:
by a light~converging lens chosen by the lens selecting means
within an object to be processed; and moving means for'
relatively moving the. light~-converging point of pulse laser

!
light along a line along which the object is intended to
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be cut in the object to be processed; wherein one modified
spot is formedwithintheobject tobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-converging point within the
object:; the laser processing apparatus further comprising
correlationstoringmeanshavingstoredthereinacorrelatioﬁ
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; 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
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
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
foregoing may comprise image preparing means for preparing

an image of modified spot having the size selected by the

30



10

15

20

25

size selecting means, and image display means for displaying
the image prepared by the image preparingmeans. Thisallowus
the formed modified spot to be grasped visually before laser
processing.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesalaser light source
for emitting pulse laser light having a pulse width of 1
us or less; power adjusting means for adjusting the magnitude
of power of pulse laser light emitted from the laser light
source; light-convergingmeans for convergingthepulse laser
light emitted fromthe laser light source such that the pulse
laser light attains a peak‘power density of at leést 1 x
10% (W/cm?) at a light-converging point; means for locating
the light-converging pc;int of the pulse laser light converged
by the light-converging means within an L;bject to be
processed; and moving means for relatively mo;r:'i.n:g_—;' 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 form':ad 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 comprisingcorrelation storing
means having stored therein a correlation between the

magnitude of power of pulse laser light adjusted by the power

adjustingmeansandthesizeofmodified spot; power selecting
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means for choosing, according to an inﬁuttea size of modified
spot, a magnitude of power of pulse laser light adapted to
form this size from the correlation storing means; the power
adjusting means adjusting the magnitude of power of pulse
laser light emitted from the laser light source such that
the magnitude of power chosen by the power selecting means
is attained.

The laser processing apparatus in accorxdance with this
aspectof thepresent inventioncomprisescorrelationstoring
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 pover
of pulse laser light adapted to form this size is chosen
from the correlation storing means. The power ;djusting
means adiusts the magnitude of power of pulse laser light
emitted from the laser light souvrce 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.

The laser processing apparatus in accordance with an
aspect of thepresentinventioncomprisesalaser light source
for emitting pulse laser light having a pulse width of 1
us or less; a light-converging lens for converging the pulse
laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of at

least 1 x 10 (W/cm?) at a light-converging point; numerical
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aperture adjusting means for adjusting the size of numerical
aperture of ap optical systemincluding the light-converging

lens according to an inputted size of numerical aperture;

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

laser light converged by the light-converging lens within
an object to be processed; and moving means for relatively
moving the 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; vherein one modified spot is formed
within the object to he 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 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 forxrm thus inputted size; the numerical
aperture adjusting means adjusting the size of numerical
apertureof theoptical systemincludingthelight-converging
lens such that the size of numerical aperture chosen by the
numerical aperture selecting means is attained.

The laser processing apparatus in accordance with this

aspectof thepresent inventioncomprisescorrelationstoring

means having stored therein the size of numerical aperture
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and the size of modified spot. According toan 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
adjusts the size of numerical aperture of the optical system
including the light-converging lens such that the size of
numerical aperturechosenby thenumerical apertureselecting
means is attained. Therefore, modified spots having a
desirable size can be formed.

The laser processing apparatus in accordance with an
aspect of thepresent invention comprisesa laser light source
for emitting pulse laser light having a pulse width of 1
us or less; lens selecting meens including a plurality of
light-converging lenses for converging the pulse laser light
emitted £from the laser 1ight source such that the pulse laser
light attains a peak power density of at least 1 x 10° (W/cm?)
at a light-converging point, the lens selecting means being
adapted to select among a plurality of light-converqging
lenses, a plurality of optical systems including the
light-converging lenses having respective numerical
apertures different from each other; means for locating the
light—-converging point of the pulse laser light converged
by & light-converging lens chosen by the lens selectingmeans
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
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be cut in the object to be processed; wherein one modified
spot isformedwithintheobjecttobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-converging point within the
object; the laser processing apparatus further comprising
correlationstoringmeanshavingstoredthereinacorrelation
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
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
is attained.

According to an inputted size of modified spot, the
laser processing apparatus in accordance with this aspect
of the present invention chooses the size of numerical
apérture adapted to form thus inputted size. The lens
selectingméansselectsamongapluralit?oflight-converging
lenses such that the size of numerical aperture chosen by
the numerical aperture selecting means 1is attained.
Therefore, modified spots having a desirable spots can be
formed.

The laser processing apparatus in accordance with an

aspect of thepresent inventioncomprisesalaser light source
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for emitting pulse laser light having a pulse width of 1
Us or less; power adjustingmeans for adjusting the magnitude
of power of pulse laser light emitted from the laser light
source; a light-converging lens for converging the pulse
laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of atA
least 1 x 10® (W/cm?) at a light-converging point; numerical
aperture adjusting means for adjusting the size of numerical
aperture of anoptical system including the light~convexging
lens; means for locating the light-converging point of the
pulse laser light converged by the light-converging lens
within an object to be processed; and moving means for
relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to
be cut in the object to be processed; wherein one modified
spot is formedwithintheobject tobeprocessedby 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
correlationstoringmeanshavingstoredthereinacorrelation
between a set of the magnitude of power of pulse laser light
adjustedbythepower adjustingmeans andthesizeof numerical
aperture adjusted by the numerical aperture adjusting means
and the size of modified spot; and set selecting means for
choosing, according to an inputted size of modified spot,

a set of themagnitude of power and size of numerical aperture
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adapted to form this size; the power adjusting means and
numerical aperture adjusting means adjusting the magnitude
of power of pulse laser light emitted from the laser light
source and the size of numerical aperture of the optical
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
of the present invention chooses a combination of the
magnitude of power and size of numerical aperture adapted
toformthus inputtedsize fromthe correlationstoringmeans.
Then, it adjusts the magnitude of power of pulse laser light
and the size of numerical aperture of the optical system
including the light-converginglenssoastoattainthe chosen

magnitude of power and size of numerical aperture. Therefore,

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

since themagnitude of power andthe sizeof numerical aperture
are comblined together, the number of kinds of controllable
dimensions of modified spots can be increased.

The laser prdcessing apparatus in accordance with an
aspect of thepresent inventioncomprisesalaser 1ight source
for emitting pulse laser light having a pulse width of 1
Us or less; power adjusting means for adjusting the magnitude
of power of pulse laser light emitted from the laser light

souxce; lens selecting means including a plurality of
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light~converging lenses for converging the pulse laser light
emitted from the laser light source'such that the pulse laser
light attains a peak power density of at least 1 x 10% (W/cm?)
at a light-converging point, the lens selecting means being
adapted to select among a plurality of light-converging
lenses, a plurality of optical systems including the
light-converging 1lenses having respective numerical
apertures different from each other; means for locating the
light-converging point of the pulse laser light converged
by a light-converging lens chosen by the lens selecting means
within an object to be processed; and moving means for
relatively moving the light-converging point of pulse laser
licht élong a2 line along which the object is intended to
be cut in the object to be processed; wherein one modified
spot isformedwithintheobject tobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-converging point within the
object; the laser processing apparatus further comprising
correlationstoringmeans havingstoredthereinacorrelation
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
size of modified spot, a set of the magnitude of power and

size of numerical aperture adapted to form thus inputted
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size from the correlation storing means; the power édjusting
means and lens selecting means adjusting the magnitude of
power of pulse laser light emitted from the laser 1ight source
and selecting among a plurality of light-converging lenses
50 as to attain the power and size of numerical aperture
chosen by the set selecting means.

According to an inputted size of modified spot, the
laser processing apparatus in accordance with this aspect
of the present invention chooses a combination of the
magnitude of power and size of numerical aperture adapted
toformthus inputtedsize fromthe correlationstoringmeans.
It adjusts themagnitude of power of pulse laser light emitted
from the laser light source and selects among a plurality
of light-converging lenses so as to attain the chosen
magnitude of power and size of numerical aperture,
respectively. Therefore, modified spots having a desirable
size can be formed. Also, since the magnitude of power and
the size of mumerical aperture are combined together, the
numbex of kinds of controllable dimensions of modified spots
can be incréased.

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

selecting means, and display means for displaying the
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magnitude of power and size of numerical aperture of the
set chosenby the set selectingmeans. Thismakes it possible
to see the power and numerical aperture when the laser
processing apparatus operates according to an inputted size
of modified spot.

The laser processing apparatus can form a plurality
of modified spots along a line along which the object is
intended to be ¢cut within the object to be processed. These
modifiedspotsdefineamodifiedregion. Themodifiedregion
includes at least one of a crack region where a c;ack 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
refractiveindex is changedwithintheobjecttobeprocessed.

An example of modes of power adjusting means is one
including at least one of an ND filter and a polarization
filter. 1In another mode, the laser light souxce includes
a pumping laser whereas the laser processing apparatus
comprises driving current controlling meaﬁs for controlling
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 laserprocessingmethodinaccordancewithanaspect
of thepresent inventioncomprisesa first stepof irradiating

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

The lasexr processingmethodinaccordancewithanaspect
of thepresent inventioncomprisesafirst stepofirradiating
anobject tobeprocessedwithpulselaserlight while locating
a light—converginglpoint of the pulse laser light within
the object, so as to form a first modified region caused
by multiphoton absorption within the object along a first
line along which the object is intended to be cut in the
object; and a second step of irradiating the object with
pulse laser light while making an optical system including
a light-converging lens for converging the pulse laser light
attain a numerical aperture greater or smaller than that
in the first step and locating the light-converging point
of the pulse laser light within the object, so as to form

a second modified region caused by multiphoton absorption
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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
hardtocut exist duetothecrystal orientation, for example,
the laser processingmethods in accordancewiththese 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
hard-to-cut direction. This can attaina flat cross section
in the easy-~to-cut direction and enables cutting in the
hard-to—-cut direction as well.

{4) The laser processing apparatus in accordance
with an aspect of the present invention comprises a laser
light source for emitting pulse laser light having a pulse
widthof 1 psor less; frequency adjustingmeans for adjusting
the magnitude of a repetition freguency of the pulse laser
light emitted from the laser light source according to an
inputted magnitude of frequency; light-converging means for
converging the pulse laser light emitted fromthe laser light
source such that the pulse laser light attains a peak power
density of at least 1 x 10° (W/cm?) at a ligh\t-—converging
point; means for locating the light-converging point of the
pulse laser light converged by the light-converging means

within an object to be processed; and moving means for

relatively moving the light-converging point of pulse laser
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light along a line along which the object is intended to
be cut in the object to be processed; wherein one modified
spot is formedwithintheobject tobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-~converging point within the
object; and wherein a plurality of modified spots are formed
along the line 2long 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 phlse laser
light while locating the light-converging point within the
object andrelativelymovingthe light-convergingpointalong
the line along which the object is intended to be cut; the
laser processing apparatus further comprising distance
calculatingmeansforcalculatingadistancebetweenmodified
spots adjacent each other accor;:!ing to an inputted magnitude
of frequency; and distance display means for displaying the
distance calculated by the distance calculating means.
The inventor has found that, when the light-convexging
point of pulse laser light has a fixed relative moving speed,
the distance between amodified part (referred to asmodified
spot) formed by one pulse of pulse laser light and a modified
spot formed by the next one pulse of laser light can be made
greater by lowering the repetition freguency. It has been
found that, by contrast, the distance can be made shorter
by increasing the repetition frequency of pulse laser light.

In the present specification, this distance is expressed
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as the distance or pitch between adjacent mddified spots.

Therefore, the distance between the adjacent modified
spots can be controlled by carrying out adjustment for
increasing or decreasing the repetition fregquency of pulse
laser light. Changing the distance according to the kind,
thickness, and the like of the object to be processed enables
cutting inconformity to the object tobe processed. Forming
a plurality of modified spots along a line along which the
object is intended tobe cut within the object to be processed
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 inﬁutted.
magnitude of frequency, anddisplaysthuscalculateddistance.
Therefore, with respect to modified spots formed according
to the magnitude of frequency fed into the lasex processing
apparatus, the distance between adjacent spots can be seen
before laser processing.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having 2 pulse width of 1
ps or less; light-converging means for converg'ing the pulse
laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of at
least 1 x 10® (W/cm®) at a light-converging point; means for

locating the light-converging point of the pulse laser light
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converged by the light-converging means within an object
to be processed; moving means for relatively moving the
light-converging point of pulse laser light along a line
along which the object is intended to be cut in the object
to be processed; and speed adjusting means for adjusting
the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
moving means according to an inputted magnitude of speed;
wherein one modified spot is formed within the object to
be processed by irradiating the object to be processed with
one pulse of pulse laser 1light 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
withapluralityofpulsgsofpulselaserlightwhilelocating
the light-converging point within the object and relatively
movingthedight—convergingpointalqngthelinealongwhich
the object is intended to be cut; the laser processing
apparatus further comprising-distance calculating means for
calculating 2 distance between medified spots adjacent each
other according to an inputted magnitude of speed; and
distancedispiaymeansfordisplayingthedistancecalculated
by the distance calculating means.

The inventor has found that, when the light-converging

point of pulse laser light has a fixed relative moving speed,
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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 laéer
light, respectively. Therefore, the distance between
adjacent modified spots can be controlled by increasing or
decreasing the relativemoving 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,
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 obhject to be processed while
fixing the light-converging point of pulse laser light, by
moving the light-converging point of pulse laser light while
fixing the object to be processed, or by moving both.

The laser processing apparatus in accordance 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.
Therefore, with respect to modified spots formed according
to the magnitude of sgpeed 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 -
aspectofthepreéentinventionCOmprisesalaserliéhtsource

for emittiné pulse laser light having a pulse width of 1
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s or less; frequency adjusting means for adjusting the
magnitude of a repetition freguency of the pulse laser light
emitted from the laser light source according to an inputted
magnitude of frequency: light-converging means for
converging the pulse laser light emitted from the laser light
source such that the pulse laser light attains a peak power
density of at least 1 «x 10 (Ww/em?) at a light-converging
point; means for locating the light-converging point of the
pulse laser light converged by the light-converging means
within anobject tobe processed; moving means for relatively
moving the light-converging point of pulse laser light along
a line along which the object is intencied to be cut in the
object to be processed; and speed adjusting means fox
adjusting the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
moving means according to an inputted magnitude of speed;
wherein one modified- spot is formed within the object to
be processed by irradiating the object to be processed with
one pulse of pulse laser light while locating the
light-converging point within the object: and wherein a
plurality of modified spots are formed along the line along
which the object is intended to be cut within the object
to be processed by irradiating the object to be processed
withapluralityof pulses of pulse lasexr light while locating
the light-converging ﬁoint'within the object and relatively

moving the light-converging point along the line along which
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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
speed; and distance displaymeans for displaying thedistance
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
magnitude of relative moving speed of the light-converging
point, thereby being able to control the distance between
adjacent medified spots. Combining these adjustments makes
it possible to increase the number of kinds of controllable
dimensions concerning the distance. Also, the laser
processing apparatus in accordance with this aspect of the
present invention allows the distance between adjacent
modified spots to be seen before laser processing.

These laser processing apparatus may further comprise
sizestoringmeans havingstoredthereinthesizeofamodified
spot formed by the laser processing apparatus; image
preparing means for preparing :an image of 2 plurality of
modified spots formed along a line along which the object
is intended to be cut according to the size stored in the
sizestoringmeans andthedistancecalculatedby thedistance
calcu-lating means; and image display means for displaying

the image prepared by the image preparingmeans. Thisallows
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a2 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 thepresent inventioncomprises alaser light source
for emitting pulse laser light having a pulse width of 1
Bs 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 freguency; light~converging means for
converging the pulse laser light emitted fromthe laser light
source such that the pulse laser light attains a peak power
density of at least 1 x 10%® (W/cm?) at a light-converging
point; means for locating the light-converging point of the
pulse laser light converged by the light-converging means
within an object to he 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 formedwithintheobject tobeprocessedbyirradiating
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 thé 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 pulées of pulse laser

light while locating the light-converging point within the
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objectandrelativelymovingthelight-convergingpoint along
the line along which the object is intended to be cut: the
laser processing apparatus further comprising frequency
calculating means for calculating, accoxding to an inputted
magnitude of distance betwegnlnodified spots adjacent each
other, the magnitude of repetition frequency of the pulse
laser light emitted from the laser 1light source so as to
attain thus inputted magnitude of distance between the
modified spots adjacent each other; the frequency adjusting
means adjusting the magnitude of repetition frequency of
the pulse laser light emitted from the laser light source
such that the magnitude of frequency calculated by the
freqguency calculating means is attained.

According to an inputted magnitude of distance between
adjacent modified spots, the laser processing apparatus in
accordance with this aspect of the present invention
calculates the magnitude of a repetition frequency of the
pulse lasex light emitted from the laser light souxrce such
that this magnitude of distaence is .attained between the
adjacent modified spots. The frequency adjusting means
adjusts the magritude of repetition frequency of the pulse
laser light emitted from the laser light source such that
the magnitude of frequency calculated by the freguency
calculating means is attained. Therefore, a desirable
magnitude of distance can be attained between adjacent

modified spots.
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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 freguency calculating means.
When operating the laser processing apparatus according to
the inputtedmagnitude of distance between adjacent modified
spots, this allows the frequency to be seen before laser
processing.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having a pulse width of 1
ps or less; light-converging means for converging the pulse
laser light emitted from the lagei light source such that
tﬁe pulse laser light attains a peak power density of at
least 1 x 10% (W/cm?) at a light-converging point; means for
locating the light-converging point of the pulse laser light
converged by the light-converging means within an object
to be processed; moving means for relatively moving the
light-converging point of pulse laser light along a line
along which the object is intended to be cut in the object
to be processed; and speed adjusting means for adjusting
the magnitude of relative moving speed of the
light~converging point caused by the moving means; 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-convexging
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point within the object; and wherei‘n a plurality of modified
spots are formed along the line along which the object is
intended to be c&t within the object to be processed by
irradiating the object to be processed with a plurality of
pulses of pulse laser light while locating the
light-converging point within the object and relatively
moving the light-converging point along the line along which
the object is intended to be cut; the laser processing
apparatus further comprising speed calculating means for
calculating, according to an inputted magnitude of distance
between modified spots adjacent each other, the magnitude
of relative moving speed of the pulse laser light so as to
attain thus inputted magnitude of distance between the
modified spotsadjacent eachother; the speed adjustingmeans
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
édjacent modified spots, the laser processing apparatus in
accordance with this éspect of the present inventicn
calculates the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
mOvVing means. The speed adjusting means adjusts the

magnitude of relative moving speed of the light-converging

point of pulse laser light caused by the moving means such
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that the magnitude‘of relative moving speed calculated by
the frequency calculating means is attained. Therefore, a
desirable magnitude of distance can be attained betweénA
adjacent modified spots.

Thelaserprocessingapparatusinaccordancewiththﬁs
aspect of the present invention may further comprise speed
displaymeans for displaying themagnitude of relative moving
speed calculated by the speed calculating means. When
operating the laser processing apparatus according to the
inputted magnitude of distance between adjacent modified
spots, thisallows the relative moving speed to be seen before
laser processing.

The laser processing apparatus in accordance with an
aspect of thepresent invention comprises a laser light source
for emitting pulse laser light having a pulse width of 1
ps or less; frequency adjusting means for adjusting the
magnitude of a repetition frequency of the pulse laser light
emitted fromthe laser light 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 a2t least 1 x 10° (W/cm?) at a light-converging
point; means for locatiﬁg the light-converging point of the
pulse laser light converged by the light-converging means
within anobject tobe processed; movingmeans for relatively
movingthelight~convquingpobﬂ:ofpulselaserlightalong

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

adjusting the magnitude of relative moving speed of the

‘light-converging point caused by the moving means; wherein

onemodified.spot is formed within the object to be processed
by irradiating the object to be processed with one pulse
of pulse laser 1igHt while locating the light-converging
point within the object; and wherein a plurality of modified
spots are formed along the line along which the object is
intended to be cut within the object to be processed by
irradiating the object to be processed with a plurality of
pulses of pulse laser light while locating the
light-converging po‘int 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
apparétus further comprising combination calculating means
for calculating, accoxding 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 souxce and
the magnitude of relat;ive moving speed of the
light-converging point of pulse laser light caused by the
moving means so0 as to attain thus inputted magnitude of
distance between the modified spots adjacent each other;
the frequency adjusting means adjusting the magnitude of
repetition frequency of the pulse laser light emitted from

the laser light source such that the magnitude of frequency
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calculated by the combinationcalculating means is attained;
the speed adjustingmeans adjusting themagnitude 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 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
spots, a combination of themagnitude of repetition frequency
of pulse laser light and the relative moving speed of the
light~converging point of pulse laser light such that thus
inputted magnitude of distance is attained between the
adjacent modified spots. The freguency adjusting means and
speed adjusting means adjust the magnitude of repetition
frequency and the magnitude of relative moving speed of the

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

‘the values of calculated combination. Therefore, a

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

The laser processing apparatus in accordance with the
present invention may comprise display means for displaying
the magnitude of freguency and magnitude of relative moving
speedcalculated by the combinationcalculatingmeans. When
operating the laser processing apparatus according to the

inputted magnitude of distance between adjacent modified
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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
ohject isintendedtobecut within the object tobe processed.
Thesemodified spots define a modifiedregion. Themodified
region 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
refractiveindexischangedwithintheobjecttobeprocessed.

The laser processing apparatus in accordance with all
the foregoing aspects of the present invention can adjust
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
intendedtobecut. Formingthemodifiedregioncontinuously
makes it easier to cut the object to be processed while'using
the modified region as compared with the case where it is
not formed continuously. When themodified xegion is formed
discontinuously, themodified region is discontinuous along
the line along which the cbject is intended to be cut, whereby
the part of the line along which the object is intended to
be cut keeps a strength to a certain extent.

{(5) The lasexr processing method in accordance with
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an aspect of the present invention comprises a step of
irradiating an object to be processed with laser 1light while
locating a light-~converging point of laser light within the
object to be processed, so as to forma modified region caused
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
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
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
modifiedfegionsaligningwitheachotheralongthedi;ection
of incidence. This can increase the number of positions to
become startingpointswhencuttingtheobject tobeprocessed.
Therefore, the cbject 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

be processed and directions orthogonal to the thickness

direction.
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The laserprocessingmethod inzccoxdancewithanaspect
of the present invention comprises a step of irradiating
an object to be processed with laser light while locating
a light-converging point of laser light within the object
to be processed, so as to form a modified region within the
object along a line along which the object is intended to
be cut in the object, and chaenging the position of the
light-converging point of laser light in the direction of
incidence of the laser light irradiating the object to be
processed with respect to the object to be processed, so
as to form a plurality of modified regions aligning with
each other along the direction of incidence. The laser
processing method in accordance with an aspect of the present
invention comprises a step of irradiating an obhject to be
processedwith laser light while locating a light-converging
point of laser light within the object to be processed under
a condition with a peak power density of at least 1 x 10°
{(W/cm?) andapulsewidthof 1psorlessat the light-converging
point, so as to form a modified region within the object
tobeprocessedalongalinealongwhichtheobject is intended
to be cut in the object, and changing the position of the
light-converging point of laser light in the direction of
incidence of the laser light irradiating the object to be
processed with respect to the object to be processed, so
as to form a plurality of modified regions aligning with

each other along the direction of incidence.
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For the same reason as that in the laser processing
methods in ac;ordance with the foregoing aspects of the
present invention, thelaser processingmethods inaccordance
with these aspects of the present invention enable laser
cutting without‘}jenerating melt or unnecessary fractures
deviating from the line along which the object is intended
to be cut in the surface of the objéct to be processed, and
can increase thenumberof positions tobecome startingpoints
when cutting the object tobe processed. Themodifiedregion
may be caused by multiphoton absorption or other reasons.

The laser processing methods in accordance with these
aspects of the present inventioninclude the followingmodes:

A plurality of modified regions may be formed
successively from the side farther from an entrance face
of the object tobe processedon wh;lch 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-convergingpoint of laserlight. Therefore, the laser
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
processed, a molten processed region which is melted within

the object to be processed, and a refractive index change
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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
irradiating an object to be processed with laser light while
locating @ light~-converging point of laser 1light within the
object to be processed through a 1ight entrance face of the
laser light with respect to the object to be processed and
locating the light-converging point at a position closer
to or farther from the entrance face than is 2 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 bhe cut
in the object.

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 face) opposing theentrance facewithintheobject
to be processed within the object to be processed when the
light-convergingpoint of laser light is locatedat aposition
cleoser to and farther from the entrance face than is a half
thicknesspositioninthethicknessdirection, respectively.
When a fracture extending along & line along which the object
is intended to be cut is generated on the surface or rear
face of an object to be processed, the object can be cut

easily. The laser processing method in accordance with this
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aspect of the present invention can form a modified region-
on the surface or rear face side within the object to be
processed. This can make it‘ easier to form the surface or
rear face with a fracture extending along the line along
which the object is intended to be cut, whereb'y the object
to be processed can be cut easily. As a result, the laser
proc—essing method in accordance with this aspect of the
present invention enables efficient cutting.

The laser processing method in accordance with this
aspect of the present invention may be configured such that
the entrance face is formed with at least one of an electronic
deviceand anelectrodepattern, 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 the half thickness position in the thickness direction.
The laser processing method in accordance with this aspect
of the present invention grows a crack from the modified
region toward the entrance face (e.g., surface) and its
opposing face (e.g., rear face), thereby cutting the object
to be processed. When the modified region is' formed on the
entrance face side, the distance between themodified region
and the entrance face is relatively short, so that the
deviationinthegrowthdirectionofcrackcanbemadesmaller.
Therefore, whentheentrance faceof theobject tobeprocessed
is formed with an electronic device or an electrode pattern,

cutting is possible without damaging the electronic device
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or the like. Theelectronicdeviceréferstoaasemiconductor
device, a display device such as 1liquid crystal, a
piezoelectric device, or the like.

'I:he laserprocessingmethodinaccordancewithanaspect
of th.e present inventioncomprisesa first stepof irrédiating
anobject tobeprocessedwithpulse laser lightwhile locating
a light-converging point of the pulse laser light within
the object, so as to form a first modified region caused
by multiphoton absorption within the object along a first
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 laserlight at a positiondifferent
from the light-converging point of laser light in the first
step in the thickness direction of the object to be processed
within the object, so as to form a second modified region
caused by multiphoton absorption extending along a second
line along which the object is intended to be cut and
three-dimensionally crossing the first modified region
within the object.

Ina cuttingprocess inwhichcross sectionsof anobject
tobeprocessedcrosseachother, amodifiedregionand aﬁother
modified regionare not superposedon each other at a Llocation
to become the crossing position between the cross sections
in the laser processing method in accordance with this aspect

of the present invention, whereby the cutting precision at
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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 cén form the second modified
regioncloser totheentrance faceof theobject tobe 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
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:

When the object tobe processedisirradiatedwith laser
light under a condition with a peak power density of at least
1 x 10° (W/em?) and a pulse width of 1 .us or less at the
light-converging point, a modified region including a crack
region can be formed within the object to be processed. This
geneérates a phenomenon of an optical damage caused by
multiphoton absecrptieon within the object to bhe processed.
This optical damage induces a thermal distortion within the
object to be processed, thereby forming a crack regionwithin
the object to be processed. This crack region is an example

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

object to be processed in this laser processing method is
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a member including glass. The peak power density refers to
the electric field intensity of pulse iaser light at the
light-converging point.

Whentheobject tobe processedis irradiatedwithlaser
light under a condition with a peak power density of at least
1 x 10° (W/cm?) and a pulse width of 1 ps or less at. the
light-converging point, a modified region including amolten
processed region can be formed within the object to be
processed. Bere, the inside of the object to be processed
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
a member including a semiconductor material.

When theobject tobe processedis irradiatedwith laser
light under a condition with a peak power density of at least
1 x 10°% (W/cm®) and a pulse width of 1 ns or less at the
light-converging point, a modified region including a
refractiveindex change region whichisaregionwithalchanged
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 absoxrption
is not transformed into thermal energy, so that a permanent

structural change such as 1ionic valence chage,
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crystallization, or polarization orientation is induced
within the object, whereby a refractive index change region
is formed. Thisrefractive index change region is anexample
of the above-mentioned modified region. An example of the
object to be processed in.this laser processing method is
a member including glass.

Adjustment of the position ‘of the light-converging
point of laser light irradiating the object to be processed
in the thickness direction can include a first calculating
step of defining a desirable position in the thickness
direction of the light-converging point of laser 1light
irradiating the object to be processed as a distance from
the entrance face to the inside and dividing the distance
by the refractive index of the object to be processed with
respect to the laser light irradiat.ng the object, so as
to calculate data of a first relative movement amount of
the ob7ect in the thickness direction; a second calculating
step of zalculating dats of a second relative movement amount
of the »bject in the thickness direction required for
positioning the light-converging point of laser light
irradiet:ng the ohject ta he processed at the entrance face;
a first moving step of relatively moving the object in the
thickness direction according to the data of second relative
movement amount; anda secondmoving stepof relativelymoving
the object in the thickness:direction according to the data

of first relative movement amount after the first moving
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step. This adjusts the position o—f the light-converging
point of laser light in the thickness direction of the object
tobeprocessedat a predeterminedpositionwithintheobject.
Namely, with reference to the entrance face, the product
of the relative movement amount of the object to be processed
in the thickness direction of the object and the refractive
indexof theobjectwithrespect tothelaserlight irradiating
the object becomes the distance from the entrance face to
the light-converging point of laser light. Therefore, when
the object to e 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
of the object.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprises a laser light source
for emitting pulse laser light having a pulse width of 1
ps or less; light-converging means for converging the pulse
laser light emitted from the laser light source such that
the pulse laser light attains a peak power density of at
least 1 x 10®% (W/cm?) at a light-converging point; first moving
means for relatively moving the 1light-converging point
converged by the light-converging means along a line along
which the object is intended to be cut in an object to be

processed; storingmeans for storing data of a first relative
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movement amount of the object tobe processed inthe thickness
direction for locatingthelight-convergingpositionofpulse
laser light converged by the light-converging means at &
desirable position within the object to be processed, the
data of first relative movement amount being obtained by
defining the desirable position as a distance from the
entrance face where the pulse laser light emitted from the
laser light source enters the object to be processed to the
inside thereof and dividing the distance by the refracti\;e
index of the object to be processed with respect to the pulse
laser light emitted from the laser 1light source; calculating
means for calculating data of 2 second relative movement
amount of theobject tobeprocessedinthe thicknessdirection
requir!ed fer locating the light-converging point of the pulse
laser light converged by the light-converging means at the
entrance face; and secondmoving means for relatively moving
the object to be processed in the thickness direction
according tothedataof first relative movement amount stored
by the storage means and the data of second relative movement
amount calculated by the calculating means.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having a pulse width of 1
us or less; light-converging means for converging the pulse
laser light emitted from the laser light source such that

the pulse laser light attains a peak power density of at
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least 1 x 10% (W/cm?) at a light-converging point; means for
locati‘ng the light-converging point of the pulse laser light
emitted from the laser light source within an object to be
processed; means for adjusting the position of the pulse
laser light converged by the light-converging means within
the thickness of the object to be processed; and moving means
for relatively moving the light-converging point of pulse
laser light along a line along which the object is intended
to he 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
accordancewith theseaspects of thepresent invention enable
laser processing without generating melt or unnecessary
fractures deviating from the line along which the object
is intended to be cut in the surface of the object to be
processed, and laser processing in which the position of
the light-converging point of pulse laser light is requlated
in the thickness direction of the object to be processed
within the object.

Brief Description of the Drawings

Fig. 1 is aplan view of an object to be processed during
laser processing by the laser processingmethed in accordance
with an embodiment;

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

shown in Fig. 1 taken along the line II-II;
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Fig. 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 viewof the object to be processed
shown in Fig. 3 taken along the line IV-~1V;

Fig. S5is asectional viewof the object to be processed

. b .
e line V-V@

shown in Fig. 3 taken along ti

Fig. 6 is a plan view of the object to be processed
cut by the lasexr processing method in accordance with the
embodiment;

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

Fig. 8 is a sectional viewof the object to be processed
in a first step of the laser processing method in accordance
with the embodiment;

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

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

Fig. 11lis asectional viewof the object tobe processed
in a fourth step of the laser processing method in accordance

with the embodiment;

Fig. 12 isaviewshoringaphotographof a cross section
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in a part of a éilicon wafer cut by the laser. processing
method in accordance with the embodiment;

Fig. 13 is a graph showing relationships between the
laser light wavelengthand thetransmittancewithinasilicon
substraté in the laser processing method in accordance with

the embodiment;

§—

Fig. 14 is 2 schematic diagram of a laser processing
apparatususableiJlthelaserprocessingnmthodjJ]accordance
with a first example of the embodiment;

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

Fig. 16 is a plan view of an object to be processed
for explaining a pattern which can he cut by the laser
processing method in accordance with the first example of
the embodiment:;

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

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

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

example of the embodiment:

Fig. 20 is a schematic sectional view showing a
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piezoelectric device wafer in a state held by the wafer sheet
in the second example of the embodiment;
Fig. 21 isa flowchart for explaining the cuttingmethod
in accordance with the second example of the embodimgnt;
Fig. 22 is a sectional view of a light-transmitting
material irradiated with laser light by the cutting method
in accordance with the second example of the embodiment;
Fig. 23 is a plan view of the light-transmitting
material irradiated with laser light by the cutting method
in accordance with the second example of the embodiment;
Fig. 24 is a sectional view of the light~transmitting
material shown in Fig. 23 taken along the line XXIV-XXIV:
Fig. 25 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV;
Fig. 26 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV when
the light-converging point moving speed is made lower:
Fig. 27 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the iine XXV-XXV when
the light~converging point moving speed is made further
lower;
Fig. 28 is 3 sectional view of a piezoelectrxic device
wafer or the like showing a first step of the cutting method
in accordance with the second example of the embodiment:

Fig. 29 is a sectional view of the piezoelectricdevice

wafer or the like showing a second step of the cutting method
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in accordance with the second example of the embodiment;

Fig. 30 is a sectional view of the piezoelectricdevice
wafer or the like showing a third step of the cutting method
in accordance with the second example of the embodiment;

Fig. 31 is a sectional view of the piezoelectricdevice
wafer or the like showing a fourth step of the cutting method
in accordance with the second example of the embodiment;

Fig. 32 isa sectional view of the piezoelectricdevice
wafer or the like showing a fifth step of the cutting method
in accordance with the second example of the embodiment;

Fig. 33 is a view showing a photograph of & plane of
a samplewithinwhichacrackregionis formedupon-irradiation
with linearly polarized pulse laser light;

Fig. 34 is a view showing a photograph of a plane of
asamplewithinwhichacrackregionisformeduponirradiation
with circularly polarized pulse laser light;

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

Fig. 36 is a sectional view of the sample shown in Fig.
34 taken along the line XXXVI-XXXVI;

Fig. 37 is a plan view of the part of object to be
processed extending along & line along which the object is
intended to be cut, in whicﬁ a crack region is formed by
the lasexrprocessingmethod in accordancewithathirdexample
of the embodiment;

Fig. 38 is a plan view of the part of object to be
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processed extending along a line along which the object is
intended to be cut, in which @ crack region is formed by
a comparative laser processing method;

Fig. 39is a view showingelliptically polarized laser
light in accordance with the third example of the embodiment,
and a crack region formed thereby;

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

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
the third example of the embodiment;

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

Fig. 44 is a plan view of a silicon wafer irradiated
with elliptically "peolarized laser light by the laser
precessing 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
methodinaccordancéwiththethirdexampleoftheembodiment;

Fig. 46 is a plan view of a silicon wafer in which the
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siliconwafer showninFig. 44 isirradiatedwithelliptically
polarized lager light by the laser processing method in
accordance with the third example of the embodiment;

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

Fig. 49 is a plan view of a silicon wafer in which the
siliconwajershowninFig.44isirradiatedwithelliptically
polarized laser light by the laser processing method in
accordance with the fourth example of the embodiment;

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

‘Fig. 51 is a sectional view taken along LI-LI on the
line along which the object is intended to be cut shown in
Fig. 50;

Fig. 52 1is a sectional view taken along LII-LII
orthogonal to the line along which the object is intended
to be cut shown in Fig. 50;

Fig. 53 is a sectional view taken along LITI-LIII

orthogonal to the line along which the object is intended
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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;

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

Fig. 56is asectional view of the object tobe processed

taken along the line along which the object is intended to

be cut in the case where a crack spot is formed relatively

}
small by uvsing the laser processing method in accordance

with the fifth example of the embodiment:

Fig. 57 is a2 plan view of the object to be processed
shown in Fig. 56 cut along the line along which the object
is intended to bhe cut:

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

Fig. 59is asectional viewof the object tobe processed
including a2 crack spot formed due to the multiphoton
ebsorption caused by irradiation with laser light shown in
Fig. 58;

Fig. 60 isasectional viewof the object tobe processed

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

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

Fig. 61 isasectional viewof theobject tobe processed
including a crack spot formed due to the multiphoton
absorption caused by irradiation with laser light shown in
Fig. 60;

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

Fig. 63 isa sectional viewof theobject tobe processed
including a crack spot fogmed due to the multiphoton
absorption caused by irradiation with laser light shown in
Fig. 62;

Fig. 64 is asecticnal viewoi theobject tobe processed
in the case where pulse laser light having a power lower
than that of the example shown in Fig. 60 is used:;

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

Fig. 66 is a sectional view taken along LXVI-LXVI
oxthogonal to the line a2long which the cokject 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
of the embodiment:

Fig. 68 is a block diagram showing a part of an example
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of overall controller provided in the laser processing
apparatus in accordance with the fifth example of the
embodiment;

Fig. 69 is alview showing an example of table oI a
correlation ' storing- section included in the overall
controllexr 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
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
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 aview showing the convergence of laser light
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-convexging lens in the case where a beam
expander is disposed;

Fig. 75 is a schematicldiagram of the laser processing

apparatus in accordance with a seventh example of the
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embodiment;

Fig. 76 is a view showing the convergence of laser light
caused by the light-converging lens in the case where no
iris diaphragm is disposed;

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

>

iris

Q

isphragm is
Fig. 78 isablockdiagram showing an example of overall
controller provided in a modified example of the laser
processing apparatus in accordance with the embodiment;

Fig. 79 is ablockdiagramof another example of overall
controller provided in the modified example of the laser
processing apparatus in accordance with the embodiment;

Fig. 80 is a block diagram of still another example
of overall controller provided in the modified example of
the laser processing apparatus in accordance with the
embodiment;

Fig. 81 is a plan view of an example of the part of
object to be processed extending along a line along which
the object is intended to be cut, in which a crack region
is formed by the laser processing method in accordance with
an eighth example of the embodiment;

Fig. 82 is a plan view of another example of the part
of objéct to bhe procéssed extending along the line along
which the object is ‘intended to be cut, in which a crack

region is formed by the laser processing method in accordance
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with the eighth example of the embodiment;

Fig. 83 isé 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
regionis formed by the laser processing method in accordance
with the eighth example of the embodiment;

Fig. 84 is a schematic diagram of a Q-switch laser
provided in a laser light source of the laser processing
apparatus 1in accordance with the eighth example of the
embodiment;

Fig. 85 is a block diagram showing a paxrt 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
examplé of overall controller of the laser process%ng
apparatus in accordance with the eighth example of the
embodiment ;

Fig. 87 isablockdiagramshowingapartofstill another

‘example of overall controller of the laser processing

apparatus in accordance with the eighth example of the
embodiment;

Fig. 88isablockdiagramshowingapartof still another
example of overall controller of the laser processing
apparatus in accordance with the eighth example of the
embodiment ;

Fig. 89is aperspective viewof anexample of the object
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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
processed formedwith a crack extending fxom the crack region
shown in Fig. 89;

Fig. 81 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 accoxrdance
with the ninth example of the embodiment;

Fig. 92 is a perspectl‘we 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 accoxdance
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
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 aperspective viewof anexample of the object
to be processed within which a crack region is formed by

using the lasex processing method in accoxrdance with a tenth
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example of the embodiment;

Fig. 97 is a partly sectional view of the object to
be processed shown in Fig. 96;

Fig. 98 is a perspective view of another example of
the object to be processed within which a crack region is
formed by using the laser processing method in éccordance
with the tenth example of the embodiment;

Fig. 89 is a partly sectional view of the object to
be processed shown in Fig. 98; and

Fig. 100 is a perspective viewof still another example
of the object to be processed within which a crack region
is formed by using the laser processing method in accordance
with the tenth example of the embodiment.

Best Modes for Carrying Out the Invention

Inthe following, a preferred embodiment of the present
invention will be explained with reference to the drawings.
The laser processing method and laser processing apparatus
in accordance with this embodiment form a modified region
by multiphoton absorption. The multiphoton absorption is
a phenomenon occurxing when the intensity of laser light
is made very high. First, the multiphoton absorption will
be explained in brief.

A material becomes optically transparent when the
energyhvof aphotonislower thanthebandgapEgof absorption
of the material. Therefore, the condition under which

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

81



10

15

20

25

optically transparent, however, absorptibﬁ occurs in the
material under the condition of nhv > Eg (n =2, 3, 4, ...}
when the intensity of laser light is made very‘h:'.Lgh». This
phenomenon is known as multiphoton absorption. In the case
of pulse wave, the intensity of laser light is determined
by the peak power density (W/cm?) of laser light at the

. . . . .
light~converging point, wheresas the multiphoton absorption

occurs under the condition with a peak power density of at

least 1 x 10% (W/cm®), for example. The peak power density
is determined Dby (energy of laser 1light at the
light-converging point per pulse)/ (beam spot
cross-sectional area of laser light x pulse width). 1In the
case of & continuous wave, the intensity of laser light is
determined by the electric field intensity (W/cm?®) of laser
light at the light-converging point.

The principle of laser processing in accordance with
the embodiment vwtilizing such multiphoton absorption will
now be explained with reference to Figs. 1 to 6. Fig. 1 is
a plan view of an object to be processed 1 during laser
processing. Fig. 2 is a sectional view of the object 1 shown
in Fig. 1 teken along the line I1I-II. Fig. 3 is a plan view
of the object 1 after laser processing. Fig. 4 isasectional
view of the object 1 shown in Fig. 3 taken along the line
IV-IV. Fig. 5 is a sectional view of the object 1 shown in

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

the cut object 1.
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As shown in Figs. 1 and 2, the object 1 has a surface
3 with a line along which the object is intended to be cut
5. The line along which the object is intended to be cut
5 1is a linéarly extending virtual line. 1In the laser
processing in accordance with this embodiment, the object
1 is irrad-iated with laser light L while locating a
light-convergingpoint Pwithinthe object 1undera condition
generating multiphoton absorption, so as to form a modified
region 7. The light~converging point refers to a location
at which the laser light 1 is converged.

By relatively moving the laser light L along the line
along which the object is intended to be cut 5 (i.e., along
the girection of arrow A), the light-converging point P is
moved along the line along which the object is intended to
be cut 5. This forms the modified region 7 along the line
along which the object is intended to be cut 5 only within
the object 1 as shown-in Figs. 3to 5. Inthe laser processing
method in accordance with this embodiment, the modified
region 7 is not formed by heating the object 1 due to the
absorption of laéer light L therein. The laser light L is
transmitted through the object 1, so as to generate
multiphoton absorption therewithir, 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

3 of the object 1 will not melt.

If a starting point exists in a part to be cut when
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cutting theobject 1, theobject 1 will break from'the starting
point, whereby the object 1 can be cut with a relatively
small force as shown in Fig. 6. Hence, the object 1 can bhe
cut without genexrating unnecessary fractures in the surface
3 of the object 1.

The following two cases seem to exist in the cutting
of the object to be processed using the modified region as
a startingpoint. The first case iswhere, after themodified
regionis formed, anartificial forceisappliedtotheobject,
whereby the object breaks while using the modified region
as a starting point, and thus is cut. This is cutting in
thecasewheretheobjecttobeprocessedhasalargethickness,
for example. Applying an arxtificial foxce includes, for
example, applying a bending stress or sﬁearing stress to
the object along the 1line along which the object is intended
to be cut in ;he 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, s6 that the object naturally breaks in the
cross—sectional direction (thickness direction}) of the
object while using the modified region as a starting point,
whereby ihe object is cut. This can be achieved by a single
modified region when the thickness of the object is small,
andby apluralityofmodified regions formed in the thickness

direction when the thickness of the object to be processed

is large. Breakihg and cutting can be carried out with
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favorable control eveninthisnaturally breakingcase, since
breaks -will not reach the part formed with nomodified region
on the surface in the part to be cut, so that only the part
formed with the modified region can be broken and cut. Such
a breaking and cuttingmethod 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
in this embodiment includes the following (1) to (3):

(1) Case where the modified region is a crack region
including one or a plurality of cracks |

An object to be processed (e.g., glass or a
piezoelec‘;ric material made of LiTa0i) is irradiated with
iaser light while the light-converging point is located
therewithin under a condition with a peak power density of
at least 1 x 10° (W/cm®) and a pulse width of 1 ps or less
at thelight-convergingpoint. Thismagnitudeof pulsewidth
is a condition under which a crack region can be formed only
within the object to be processed while generating
multipheoton abscrption without causing vnnecessary damagses
to the surface of the object. This generates a phenomenon
of optical damage caused by multiphoton absorption within
the object to be processed. This optical damage induces

thermal distortion withinthe object tobe processed, thereby

‘forming a crack region therewithin. The upper limit of
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electric field intensity is 1 x 102 {(W/cm?®), for erxample.
The pulse width is preferably 1 ns to 200 ns, for example.
The formingof a crack region causedbymultiphotonabsorption
is described, for example, in “Internal Marking of Glass

Substrate by Solid-state Laser Harmonics”, Proceedings of

45th Laser Materials Processing Conference (December 1998),

pp. 23-28.

The inventor determined relationships between the
electric field intensity and the magnitude of crack by an
experiment. Conditions for the experiment are as follows:

{R) Object to be processed: Pyrex glass (having a
thickness of 700 pm)

{B) Laser

Light source: semiconductor 1laser pumping
Nd:YAG laser

Wavelength: 1064 nm -

Laser light spot cross-sectional area: 3.14 x
10°% cm?

Oscillation mode: Q-switch pulse

Repetition frequency: 100 kHz

Pulse width: 30 ns

Output: output < 1 mJ/pulse

Laser light quality: TEMg

Polarization characteristic: linear

polarization

(C) Light~converging lens
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Transmittance with respect to laser 1light
wavelength: 60%

(D) Moving speed of a2 mounting table mounting the
object to be processed: 100 mm/sec

The laser light quality of TEMp, indicates that the
light convergence is so high that light can be converged
up to about the wavelength of laser light.

Fig. 7 1is a graph showing the results of the
above-mentioned experiment. The abscissa indicates peak
power density. Since laser light is pulse laser light, its
electric field intensity is represented by the peak power
density. The ordinate indicates the size of a crack part
(crack spot) formed within the object to be processed by
one pulse of laser light. An assembly of crack spots forms
a crack region. The size of a crack spot refers to that of
the part of dimensions of the crack spot yielding the maximum
length. The data indicated by black circles in the graph
refers to a case where the light-converging glass (C) has
a magnification of x100 and a numerical aperture (NA) of
0.80. Onthe other hand, the data indicated by white circles
in the graph refers to a case where the light—convérging
glass (C) has amagnification of x50 and a numerical aperture
(NA) of 0.55. It is seen that crack spots begin to occur
within the object to be processed when the peak power density

reaches 10! (W/cm?), and become greater as the peak power
g P

density increases.
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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
object to be processed 1 is irradiated with laser light L
while locatingthe light-convergingpoint Pwithinthe object
i under a condition where multiphoton absorption occurs,
so as to forma crack region 9 therewithin. The crack region
9 is a region including one or a plurality of cracks. As
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 xear face 21 of the object
l. As shown in Fig. 11, the object 1 breaks, so as to be
cut. The crack reaching the surface and rear face of the
obiect 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 regicn

An object to be processed (e.g.,.a semiconductor
material such as silicon) is irradiated with laser light
whilethe light-convergingpoint islocatedtherewithinunder
a condition with a peak power density of at least 1 x 10%
(w/cmz)andapulseéidthoflpsorlessatthelight~converging
point. As a consequence, the inside of the object to be
processed is locallyheatedbymultiphoton absorption. This

heating forms & molten processed region within the object
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to be processed. The molten processed region refers to at

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

a region in a melted state, and a region in the process of
re—sol?difying fromits melted state. The molten processed
region may also be defined as a phase-changed region or a
region having changed its crystal structure. The molten
processed region may also be regarded as a region in which
a2 certain structure has changed into another structure in
monocrystal, amorphous, andpolycrystal structures. Namely,
it refers to & 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 z region in which a monocrystal structure

" has changed intoa structure including an amorphous structure

and a polycrystal structure, for example. When the object
tobeprocessedisasiliconmonocrystal structure, themolten
processed region is an amorphous silicon structure, for
example. The upper limit of electric field intensity is 1
x 10* (W/cm?), for example. The pulse width is preferably
1 ns to 200 ns, for example.

By an experiment, the inventor has verified that a
molten processed region is formed within a silicon wafer.
Conditions for the experiment is as follows:

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

a thickness of 350 pm and an outer diameter of 4 inches)

{B) Laser
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Light source: semiconductor laser pumping

Nd:YAG laser
Wavelength: 1064 nm

Laser light spot cross-sectional area: 3.14 x ’

Oscillation mode: Q-switch pulse
Repetition freguency: 100 kHz
Pulse width: 30 ns
Output: 20 pJ/pulse
Laser light quality: TEMgo
Polarization characteristic: linear
polarization
(C) Light-converging lens
Magnification: x50
NA: 0.55
Transmittance Qith respect to laser 1light
wavelength: 60%
(D) Moving speed of a mounting table mounting the
object to be processed: 100 mm/sec
Fig. 12 is a view showing a photograph of a cross section
in a part of 2 silicon wafer cut by laser processing under
the above-mentioned conditiops. A molten processed region
13is formedwithinasiliconwafer 11. Thesizeof themolten
processedregionformedundertheabéve-mentionedconditions
is about 100 pm in the thickness direction.

The forming of the molten processed region 13 by
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multiphoton absorptionwill beexplained. Fig. 13 is agraph
showing relationships between the wavelength of laser light
and the transmittance within the silicon substrate. Here,
respective reflecting components on the surface and rear
face sides of the silicon substrate are eliminated, whereby
only the transmittance therewithin is represented. The
above-mentioned relationships are shown in the cases where
the thickness t of the silicon substrate is 50 pm, 100 um,
200 pm, 500 pm, and 1000 pm, respectively.

For example, it is seen that laser light transmits
through the silicon substrate by at least 80% at 1064 nm,
which is the wavelength of Nd:YAG laser, when the silicon
substrate hasa thicknessof 500pmor less. Sincethesilicon
wafer 11 shown in Fig. 12 has a thickness of 350 pm, the
molten processed region caused by multiphoton absorption
is formed near the center of the silicon wafer, i.e., at
a part separated from the surface by 175 pm. The
transmittanée in this case is 90% or greatex with reference
to a silicon wafer having a thickness of 200 pm, whereby
the laser light is absorbed within the silicon wafer 11 only
slightly and is substentially 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 uvpon usual heating with laser light), but by
multiphoton absorption. The forming of a molten processed

region by multiphoton absorption is described, for example,
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in “Processing Characteristic evaluation of Silicon by

Picosecond Pulse Laser”, Preprints of the National Meeting

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

Here, a fracture is generated in the cross~sectional
direction while wvsing the molten processed region as a

starting point, whereby the silicon wafex is cut when the

wafer. The fracture reaching the surface and rear face of
the object to be processed may grow naturally or grow as
a force is applied to the object. The fracture naturally

grows from the molten processed region to the surface and

rear face of the silicon wafer in one of the cases where

the fracture grows from a region once melted and then
re-solidified, where the fracture grows from a region in
a melted state, and where the fractﬁre grows from a region
in the process of re-solidifying from a melted state. 1In
any of these cases, the molten processed region is formed
only within the cross section after cutting as shown in Fig.
12. When a molten processed region is formed within the
object tobe processed, unnecessary fractures deviating from
a line along which the object is intended to be cut are hazxd
to occur at the time of breéking and cutting, which makes
it easier to control the breaking and cutting.

(3) Case where the modified region is a refractive
index change region

An object to be processed (e.g., glass) is irradiated
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with laser light wﬁile the light-converging point is located
therewithin under a condition with a peak power density of
at least 1 x 10%® (W/cm?) and a pulse width of 1 ns or less
at the light-converging point. Whenmultiphoton absorption
is generated within the object to be processed with a very
short pulse width, the energy caused by mﬁltiphoton
absorption is not traensformed into thermal energy, so that
a permanent structural change such as ionic valence change,
crystallization, or polarization orientation is induced
within the object, whereby a refractive index change region

is formed. The upper limit of electyic field intensity is

"1 % 10% (W/em?), for example. The pulse width is preferably

1 ns or less, more preferably ! ps oxr less, for example.
The formingof arefractive index change regionbymultiphoton
absorption is describea, for example, in “Formation of
Photoinduced Structure within Glass by Femtosecond Laser

Irradiation”, Proceedings of 42th Lasex Materials Processing

Conference {(November 1987), pp. 105-111.

Specific examples of this embodiment will now be
explained.

(First Example]

The laser processing method in accordance with a first
example of the embodiment will be explained. Fig. 14 is a
schematic diagramof a lasexr processing apparatus 100 usable
inthismethod. The laserprocessingapparatus 100 comprises

a laser light source 101 for generating laser light L; a
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laser light source controller 102 for controlling the laser
light source 101 so as to regulate the output and pulse width
oflaserlightl,andthelike;adichroicmirrorlOB,arranged
so as to change the orientation of the optical axis of laser
light L by 90°, having a function of reflecting the laser
light L; a 1light-converging lens 105 for converging the laser
light L reflected by the dichroic mirror 103:; a mounting
table 107 for mounting an object to be processed 1 irradiated
with the laser light L converged by the light-converging
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 th-e X-axis direction; a Z-axis stage 113 for moving the
mounting table 107 in the Z-axis direction orthogonal to
X- and Y-axis directions; and a stage controller 115 for
controlling the movement of these three stages 109, 111,
113.

The Z-axis direction is a direction orthogonal to the
surface 3 of the object to be processed 1, thus becoming
the direction of focal depth of laser light L incident on
the object 1. Therefore, moving the Z-axis stage 113 in the
2-axis direction can locate the light-converging point P
of laser light L within the object 1. This movement of
light-converging point P in X(Y)~axis direction is effected
by moving the object 1 in the X(Y)-axis direction by the

X(Y)-axis stage 109 (111). The X(Y)-axis stage 109 (111)
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is an example of moving means.

The laser light source 101 is an Nd: YAG lasexr generating
pulse laser light. Known as other kinds of laser usable as
the laser light source 101 include Nd: YVO,laser, Nd:YLF leser,
and titanium sapphire laser. For forming a crack region or
molten processed region, Nd:YAG laser, Nd:YVQs laser, and
Nd:YLF laser are used preferably. For forming a refractive
index change region, titanium sapphire laser is used
preferably.

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
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
105 in the Z-axis direction.

The laser'ﬁrocessing apparatus 100 further comprises
an observation light source 117 for generating a visible
lightbeamforirradiatingtheobject tobeprocessed I mounted
on the mounting table 107; and a visible light beam splitter
119 disposed on the same optical axis as that of the dichroic

mirror 103 and light-converging lens 105. The dichroic
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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

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
reflectedbythebeamsplitter 119, andthusreflectedvisible
light beam is transmitted through the dichroic mirror 103
and light-converginglens 105, soastoilluminate the surface
3 of the object 1 including the line along which the object
is intended to be cut 5 and the like.

The laser processing apparastus 100 further comprises
an image pickup device 121 and an'imaéing lens 123 disposed
on the same optical axis as that qf the beam splitter 119,
dichroic mirror 103, and light-converging lens 105. An
exampleof the image pickupdevice 121 isaCCD {charge-coupled
device) camera. Thereflectedlight of thevisuval light beam
having illuminated the surface 3 including the line along
which the object is intended to be cut 5 and the like ‘is
transmitted through the light-converging lens 105, dichroic
mirror 103, and beam splitter 119 and forms an image by way
of the imaging lens 123, whereas thus formed image is captured
by the imaging device 121, so as to yield imaging data.

The laser processing apparatus 100 further comprises

an imaging data processor 125 for inputting the imaging data
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outputted from the imaging device 121, an overall controllex
127 for controlling the laser processing apparatus 100 as
a whole, and a monitor 123. According to the imaging data,
the imaging data processor 125 calculates foal point data
for locating the focal point of the visible light generated
in the observation light source 117 onto the suxface 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.
Hence, the imaging data processor 125 functions as an
avtofocus unit. Also, according to the imaging data, the
imaging data processor 125 calculates image data such as
an enlarged image of the surface 3. The image data is sent
to the overall controller 127, subjected to various kinds
of 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 arxe fed into
the overall controller 127. Accordingto thesedataaswell,
the overz11 controller 127 regulates the laser light scurce
controller 102, observation light source 117, and stage
controller 115, thereby controlling the laser processing
apparatus 100 as a whole. Thus, the overall contreoller 127
func£ions as a computer unit.

Withreferencetofﬁgs.14and15,theiaserprocéssing
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method in accordance with a first example of the embodiment
will now be explained. Fig. 15isa flowchart for éxplaining
this laser processing method. The object to be processed
1 is a silicon wafer.

First, a 1ight absorption characteristicof the object
1 is determined by a spectrophotometer or the like which
is not depicted. According to the results of measurement,
a laser light source 101 generating laser light L having
a wavelength to which the object 1 is transparent or exhibits
a low absorption is chosen (S101). Next, the thickness of
the object 1 is measured. According to the result of
measurement of thickness and the refractive index of the
object 1, the amom‘dt of movement of the object 1 in the Z-axis
directionisdetermined (5103). This isanamount of movement
of the object 1 in the Z-axis direction with reference to
the light-converging point of laser light L positioned at
thesurface 3 of the object 1l inorder 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
127.

The object 1 is mounted on the meunting table 107 of
the laser pfocessing apparatus 100. Then, visible light is
generated from the observation light source 117, so as to
illuminate the object 1 (S105}. i‘he illuminated surface 3
of the object 1 including the line along which the object

is intended to be cut 5 is captured by the image pickup device
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121. Thus obtained imaging data is sent to the imaging data
processor 125. According to the imaging date, the imaging
data processor'125 calculates such focal point data that
the focal point of visible light from the observation light
source 117 is positioned at the surface 3 (8167).

The focal point data is sent to the stage controller
115. Accordingto the focal point data, the stage controller
115moves the Z-axisstage 113 inthe Z-axisdirection (S109).
As a consequence, the focal point of visible light from the
observation light source 117 is positioned at the surface
3. According tothe imagingdata, the imaging data processor
125 calculates enlarged image data of the surface 3 of the
object including the line along which the object is intended
to be cut 5. The enlarged image data is sent to the monitox
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 d:isplayed on the monitor 129.

Movement amount data determined at step S103 has been
fed into the overall controller 127 beforehand, and is sent
tothestagecontroller 115. Accordingtothemovement amount
data, the stage contrcller 115 causes the Z~-axis stage 113
to move the object 1 in the Z-axis direction at a position
where the light-converging point P of laser light L is located
within the object 1 (S111}).

Next, laser light L is generated from the laser light

source 101, soastoirradiate the line along which the object
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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 reg&on i; formed only within the object 1.
Subsequently, the X-axis stage 109 and Y~axis stage 111 are
moved along the lint to be cut 5, so as to form a molten
processed region along the line along which the object is
intended to be cut 5 within the object 1 {S113). Then, the
object 1 is bent along the line along which the object is
intended to be cut 5, and thus is cut (S115). This divides
the object 1 into silicon chips.
Effectsofthefirstexamplewi;lbeexplained. Here,
the line along which thé object is intended to be cut 5 is
irradieted with the pulse laser light L under a condition
causing multiphoton absoxption while locating the
light-converging point P within the object 1. Then, the
X-axis stage 109 and Y-axis stage 111 are movea, 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
modifiedregion (e.g., crackregion, moltenprocessedregion,
or refractive indexchangeregion) is formedwithinthe object
1 along the line along which the object is intended to be
cut 5. When a certain starting point exists at a part to
be cut in the object to be processed, the object can be cut
by breaking it with a relatively small force. Therefore,

breaking the object 1 along the line along which the object
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is intended to be cut 5 while using a modified region as
a starting point can cut the object 1 with 2 relatively small
force. This can cut the object 1 without generating
unnecessary fractures deviating from the line aloné which
the object is intended to be cut 5 in the surface 3 of the
object 1. -

Also, in the first example, the object 1 is irradiated
with the pulse laser light L at the line along which the
object is intended to be cut 5 under a condition generating
multiphoton absorption in the object 1 while locating the
light-converging point P within the object 1. Therefore,
the pulse laser-light L is transmittedhthrough the object
1 without substantially being absorbed at the surface 3 of
the object 1, whereby the surface 2 will not incur damages
such as melting duve to the forming of a modified region.

As explained in the foregoing, the first example can
cut the object 1 without generating unnecessary fractures
deviating from the line along which the object is intended
tobe cut S5andmelt inthe surface 3of theobject. Therefore,
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

-objects tobeprocessedwhose surface is formedwithelectrode

patterns, and those whose surface is formed with electronic

101



10

15

20

25

devices such as piezoelectric wafers and glass substrates
formed with display devices such as 1liquid crystals.
Therefore, thefirst examplecan improve theyieldof products
(e.g%,semiconductorchips,piezoelectricdevicechips,and
display devices such as liquid crystal} prepared by cutting
the object to be processed.

Also, since the line aiong which the object is intended
to be cut 5 in the surface 3 of the object 1 does not melt,
the first example can decrease the width of the line along
which the object is intended to be cut 5 (the width being
the interval between regions to become semiconductor chips
in the case of a semiconductor wafer, for example). This
increases thenumber of productsprepared froma singleobject
to be processed 1, whereby the productivity of products can
be improved.

Since laser light is used for cutting the object 1,
the first example enables processing more compiicated than
that obtained by dicing with a diamond cutter. For example,
even when the line along which the object is intended to
be cut 5 has a complicated form as shown in Fig. 16, the
first example allows cutting. These effects are similarly
obtained in examples which will bhe explained later.

Not onlyasingle laser light source butalsoaplurality
of laser light sources may be provided. For example, Fig.
17 is a schematic view for explaining the laser processing

method in the first example of the embodiment in which a
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plurality of laser light sources are provided. Here, the
object 1 is irradiated with three laser beams emitted from
respective laser light sources 15, 17, 19 from different
directions while the light-converging point P is located
within the object 1. The respective laser beams from the
laser light sources 15, 17 are made incident on the object
1 £rom the surface 3 thereof. The laser beam from the laser
light source 19 is made incident on the object 1 from the
rear face 2i thereof. Since a plurality of laser light
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
reason; multiphoton absorption canbe genexatedevenwithout
a light-converging lens. Though the light-converging point
P is foxmed by the three laser light sources 15, 17, 19,
the present invention is not restricted thereto as long as
a8 plurality of laser light sources exist therein.

Fig. 18 isa schematicview for explaininganother laser
processing method in accordance with the first example of
the embodiment in which a plurality of laser light sources
are provided. This example comprises three array light
souxce sections 25, 27, 29 each having a plurality of laser
light sources 23 aligning along the line along which the

object is intended to be cut 5. Among the array light source
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sections 25, 27, 29, laser beams emitted from laser light
sources 23 arranged in the same row form a2 single
light-converging point {e.g., light-converging point P;).
This example can forma plurality of light-converging points
Py, Py, ... along the line along which the object is intended
to be cut 5, whereby the processing speed can he improved.
Also, inthis example, apluralityof rowsof modified regions
can be formed at the same time upon laser-scanning on the
surface 3 in a direction orthogonal to the line along which
the object is intended to be cut 5.

{Second Example]

A second example of the embodiment will nowbe explained.
This example is directed to a cutting method and cutting
apparatus for a light-transmitting material. The
light-transmitting material i1s 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 LiTa0; is used as a light-transmitting material.

The cutting apparatus in accordance with the second
example is constituted by the laser processing apparatus
100 shown in Fig. 14 and the apparatus shown in Figs. 19
and 20. The apparatus shown in Figs. 19 and 20 will be
explained. The piezoelectric device wafer 31 is held by a
wafer sheet {(film) 33 acting as holding means. In the wafer
sheet 33, the face on the side holding the piezoelectric

device wafer 31 is made of an adhesive resin tape or the
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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
will be cut and separated later. Each piezoelectric device-
chip 37 has a circuit section 39. The circuit section 39
is formed con the surface of the piezoelectric device wafer
31 for each piezoelectric device chip 37, whereas a
predetermined gap o {about 80 um) is formed between adjacent
circuit sections 39. Fig. 20shows a state whereminute crack
regions 9 as modified parts are formed within the
pilezoelectric device wafer 31.

Next, with reference to Fig. 21, the method of cutting
a light~-transmitting material in accordance with the second
example will be explained. First, a light absorption
characteristic of the light-transmitting material
(piezoelectric device wafer 31 made of LiTaO; in the second
example) to become a material tobe cut is determined (S201).
The light absorption characteristic can be measured by using
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 tobecut is transparent or exhibits a low absoxrption
is chosen according to the result of determination {8203).
In the second example, a YAG laser of pulse wave (PW) type

having a fundamental wave wavelength of 1064 nm is chosen.
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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 um.

Next, the thickness of thematerial tobe cut ismeasured
(S205). Once the thickness of the material to be cut is
measured, the amount of displacement {amount of movement)
of the light-convergingpointoflaserlightL fromthesurface
(entrance face for laser light L) of the material to be cut
in the optical axis direction of laser light L is determined
S0 as to position the light-converging point of laser light
L within the material to be cut according to the result of
measurement (5207). For example, in conformity to the
thickness and refractive index of the material to be cut,
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
thematerial tobecut andthe refractive index of thematerial
to be cut, the actuval position of the light~converging point
P of laser light is located deeper than the position of tﬂe
light-converging point Q of laser light L converged by the
light-converging lens 105 from the surface of the material
to be cut (piezoelectric device wafer ﬁl). Namely,'the

relationship of “amount of movement of 2-axis stage 113 in
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the optical axis direction oi 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
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
{constituted by the X-axis stage 109, Y-axis stage 111, and
Z2~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.
Then, according to the result of imaging at the image pickup
device 121, focus adjustment is carried out by moving the
Z-axis stage 113 soas toposition the light-converging point

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

- {8211) . Here, the swvrface observation image of

piezoelectric device wafer 31 obtained by the observation
light source 117 is captured by the image pickup device 121,
whereas the imaging data processor 125 determines the moving
position of the Z-axis stage 113 according to the result
of imaging such that the light emitted from the observation
light source 117 forms & focal point on the surface of the

material to be cut, and outputs thus determined position

107



10

20

25

to the stage controller 115. According to an output signal
from the imaging data processor 125, the stage controller
115 controlsthe Z-axisstage 113 suchthat themovingposition
of the Z~axis stage 113 is located at a position for making
the light emitted from the observation light source 117 form
a focal point on thematerial tobecut, i.e., for positioning
the focal point of laser 1ight'L onto the surface of the
material to be cut.

After the focus adjustment of light emitted from the
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
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—convergi-ng point of laser light
determined in conformity to the thickness and refractive
index of the material to be cut, whereby the stage controller
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 fo be cut is completed by moving the
Z~axis stage 113 in the optical axis direction of laser light
L by the amount of displacement of the light—conve.rging poinE

of laser light L determined in conformity to the thickness
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and refractive index of the material to be cut (S213).

After the placement of the light-converging point of
laser light L within the material to be cut is completed,
the material to be cut is irradiated with laser light L,
and the X-axis stage 109 and the Y-axis stage 111 are moved
inconformity toadesirablecuttingpattern (S217). As shown
in Fig. 22, the laser light L emitted from the laser light
source 101 is converged by the light-converging lens 105
such that the light-converging point P is positioned within
the piezoelectric device wafer 31 facing a predetermined
gap (B0pmasmentionedabove) formedbetween adjacent circuit
sections 39. Theabove—ﬁentioneddesirablecuttingpattern
is set such that the gap formed between the adjacent circuit
sections 39 in order to separate a plurality of piezoelectric
device chips 37 from the piezoelectric device wafer 31 is
irradiated with the laser light L, whereas the laser light
L is irradiatedwhile the state of ixrradiation of laser light
L is seen through the monitor 128.

Here, as shown in Fig. 22, the laser light L irradiating
the material to be cut is converged by the light-converging
lens 105 by an angle at which the circuit sections 39 formed
on the surface of the piezoelectric device wafer 31 (the
surface on which the laser light L is incident) are not
irradiatedwiththelaserlightl. Convergingthelaserlight
L by aﬁ angle at which the circuit sections 39 are not

irradiatedwith the laser light L can prevent the laser 1light
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Lfromenteringthecircuit sections3%andprotectthecircuit
sections 39 against the laser light L.

When the laser light L emitted from the laser light
source 101 is converged such that the light-converging point
P is positioned within the piezoelectric device wafer 31
while the energy density of 1laser 1light L at the
light-converging point P exceeds a threshold of optical
damage or optical dielectric breakdown, minute crack regions
S are formed only at the light-converging point P within
the piezoelectric device wafer 31 acting as a material to
be cut and its vicinity. Here, the surfa;e and rear face
of th:el material to be cut (piezoelectric device wafer 31)
will not be damaged.

Now, with reference to Figs. 25 to 27, the forming of
cracks by moving the light-converging point of laser light
L will be explained. The material to Dbe cut 32
(ligﬁt—transmitting material) having a substantially
rectangular 'parallelepiped form shown in Fig. 23 1is
irradiatedwith laser light L such that the light-conve;r.-ging
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 tolmacu;_
32 and ifs vicinity as shown in Figs. 24 and 25. The scanning
-of laser light L or movement of the material to be cut 32

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

laser light L in the longitudinal direction D of material
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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 ina pulsatingmanner, aplurality of crack regions
8 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 tﬁe longitudinal direction D
of the material to be cut 32 when the laser light L is scanned
or the material to be cut 32 is moved. The scanning speed
of laser light L or the moving speed of material to be cut
32 may be slowed down, so a8s to shorten the gap between the
crackregions9,therebyincreasingthenumberofihusformed
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
further be slowed douwn, so that the crack région 9 is
continuously formed in tﬁe scanning direction of laser light

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

E”thelnoving direction of the light-converging point of laser

- light L as shown in Fig. 27. Adjustment of the gap between

the crack regions 9 {number of .crack regions 9 to be formed)
can also be realized by changing the relationship between
the repetition freguency of laser light L and the moving
speed of the material to be cut 32 (X-axis stage or Y-axis
stage). Also, throughput canbe improvedwhen the repetition
frequency of laser light L and the moving speed of material

to be cut 32 are increased.
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Once the crack regions 8 are formed along the
above-mentioned desirable cutting pattern (S218), a stress
1s generated due to physical external force application,
environmental changes, and the like within the matefial to
becut,thepartformedwiththecrackregions9:h1pa£ticular,
SO0 as to grow the crack regions 9 formed only within the
material to be cut (the light—converging point and its
vicinity), therebycuttingthematerialtobecutataposition
formed with the crack regions 9 (S221).

With reference to Figs. 28 to 32, the cutting of the
material to be cut upon physical external force application
will be explained. First, the material to be cut
(piezoelectricdevicewafer 31) formedwiththecrack regions
9 along the desirable cutting pattern is placed in a cutting
epparatus while in a state held by a wafexr 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 tothe suction chuck 34, a pressure needle
36 ({pressing member), pressure needle driving means (not
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 pl'aced in
the cutting apparatus, the suction chuck 34 approaches the

position corresponding to the piezoelectric device chip 37
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to be isolated as shown in Fig. 28. A suction pump apparatus
is actuated while in a stete 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
thepiezoelectricdevice 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 devicewafer 31) tobe isolated, the pressure
needle 36 is moved to the position corresponding to the
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
wafer sheet 33 deforms, while the pressure needle 26 applies
astresstothepiezoelectricdevicewafer 31 fromthe outside,
whereby a stress is generated in the wafer part formed with
the crack regions 9, which grows the crack regioné 9. When
the crack regions 9 grow to the surface and rear face of
the piezoelectric device wafer 31, the piezoelectric device
wafer 31 is cu'; 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 1isolated from the
piezoelectric device wafer 31. The wafer sheet 33 has an
adhesiveness as mentioned above, thereby being able to

prevent cut and separated piezoelectric device chips 37 from
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flying away.

Once thepiezoelectricdevice chip 37 is separated from
the piezoelectric device wafer 31, the suction chuck 34 and
pressure needle 36 are moved away from the wafer sheet 33.
When the suction chuck 34 and pressure needle 36 are moved,
the isolated piezoelectric device chip 37 is released from
the wafer sheet 33 as shown in Fig. 32, since the former
is attracted to the suction chuck 34. Here, an ion air blow
apparatus, which is not depicted, is used for sending an
ion air 'in the direction of arrows B in Fig. 32, whereby
the piezoelectric device chip 37 isolated and attracted to
the suction chuck 34, and the piezoelectric device wafer
31 {surface) held by the wafer sheet 32 are cleaned with
the ion air. Here, a suction epparatus may be provided in
place of the ionair cleaning, such that the cut and separated
plezoelectricdevice chips 37 and piezoelectricdevicewafer
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
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
can be cut,

Thus, inthe second example, the light-converging lens
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105 converges the laser light L emitted from 't.he l:aser light
souxce 101 such that its light—convergilng point is positioned
within the light-transmitting material (piezoelectric
device wafer 31), whereby the energy density of laser light
at the light-converging point exceeds the threshold of
op;ical damage or optical dielectric breakdown, which forms
theminute cracks S9onlyat the light-converging point within
thelight~transmittingmaterial anditsvicinity. Sincethe
light-transmitting material is cut at the positions of thus
formeq crack regions 9, the amount of dust emission is very
small, whereby thé possibility of dicing damages, chipping,
cracks on the material surface, and the like occurring also
becomes very low. Since the light-transmitting materisl is
cut along the crack regions 9 formed by the optical damages
or optical dielectric breakdown of the light-transmitting
material, the directional stability of cutting improves,
s0 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
of these, the second example can cut the light-transmitting
material quite easily and appropriately.

Also, & stress is generated within the material to be
cut duetophysical external forceapplication, environmental

changes, and the like, so as to grow the formed crack regions
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9 to cut the light-transmitting material {(piezoelectric
device wafer 31), whereby the light-transmitting material
can reliably be cut at the positions of formed crack regions
9.

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
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
piezoelectric device chips 37, the light-converging lens
105converges the laser light Lsuch 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
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 scaenned so
as to move the light-converging point in a direction
intersecting the optical axis of laser light L, e. g., a

direction orthogonal thereto, the crack region 9 is
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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.

In the second example, since the forming of a modified
part (crack region 8) is realized by non-contact processing
yith the laser light L, problems of durability of bhlades,
their replacement frequency, andthe likeinthedicing caused
by diamond cutters will not occur. Also, since the forming
of amodifiedpart {crackregion @) isrealizedbynon-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
limited to the above-mentioned second example. For example,
the light-transmittingmaterialmaybe a semiconductorwafer,
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

an optical absorption characteristic of the

light~transmitting material to be cut. Though the minute
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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 souvxrce (e.g., femto second (fs) laser) can form a
modified part cauvsed by & refractive index change (higher
refractive index), thus being able to cut the
light-transmitting material without generating the crack
regions 9 by utilizing such a mechanical characteristic
change.

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 akis direction of
laser light L without being restricted thereto.

Though the X-axis staqe 1094§nd Y-axis stage 111 are
moved in conformity to a desirable cutting pattern in the
laser processing apparatus 100, it is not restrictive,
whereby the laser light L may be scanned in conformity to
a desirable cutting pattern. ‘

Though the piezoelectric device wafer 31 is cut by the
pressure needle 36 after being attracted to the suction chuck
34, it is not restrictive, whereby the piezoelectric device
wafer 31 may be cut by the pressure needle 36, and then the
cut and isolatedpiezoelectricdevicechip37maybe attracted
to the suction chuck 34. Here, whenthe piezoelectricdevice

wafer 31 is cut by the pressure needle 36 after the
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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
of the piezoelectric device chip 37.

Also, when an image pickup device 121 for infrared rays
is used, focus zdjustment 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
mirror 103, while disposing an optical device between the
half mirror and the laser light sovzce 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 lasexr light source 101 at the time of focus adjustment

a—

e g2t to an enexrgy level lower than that of the output fox
forming cracks, such that the laser light L for carrying
out focus adjustment does not damage the material to be cut.

Characteristic features of the present inventionwill
now be explained from the viewpoints of the second example.

The method of cutting a light-transmitting material
in accordance with an aspect of the present irnvention
comprises a modified part forming step of converging laser
light emitted from a laser light source such that its
light-converging point 1s positioned within the
light~transmitting material, so as to form a modified part

only at the 1light-converging point within the
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light~transmitting material and its vicinity; and a cutting
stép of cutting the light-transmitting material at the
position of thus formed modified part.
Inthemethodof cuttinga light-transmittingmaterial
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
light~converging point within the light-transmitting
material and its wvicinity. In the cutting step, the
light-transmitting material is cut at the position of thus
formed modified part, so that the amoun:t of dust emission
is very small, whereby the possibility of dicing damages,
ping, cracks on the material svrface, 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, sothat cuttingdirectioncanbecontrolledeasily.
Also, the dicing width can be made smaller than that attained
in the dicing with a diamond cutter, whersby the number of
light~transmitting materials cut out from one
light~transmitting material can be increased. As a résult
of these, thé present invention can cut the
light-transmittingmaterial quiteeasily and appropriately.

Also, in the method of cutting a light~transmitting
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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 fromflying away is necessary, whexebydry processing
can be realized in the cutting step.

In themethod of cutting a light-transmittingmaterial
in accordance with this aspect of the present invention,
sincethe formingof amodifiedpart isrealizedbynon-contact
processingwith laser light, problems of durabilityof blades,
their replacement frequency, andthelike inthedicingcaused
by diamond cutters wiil not occur. Also, since the forming
of a modified part is realized by non-contact processing
with the laser 1light, the method of cutting a
light-transmitting material in accordance with this aspect
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-transmittingmaterial is formed
with a plurality of circuit sections, whereas laser light
is converged such that the light-converging point is
positioned within the light-transmitting material part
facing the gap formed between adjacent circuit sections in
the modified part forming step, so as to form the modified

part. With such a configuration, the light-transmitting

material can reliably be cut at the position of the gap formed
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between adjacent circuit sections.

When irradiating the light-transmittingmaterial with
laser light inthemodifiedpart forming step, it is preferred
that the laser light be converged by an angle at which the
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
thelaser light fromenteringthecircuit sections andprotect
the circuit sections against the laser light.

Preferably, in the modified part forming step, the
light-converging point is moved in a direction intersecting
the optical axis of laser light, so as to form a modified
part centinuously slong the moving direction of the
light-converging point. Whenthe1ight—c$nvergingpointis
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
direction of the light-converging point, the directional
stabilityofcuttingfurtherimproﬁes,whichmakesitfurther
easier to control the cutting direction.

The method of cutting a light-transmitting material
in accordance with an aspect of the present invention
comprises a crack forming step of' converging laser light

emitted from a laser light source such that its
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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
the light-transmitting material at the position of thus
formed crack.

In themethod of cutting a light-transmittingmaterial
in accordance with this aspect of the present invention,
laser 1ight is converged suchthat the light-converging pbint
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

b

ight-converging woint within the light-transmitting
material and its vicinity. In the cutting step, the
light-transmitting material is cut at the position of thus
formed crack, so that the amount of dust emission is very
small, whereby the possibility of dicing damages, chipping,
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
controlledeasily. Also, thedicingwidthcanbemade smaller

thanthatattainedinthedicingwithadiamondcutter, whereby
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the number of light-transmitting materials cut out fromone
light-transmitting material can be increased. As a result
of these, the present invention can cut the’
light-transmittingmaterial quite easily and appropriately.

Also, in the method of cutting a light-transmitting
material in accordance with this aspect of the present
invention, dust-emitting powders hardly exist, so that no
lubricating/cleaning water for preventing the dust-emitting
powders from flying away is necessary, whereby dryprocessing
can be realized in the cutting step.

In themethod of cutting a light~transmittingmaterial
in accordance with this aspect of the present invention,
since the forming of a crack is realized by non-contact
processingwithlaserlight,problemsofdﬁrabilityofblades,
their replacement freguency, andthe likeinthedicingcaused
by diamond cutters will not occur. Also, since the forming
of a crack is realized by non-contact processing with the
leser light, the method 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. |

Preferably, in the cutting step, the
light-transmitting material is cut by growing the formed
crack. Cutting the light-transmitting material by growing

the formed crack in the cutting step as such can reliably
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cut the light-transmitting material at the position of the
formed crack.

Preferably, in the cutting step, a stress is applied
to the lightnﬁransmitting material by usinga pressingmember,
s0 as to grow a crack, thereby cutting the light-transmitting
material. Whenastressisappliedtothelight-transmitting
material in the cutting step by using a pressing member as
such, so as to grow a crack, thereby cutting the
light~t;ansmitting material, the light-~transmitting
material can further reliably be cut at the position of the
crack.

The apparatus for cutting a light-transmitting
material inaccordancewith anaspect of thepresent invention
comprises a laser light source; holding means for holding
the light-transmitting material; an optical device for
converging the lasex light emitted frdm 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
of amodified part formed only at the light-converging point
of laser light within the light-transmitting material and
its vicinity.

In the apparatus for cutting a light-transmitting
material in accordance with this aspect of the present
invention, the optical device converges laser light such

that the light-converging point of laser light is positioned
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within the light—t&ansmitting material, whereby a modified
part is formed only at the light-converging point within
the light-transmittingmaterial anditsvicinity. Then, the
cutting means cuts the light-transmitting material at the
position of the modified part formed only at the
light-converging point within the light—transmitting'
material and its vicinity, whereby the light-transmitting
material is reliably cut along thus formed modified part.
As a consequence, the amount of dust emission is very small,
whereas the possibility of dicing damages, chipping, cracks
on the material suxface, and the like occurring also becomes
very low. Also, since the light-transmitting material is
cuf along the modified part, the directional stability of
cutting improves, whereby the cutting direction can bhe
contfolledeasily. Rlsc, thedicingwidthcanbemade smaller
thanthatatteinedinthedicingwithadiamondcutter, whereby
the number of light-transmitting materials cut out from one
light-transmitting material can be increased. As a result
of these, the present invention can cut  the
light-transmittingmaterial quiteeasilyand appropriately.
Also, intheapparatus forcuttingalight-transmitting
material in accordance with this aspect of the present
invention, dust-emitting powders hardly exist, so that no
lubricating/cleaningwater for preventing the dust-emitting
powders fromflying away is necessary, whereby dry processing

can be realized in the cutting step.
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In the apparatus for cutting a light-transmitting
material in accordance with this aspect of the present
invention, since the modified part is formed by non-contact
processingwith laser light, problems of durability of blades,
their replacement frequency, andthelike inthedicingcaused
by diamond cutters wiil not occur as in the conventional
techniques. Also, since the modified part is formed by
non-contact processing with the laser light as mentioned
above, the apparatus for cuttiﬁg a light-transmitting
material in accordance with this aspect of the present
invention can cut the light-transmitting material along a
cuttinb pattern which cuts out the light-transmitting
material without completely cutting the same.

The apparatus for cutting a light-transmitting
material inaccordsncewithanaspect of the present invention
comprises a laser light source; holding means for holding
the light-transmitting material; an optical device for
converging laser light emitted from the laser light source
such that a light-converging point thereof is positioned
within the light-transmitting material; and cutting means
for cutting the light-transmitting material by growing a
crack formed only at the light-converging point of laser
light within the light-~transmitting material and its
vicinity.

In the apparatus for cutting a light-transmitting

material in accordance with this aspect of the present
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invention, the optical device converges laser light such
that the light-converging point of laser light is positioned
within the light-transmitting material, so that the energy
density of laser light at the light«converging point exceeds
a thresholdof optical damage or optical dielectricbreakdown
of the light-transmittingmaterial, wherebyacrack is formed
only at the light-converging point within the
light~transmittin.g material and its vicinity. Then, the
cuttingmeans cutsthe light-transmittingmaterialbygrowing
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
consequence, the amount of dust emission is very small,
whereas the possibility of dic':i.ng damages, chipping, crac};s
on the material surface, and the like occurring also becomes
very low. Sincethe liéht—transmitting material iscutalong
the crack, 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
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~transmittingmaterial quiteeasilyandappropriately.
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Also, intheapparatusforcuttingalight-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 fromflyingaway is necessary, whereby dryprocessing
can be realized in the cutting step.

In the apparatus for cutting a light-transmitting
material in accordance with this aspect of the present
invention, since the crack is formed by non-contact
processingwith laser 1ight, problems of durabilityof blades,
their replacement frequency, andthe like inthedicing caused
by diamond cutters will not occur as in the conventional
techniques. Also, since the crack is formed by non-contact
processingwith the laser light asmentionedabove, themethod
of cutting a light-transmitting material in accordance with
this aspect of the present invention can cut the
light~transmitting materiel along a cutting pattern which
cuts out the light-transmittingmaterial without completely
cutting the same.

Preferably, the cutting means has a pressing member
for applying a stress to the light-transmitting material.
When the cutting means has a pressing member for applying
a stress tothe light-transmittingmaterial as such, a stress
can be applied to the light-transmitting material by using
the pressing member, so as to grow a crack, whereby fhe

light-transmitting material can further reliably be cut at
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the position of the crack formed.

Preferably, the light-transmitting material is one
whose surface is formedwith 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
lbetween adjacent circuit sections. With such a
configuration, the light-transmittingmaterial canreliably
be cut at the position of the gap formed between adjacent
circuit sections.

Prefersbly, 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 irradisted with thg laser light as such, it can prevent
the laser light fromenteringthecircuit sectionsandprotect
the circuit sections against the laser light.

Preferably, the apparatus further comprises
light-converging point moving means for moving the
light-convexging 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 iight as such, a ¢rack can continuously
be formed 2long the moving direction of the light;converging

point, so that the directional stability of cutting further
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improves, whereby the direction of cutting can be controlled
further easily.

[Third Example]

A third example of this embodiment will be explained.
In the third example and a fourth example which will be
explained later, an object to be processed is irradiated
with laser 1light such that the direction of 1linear
polarizationof linearlypolarizedlaser light extends along
a line along which the obiject is intended to be cut in the
object to be processed, whereby a modified region is formed

in the object to be processed. As a conseguence, in the

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

single pulseof laser irradiation}, thesize in thedirection
extending along the line along which the object is intended
tc 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:
(B) Objecttobeprocessed:Pyrexglasswéfer(having
a thickness of 700 pm and an outer diameter of 4 inches)
(B) Laser '
' Light " source: semiconductor laser pumping
Nd:YAG laser
Wavelength: 1064 nm
Laser light spot cross-sectional area: 3.14 x
10°% en?

Oscillation mode: Q~switch pulse
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Repetition frequency: 100 kHz
Pulse width: 30 ns
Qutput: output < 1 md/pulse
Laser light quality: TEMgg
Polarization characteristic: linear
polarization
(C) Light-converging lens
Magnification: x50
NA: 0.55
Transmittance with respect to laser light
wavelength: 60%
{D) Mo@ing speed of a mounting table mounting the
object to be processed: 100 mm/sec
BachofSamplesl,2,wﬁichwasanobjecttobeprocessed,
was exposed to a single pulse shot of pulse laser light while
the light-converging point is located within the object to
be processed, whereby a crack region caused by multiphoton
absorption is formed within the object to be processed.
Sample 1 was irradiated with linearly polarized pulse laser
light, whereas Sample 2 was irradiated with circularly
polarized pulse laser light.
Fig. 33 is a view showing a photograph of Sample 1 in
plan, whereas Fig. 34 is a view showing a photograph of Sample
2 in plan. These planes are an entrance face 209 c¢f pulse

laserlight. LettersLPandCPschematicallyindicate linear

polarizationandcircularpolarization, respectively. Fig.
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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
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
directionaligningwiththedirectionoflinearpolarization.
This indicates that the forming of the crack spot 80 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
greater in any specific direction as shown in Fig. 36. The
sizeof the crackspot 90inthedirection yielding the maximum
length is greater in Sample 1 than in Semple 2.

The fact that a crack region extending along a line
along which the object is intended to.be cut can be formed
efficiently will be explained from these results of
experiment. Figs. 37 and 38 are plan views of crack regions
each formed along a line aiong which the 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

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

5, whereby a crack region 9 extending along the line along
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which the object is intended to be cut'S-is formed. Fig.
37 shows the crack region 9 formed upon irradiation with
pulse lasé; light such that tﬁe direction of linear
polarization of pulse laser light aligns with the line along
which the object is intended to be cut 5. The forming of
crack spots 9 is accelerated along the direction of the line
along which the object is intended to be cut 5, whereby their
size is relatively large in this direction. Therefore, the
crackregion 8 extending alongthe line along which the object
is intended to be cut 5 can be formed by a smaller number
of shots. On the other hand, Fig. 38 shows the crack region
9 formed upon irradiation with pulse laser light such that
the direction of linear polarization of pulse laser liéht
is orthogonal to the line along which the object is intended
tobe cut 5. Since the size of crack spot 90 in the direction
of the line along which the object is intended to be cut
Sisrelativelysmall, thenumberof shotsrequired for forming
the crack region 9 becomes greater than that in the case
of Fig. 37. Therefore, themethod of forming a crack region
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
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



10

=t
tn

20

25

shot is accelerated in the width direction of the iine along
which the object is intended to be cut 5. Therefore, when
the crack spot 80 extends in the width direction of the line
along which the object is intended to be cut 5 too much,
the object to be processed cannot precisely be cut along
the line along which the object is intended to be cut 5.
By contrast, the crack spot 90 formed at the shot does not
extend much in directions other than the direction aligning
with the line along which the object is intended to be cut !
5 in the method in accordance with this embodiment shownﬂ
in Fig. 37, whereby the object to be processed can be cut
precisely:

Though making the size in a predetermined direction
relatively large among the sizes of a modified region has
been explained in the case of linear polarization, the same
holds in elliptical polarization as well. Namely, as shown]
in Fig. 39, the formlng of the crack spot 90 is accelerated’
in the direction of major axis b of an ellipse representing
elliptical polarizationEP of laser light, whereby the crack
spot 90 having a relatively large size along this direction
can be formed. Hence, when a crack region is formed such
that themajox axisof anellipse indicative of theelliptical
polarization of laser elliptically polarized with an,
ellipticity of other than 1 zligns with a line along which

|

the object is intended tobe cut in the object to be processed,!
|

effects similar to those in the case of linear polarization
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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
6f major axis b becomes greater. Linearly polarized light
isellipticallypolarized light with anellipticity of zexo.
Circularly polarized light is obtained when the ellipticity
is 1, whichcannot make the size of thecrackregionrelatively
large in a predetermined direction. Therefore, this
embodiment does not encompass the case where the ellipticity
is 1.

Though making the size in a predetermined direction
relatively large among the sizes of a modified region has
been explained in the case of a crack region,‘the same hoids
in molten processed regions and refractive index change
regionsaswell. BAlso, thoughpulselaserlight isexplained,
the same holds in continuous wave laser light as well. The
foregoingalsoholdina fourthexamplewhichwill be explained
later.

The laser processing apparatus in accordance with the
third example of this embodiment will nowbe explained. Fig.
40 is a schematic diagrém .of this laser processing apparatus.
The laser processing apparatus 200 will be explained mainly
in terms of its differences from the laser processing
apparatus 100 in accordance with the first example shown
in Fig. 14. The laser processing apparatus 200 comprises

an ellipticity regulator 201 for adjusting the ellipticity
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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 g0°.

The ellipticity regulator 201 includes a quarter vave
plate 207 shown in Fig. 41. The quarter wave plate 207 can
adjust the ellipticity of elliptically polarized light by
changing the angle of direction 6. Namely, when light with
linear polarization LP is made incident on the quarter wave
plate 207, the transmitted 1light attains elliptical
polarization EPwith apredetermined ellipticity. The angle
of direction is an angle formed between the major axis of
the ellipse and the X axis. As mentioned above, a number
otherthanlisemployedastheellipticityinthisembodiment.
The ellipticity regulator 201 can make the polarization of
laser light L become elliptically pdlarized light EP having
adesirableellipticity. Theellipticityisadjustedinview
of the thickness and material of the object to be processed
1, and the like.

When irradiating theobject tobeprocessedl with laser
light L having linear polarization LP, the laser light L
emitted fromthe laser light source 101 is linearly polarized
light LP, whereby the ellipticity regulator 201 adjusts the
angle of direction 8 of the quarter wave plate 207 such that
the laser 1ight L passes through the quarter wave plate while

being the linearlypolarized light LP. Also, the laser light
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souxce 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 bhe processed with laser.

The 90° rotation regulator 203 includes a half wave
plate 205 as shown in Fig. 42. The half wave plate 205 is
a wavelength plate for making polarization orthogonal to
linearly polarized incident light. Namely, when linearly
polarized light LP; with an angle of direction of 45° is
incident on the half wave plate 205, for example, transmitted
light becomes linearly polarized light LP, rotated by 90°
with respect to the incident light LP,. When rxotating the
polarization of laser 1ight L emitted from the ellipticity

regulator 201 by 90°, the 90° rotation regulator 203 operates

n

a2s to place the half wave plate 205 onto the optical axis
of laser light L. Whennot rotatingthepolarizationoflaser
light L emitted from the‘ellip_ticity 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.,
at a site where the lasex light L does not pass through the
half wave plate 205).

The dichroicmirroxr 103 is disposed such that the laser
light L whose rotation of poclarization is regulated by 90°
or not by the 90° rotation regulator 203 is incident thereon
and that the direction of optical axis of laser light L is

changedby 90°. Thelaser processingapparatus 200 comprises
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a B-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 requlates not only-
the movement of stages 109, 111, 113, but also the movement
of stage 213.

With reference to Figs. 40 and 43, the lasex processing
method in accordancewiththethirdexample of this embodiment
will nowbe explained. Fig. 43 isa flowchart for explaining
this laser processing method. The object to be processed
1 is a silicon wafer. Steps S101 to S111 are the same as
those of the first example shown in Fig. 15.

The ellipticity regulator 201 adjusts the ellipticity
of laser light L having linear polarization LP emitted from

the laser light source 101 (S121). The laser light L having

+

elliptical polarization EP with a desirable ellipticity can

be obtained when the angle of direction 8 of the quarter
wave plate is changed in the ellipticity regulator 201.
First, for processing theobject tobheprocessedlalong
the Y-axis direction, themajor axis of anellipse indicative
of theelliptical polarizationEPof laser light Ll 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 (S$123). This is
achieved by rotating the 6-axis stage 213. Therefore, the
B-axis stage 213 functions as major axis adjusting means

or linear polarization adjusting means.
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For processing the object lalong theY-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
the outside of the optical path of laser light L.

The laser light source 101 generates laser light L,
whereas the line along which the object is intended to be
cut 5 extending in the Y-axis direction in the surface 3
of the object to be processed 1 is irradiated with the laser
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 majo&
axis indicative of the ellipse of elliptical polarization
EP of laser light extends along the rightmost line along
which the object is intended to be cut 5 in the object 1.
Since the light-converging point P of laser light L is
positioned within the object 1, molten processed regions
are formed only within the object 1. The Y-axis stage 111
is moved along the line along which the object is intended
to be cut 5; so as to form a molten processed region within
the object to be processed 1 along the line along which the
object is intended to be cut 5.

Then, the X-axis stage 109 is moved, so as to irradiate
the neighboring line along which the object is intended to
be cut 5 with laser light L, and a molten processed region
is formed within the object 1 along the neighboring line

along which the object is intended to be cut 5 in a manner
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similar tothat mentionedabove. Byrepeatingthis, amolten
processed region is formed within the object 1 along the
lines to be cut 5 successively from the Aright side (S127).
Fig. 45 shows the case where the object 1 is irradiated with
the laser light L having linear polarization. Namely, the
object lisirradiatedwithlaser light suchthat thedirection
of linear polarization LP of laser light extends along the
line along which the object is intended to be cut 5 in the
object 1.

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).

Subsequently, the laser light 101l 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 planviewof the object 1. The object 1 is irradiated
with the laser light L such that the direction of the major
azisof anellipse 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 theobject 1. Since thelight~converging point

P of laser light L is positioned within the object 1, molten

processed regions are formed only within the object 1. The
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X-axis stage 108 is moved along the line along which the
object is intended tobe cut 5, soas to formamoltenprocessed
region within the object 1 extending along the line along
which the ohjéct is intended to he cut 5.

Then, the Y-axis stage is moved, such that the
immediately upper line along which the object is intended
to be cut 5 is irradiated with the laser light L, whereby
a molten processed region is formed within the object 1 along
the line along which the object is intended to be cut $ in
amanner similar to that mentioned above. By repeatingthis,
respective molten processed regions are formed within the
object 1 along the individua; lines to be cut 'successively
from the lower side (S131). Fig. 47 shows the case w'here
the object 1 is irradiated with the laser light L having
linear polarization LP. .

Then, the object 1 is bent along th.e lines to be cut
5, wherebytheobject 1iscut (S133). Thisdividestheobject
1 into silicon chips.

Effects of the third example will be explained.
According to the third example, the object 1 is irradiated
with pulse laser light L such that the direction of the major
axié of anellipse indicative of the elliptical polarization
EP of pulse laser light L extends along the lines to be cut
S as shown in Figs. 44 and 46. As a conseguence, the size
of crack spots in the direcfion‘of lines to be.-cut 5 becomes

relativelylarge, wherebycrackregionsextendingalonglines
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to be cut can be formed by a smaller number of shots. The
third example can efficiently form crack regions as such,
thus being able to improve the processing speed of the object
1. Also, the crack spot formed at the shot does not extend
in directions othexr than the direction aligning with the
line along which the object is intended to be cut 5, whereby
the object 1 can be cut precisely along the line along which
theobject is intended tobe cut 5. These results are similar
to those of the fourth example which will be explained later.

- [Fourth Exanmple]

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 identicsl to constituents
of the laser processing apparatus 200 in accordance with
the third example shown in Fig. 40 will be referred to with
numerals identical thereto without repeating their
overlapping explanations.

The laser processing apparatus 300 is not equipped with
the 90° rotation regulator 203 of thethirdexample. AB8-axis
stage 213 can rotate the X-Y plane of a mounting table 107
about the thiékness direction of the object to be processed
1. Thismakes thepolarization of laser light Lemitted from
éhe ellipticity'regulator 201 relatively rotate by 90°.

The laser processing method in accordance with the
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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
operation of subsequent step S125 is not carried out, since
the fourth example is not equipped with the 90° rotation
regulator 203. ' |

After step S123, the operation of step S127 is carried
out. The operations carried out so far process the object
1 as shown in Fig. 44 in a manner similar to that in the
third example. Thereaftef, the stage controller 115
regulates the 6-axis stage 213 so as to rotate it by 90°.
The rotation of the 8-axis stage 213 rotates the object 1
by 90° in the X-Y plane. Conséquently, as shown in Fig. 49,
the major axis of elliptical polarization EP can be caused
to align with a line along which the object is intended to
becutintersectingthe linealongwhichtheobject is intended
to be cut 5 having already completed the modified region
forming step.

Then, like step 5127, the object 1 is irradiated with
thelaserlight,wherebynbltenprocessedregionsareformed
within the object to be processed 1 along lines to be cut
5 successively from the right side. Finally, as with step
S133, the object 1 is cut, whereby the object 1 is divided
into silicon chips.

The third and fourth examples of this embodiment
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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
itwith laser light while locating its light-converging point
within the object S0 as tqimake.the major axis direction
of an ellipse indicative of élliptical polarization extend
along a line along which the object is intended to be cut
in the object without forming modified regions caused by
multiphoton absorption. This can also cut the object along
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,4
sizes of meodified 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
light (i.e., one pulse laser irradiation), whereas an
assembly of modified spots forms a modified region. The
necessity to control the sizes of modified spots Qill he
explained with respect to crack spots by way of example.

When a crack spot is too large, the accuracy of cutting
an object to be cut along a line along which the object is

intended to be cut decreases, and the flatness of the cross
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sectiondeteriorates. Thiswillbeexplainedwith reference
to Figs. 50 to 55. Fig. 50 is a plan view of an object to
be processed 1 in the case where crack spots are formed
relatively large by using the laser processing method in
accordance with this embodiment. Fig. 51 isa sectionalview
takenalongLI-LIonthelinealongwhichtheobject isintended
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
to be cut 5 in Fig. 50, respectively. BAs can be seen from
thesedrawings, thedeviationinsizesof crackspots 9becomes
greater when the crack spots 90 are too large. Therefore,
as shown in Fig. 55, the accuracy of cutting the object 1
along the line along which the object is intended to be cut
% becomes lower. Alsc, irregularities of cross sections 43
in the object 1 become so large that the flatness of the
crosssection43deteriorates. Whencrackspots90are formed
relatively small (e.q., éO pm or less) by using the laser
processing apparatus in accérdance with this embodiment,
by contrast, crack spots 90 can be formed uniformly and can
be restrained from widening in directions'deviating from
that of the line along which the object is intended to be
cut as shown in Fig. 56. Therefore, as shown in Fig. 57,
the accuracy of cutting the object 1 along the line along

which the object is intended to be cut 5 and the flatness

of cross sections 43 can be improved as shown in Fig. 57.
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When crack spots are too large as such, precise cutting
along a line along which the object is intended to be cut
andcutting foryieldinga flat cross sectioncannot be carried
out. If crack spots are extremely small with respect to an
object to be processed having a large thickness, however,
the object will bhe hard to cut.

The fact that this embodiment cancontrol sizesof crack
spots will be explained. As shown in Fig. 7, when the peak
power density is the same, the size of a crack spot in the
case where the light-converging lens has a magnification
of x10 and an NA of 0.8 is smaller than that of a crack spot
in the case where the 1light-converging lens has a
magnificationof x50andanNAof 0.55. The peak powerdensity
is proportional to the energy of laser light per pulse, i.e.,
the power of pulse lassr 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
beregulatedsoas tobecome smallex (greatex) as thenumerxical
apertvre of a light-converging lens is greater (smaller).

Also, even when the numerical aperture of the
light-converging lens is the same, sizes of crack spots can
be regulated so as to become smaller and larger when the
laser light power (peak power density) is made lower and
higher, respectively.

Therefore, as can be seen from the graph shown in Fig.
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7, sizes of crack spots can be regulated so as to become

smaller when the numerical aperture of a light-converging

lens is made greater or the laser light power is made lower.

On the contrary, sizes of crack spots can be regulated so

as to become greater when'the numerical aperture of a

light-converginglensisnmdesmallerorwhenthelaserlight.
power is made higher.

The crack spot size control will further be explained
with reference to the drawings. The example shown in Fig.
58 is a sectional view of an object to be processed 1 within
which pulse laser light L is converged by use of a
light-converging lens having a predetermined numerical
aperture. Regions 41 are those having yielded an electric
field intensity at a threshold for causing multiphoton
absorption or higher by this laser irradiation. Fig. 59 is
a sectional view of a crack spot 90 formed due to the
multiphoton absorption caused by irradiation with the laser
light L. On the other hand, the example shown in Fig. 60
is a sectional view of an object to be processed 1 within
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 viewof acrack spot 90 formed due to themultiphoton
absorption caused by irradiation with the laser light L.
The height h of crack spot 90 depends on the size of regions

41 in the thickness direction of the object 1, whereas the
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width w of crack spot 90 depends on the size of regions 41
in a direction orthogonal to the thickness direction of the
object 1. 'Namely, when these sizes of regions 41 are made
smaller and greater, the height h and width w of crack spot
90 can be made smaller and greater, respectively. As can
be seen when Figs. 5% and 61 are compared with each other,
in the case where the laser light power is the same, the
sizes of height handwidth wof crack spot 90 can be regulated
so as tobecome smaller {greater) when the numerical aperture
of a light-converging lens is made greater (smaller).

The example shown in Fig. 62 is a sectional view of
an object to be processed 1 within which pulse laser light
L having a power lower than that in the example shown in
Fig. 58 is converged. 1In the example shown in Fig. 62, since
the laser light power is made lower, the a2rea of regions
41 is smaller than that of regions 41 shown in Fig. 58. Figqg.
63 1s a sectional view of a crack spot 20 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
with each other, in thg case where the numerical aperture
of the light-converging lens is the same, the sizes of height
h and width w of crack spot 90 can be regulated so as to
become smaller {greater) when the laser light power is made
lower (higher).

The example shown in Fig. 64 is a sectional view of

an object to be processed 1 within which pulse laser light
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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 b&
irradiationwith the laser light L. As canbe seenwhen Figs.
59 and 65 are compared with each other, the sizes of height
h and width w of crack spot 20 can be regulated so as to
become smaller (greater) when the numerical aperture of the
light—cc;nverging lens is made greater (smaller} while the
laser light power is made lower (higher).

Meanwhile, the regions 41 indicative of those yielding
anelectric field intensity at athreshold 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 2 laser light sourcewith
a high beam guality is uwtilized, this embodiment achieves
a high convergence of laser light and can converge light
up to-about the wavelength of laser 1ight. As a consequence,
the beam profile of this laser light attains a Gaussian
distribution, whereby the electric field intensity is
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.

Therefore, the regions 41 are restricted to the

light-converging point P and its vicinity.
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As in the foregoing, this embodiment can control sizes
of crack spots. Sizes of crack spots are determined in view
of arequirement for adegreeof precisecutting, arequirement
for a degree of flatness in cross sections, and the mégnitude
of thickness of theobject to be processed. Sizes of crack
spots can be determined in view of the material of an object
to be processed as well.' This embodiment can control sizes
of modifiedspots, thusmakingitpossibletocarryout precise
cutting along a line along which the object is intended to
be cut and yield a favorable flatness in cross sections by
making modified spots smaller for objects to be processed
having a J:elati';J'er small thickness. Also, by making
modified spots greater, it enables cutting of objects to
Ibe processed having a relatively large thickness.

There are cases where an object to be processed has
respective directions easy and hard to cut due to the crystal
orientation of the object, for example. When cutting such
anobject, thesizeof crack spots 90 formed in the easy-to-cut
direction is made greater as shown in Figs. 56 and 57, for
example. When the directionofa line along which theobject
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 greaterx as shown in Figs. 57 and 66. Here,
Fig. 66 is a sectional view of the object 1 shown in Fig.

57 taken along LXVI-LXVI. Hence, -a flat cross section can
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be obtained in the easy-to-cut direction, while cutting is
possible in the hard-to-cut direction as well.

Though the fact that sizes of modified spots are
controllable has been explained in the case of crack spots,
the same holds in melting spots and refractive index change
spots. For example, the power of pulse laser light can be
expressed by energy per pulse (J), or average output (W)
which is a value obtained by multiplying the energy per pulse
by the frequency of laser light. The foregoingholds insixth
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
mainly in terms of its differences from the laser processing
apparatus 100 in accordance with the first example shown
in Fig. 14.

The laser processing apparatus 400 comprises a power
regulator 401 for adjusting the powex of laser light Lemitted
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 perpendiculéf to the optical axis of the laserx
light L and to the outside of the optical path of laser light
L. An ND filter is a filter which reduces the intensity of

light without changing the relative spectral distribution
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of energy. A plurality of ND filters have respective
extinction factors different from each other. By usingone
of a plurality of ND filters or combining some of them, the
power regulator 401 adjusts the power of laser light Lemitted
from the laser light source 101. Here, a plurality of ND
filters may have the same extinction factor, and the power

to be moved

4}

regulator 401 may change the number of ND filter
to positions perpendicular tothe optical axis of laser light
L, s0 as to adjust the power of laser light L emitted from
the laser light source 101.

The power regulator 401 may comprisé a polarization
filter disposedperpendicular totheoptical axis of linearly
polarized laser light L, and a mechanism for rotating the
polarization filter about the optical axis of laser light
L by a desirable angle. Rotating the polarization filter
about the optical axis by a desirable angle in the power
regulator 401 adjusts the power of laser light L emitfed
from the laser light source 101.

Here, the driving current for a pumping semiconductor
laser in the laser light source 101 can be regulated by a
laser light source controller 102 which is an example of
driving current control means, so as to regulate the power
of laser.light L emitted from the lasei' light source 101.
Therefore, the power of laser light L can be adjusted by

at least one of the power regulator 401 and laser 1light source

controller 202. 1If the size of amodified region can attain
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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
the laser processing apparatus inputs the magnitude of power
intoanoverallcontroller 127, whichwillbeexplainedlater,
by uvsing a keyboard or the like.

The laser processing apparatus 400 further comprises
a dichroic mirror 103 disbosed such that the laser light
Lwhosepower isadjustedbythepower regulator 401l isincident
thereon whereas the orientation of the optical éxis of laser
light L is changed by 90°; a lens selecting mechanism 403
including a plurality of light-converging lenses for
converging the laser light Lreflected by the dichroicmirror
103; and a lens selecting mechanism controller 405 for
controlling the lens selecting mechanism 403.

The lens selecting mechanism 403 comprises
light-converging lenses 1052, 105b, 105¢, and a support plate
407 for supporting them. The numerical apertures of
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
piate407,therebycausingacksirablelight—converginglens

among the light-converging lenses 105a, 105b, 105¢c to be

placed onto the optical axis of laser light L. Namely, the
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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, 105b, 105c into the overall controller 127, whichwill
be explained later, by using a keyboard or the like, the
light-converging lens is chosen, namely, the numerical
aperture is chosen.

Mounted on the mounting table 107 of the laser
processing apparatus 400 is an object to be processed 1
irradiated with the laser light L converged by one of the.
light-converging lenses 105a to 105¢ which is disposed on
the optical axis of laser light L.

The overall controller 127 is electrically connected
to the power regulator 401. Fig. 67 does not depict it. When
the magnitude of power is fed into the overall controller
127, the latter controls the power regulator 401, thereby
adjusting the power.

Fig. 68 is a block diagram showing a part of an example
of the overall controller 127. The overall controller 127
comprises a size selector 411, a correlation storing section
413, and an image preparing section 415. The operator of
the laser processing apparatus inputs the magnitude of power

of pulse laser light or the size of numerical aperture of
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the bptical system including the’light—conVergihg lens to
the size selector 411 by using a keyboard or i‘.he like. 1In
thisexample, the inputmay chooseoneof the light-converging
lenses 105a, 105b, 105c instead of the numerical aperture
size being directly inputted. In this case, the respective
numerical apertures of the light-~converging lenses 105a,
105b, 105¢ are registered in the overall controller 127
beforehand, and data of the numerical aperture of the optical
system including the chosen light-converging lens 1is
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
correlation. In this example, respective numerical
apertures of the optical systems including the
light-converging lenses 105a, 105b, 105¢c afe registefed in
the column for numerical apertére‘ In the column for power,
magnitudes of power attained by the power regulator 401 are
registered. 1In the column for size, sizes of modified spots
formed by combinations of powers of their corresponding sets
and numerical apertures are registered. For example, the
modified spot formed when the power is 1.24 x 10'* (W/cm?)
while the numerical aperture is 0.55 has a size of 120 pm.
The data of this correlation can be obtained by carrying

out experiments explained in Figs. 58 to 65 before laser
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processing, for example.

When the magnitude of power and numerical aperxture size
are fed into the size selector 411, the lattexr chooses the
set having their corresponding values from the correlation
storing section 413, and sends data of size corresponding
to this set to the monitor 128. As a consequence, the size
of amodified spot formed at thus inputted magnitude of power
and numerical aperture size is displayed on the monitor 129.
If there is no set corresponding to these values, size date
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
data, the image preparing section 415 prepares image data
of a modified spot in this size, and sends thus prepared
data to the monitor 129. As a coﬁsequence, an image of the
modified spot is also displayed on the monitor 129. Hence,
the size and form of modified spot can be seen before laser
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
power is fixed at 1.49 x 10" (W/cm?®) has a size of. 150 pm.

Alternatively, the magnitude of power may be made variable
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while the size of numerical aperture is fixed. The table
in this case will be as shown in Fig. 71. For example, the
modified spot formed when the power is fixed at 1.19 x 10
(W/cm?) while the numerical aperture is fixed at 0.8 has a
size of 30 pm.

The laser processingmethodinaccordancewiththe fifth
example of this embodiment will now be explained with
referencetoFig. 67. Theobjecttobeprocessedlisasilicon
wafer. In the fifth example, operations of steps S101 to
S111 are carried out as in the laser procgssing method in
accordance with the first example shown in Fig. 15.

After step S111, the magnitude of power and numerical
aperture size are fed into the overall controller 127 as
explained above. According to the data of power inputted,
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
also fed into the size selector 411 of the overall controller
121(§ig.68). As aconsequence, thesizeand formof amelting
spot formed within the object 1 upon ixradiation of one pulse
of laser light L are displayed on the monitor 129.

Then, operations of steps S113 to 8115 are carried out
as in the laser processing method in accordance with the

first example shown in Fig. 15. This divides the object 1
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into silicon chips.

{Sixth Example]

Asixthexample of this embodimentwill nowbe explained
mainly in terms of its differences from the fifth example.
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
thefifthexampleshowninFig. 67arereferredtowithnumerals
identical thereto without repeating their overlapping
explanations.

In the laser processing apparatus 500, a beam expander
501 is disposed on the optical axis of laser light L between
a power regulator 401 and a dichroic mirror 103. The beam
expander 501 has a'variablelnagnification, and is regulated
by the beam expandexr 501 so as to increase the beam diameter
of laser light L. The beam expander 501 is an example of
numeérical aperture regulating means. The laser processing
apparatus 500 is equipped with a single light-converging
lens 105 instead of the lens selecting mechanism 403.

The operations of the laser processing apparatus 500
differ from those of the laser processing apparatus of the
fifth example in the adjustment of numerical aperture based
on the magnitude of numerical aperture fed into the overall
controller 127. This will be explained in the following.

The overall controller 127 is electrically connected to the
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beam expander 501. Fig, 72 does not depict this. When the
size of numerical aperture is fed into the overall controller
127, thelattercarriesout control for changing themagnitude
of beam éxpander 501. This regulates the magnificatiox; of
I>eam diameter of the laser light L incident on the
light-converging lens 105. Therefore, with only one
light-converging lens 105, adjustment for increasing the
numerical aperture of the optical system including the
light-converging lens 105 is possible. This will be
explained with reference to Figs. 73 and 74.

Fig. 73 is a view showing the convergence of laser light
L effected by the light-converging lens 105 when the beam
expander 501 is not provided. On the other hand, Fig. 74
is a view showing the convergence of laser light L effected
by the light~converging lens 105 when the beam expander 501
is provided. As canbe 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 numefical aperture of the optical system including the
light-converging lens 105 in the case where the beam expander
501 is not provided.

[Seventh Example]

A seventh example of this embodiment will now Dbe
exXplained mainly in terms of its differences fxrom the fifth
and sixth examples. Fig. 75 is a schematic diagram of this

laser processing apparatus 600. Among the constituents of
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the laser processing apparatus 600, those identical to
constituentsof the lasexr processingapparatus in accordance
withthefifthandsixthexamplesarereferredtowithnumexals
identical thereto without repeating ‘their overlapping
explanations.

Inthelaserprocessingapparatus 600, anirisdiaphragm
601 is disposed on the optical axis of laser light L instead
of the beam expander 501 between a dichroic mirror 103 and
a light-converging lens 105. Changing the aperture size of
the iris diaphragm 601 adjusts the effective diameter of
the light-converging lens 105. The iris diaphragm 601 is
an example of numerical apertureregqulatingmeans. Thelaser
processing apparatus 600 further comprises an iris diaphragm
controller 603 for changing the aperture size of the iris
diaphragm 601. The iris diaphragm controller 603 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 adjusément of numerical
aperture based on the size of numerical aperture fed into
the overall controller 127. According to the inputted size
of numerical aperture, the laser processing apparatus 600
changes thesizeof apertureofthe irisdiaphragm601, thereby
carryingout adjustment for decreasingtheeffectivediameter
of the light-converging lens 105. Therefore, with only one

light-converging lens 105, adjustment for decreasing the
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numerical aperture of the optical system including the
light-converging lens 105 is possible. This will be
ezplained with reference to. Figs. 76 and 77.

Fig. 76 is aview showing the convergence of laser light
L effected by the light—conve;ging 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
with each other, the seventh example can aéhieve adjustment
s0 as to increase the numerical aperture with reference to
the numerical aperture of the optical system including the
light-converginglens 105inthecase where the iris diaphragm
is not provided.

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
power selector 417 and a correlation storing section 413.
The correlation storing section 413 has already stored the
correlation data shown in Fig. 71. An operator of the laser
processing apparatus inputs a desirable size of a modified
spot to the power selector 417 by a keyboard or the like.
Thesizeofmodifiedspot isdeterminedinviewof thethickness

and material of the object to be modified and the 1like.
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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
laser processing apparatus regulated to this magnitude of
power is used for laser processing, @ 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. 1In this example, the
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
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
procesging apparatus in accordance with this embodiment.
The overall controller 127 comprises a numerical aperture
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
correlatioﬁ storing section 413 has already stored the data
shown in Fig. 70. An operator of the laser processing
apparatus inputs a desirable size of a modified spot to the

numerical aperture selector 419 by using a keybdard or the
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like. As a conseguence, the numerical aperture selector 419
chooses a numerical aperture corresponding to a size haﬁing
a value identical to that of the inputted size from the
correlation storing section 413, and seﬁds data of this
numerical aperturetothe lensselectingmechanismcontroller
405, beam expander 501, or iris diaphragm controller 603.
Therefore, when the laser processing apparatus regulated
tothissizeofnumerical apertureisusedfor laser processing,
a modified spot having a desirable size can be formed. The
data concerning this numerical aperture is also sent to the
monitor 128, whereby the size of numerical aperture is
displayed. In this example, the power is fixed while
numerical aperture is variable.

Fig. 80 is 2 block diagram of the overall controller
127 provided in still another modified example of the laser
processing apparatus in accordance with this embodiment.
The overall controller 127 comprises a set selector 421 and
a correlation storing section 413. It differs from the
examples of Figs. 78 and 79 in that both power and numerical
aperture are chosen. The coxrelation storing section 413
has stored the correlation between the set of power and
numerical aperture and the size in Fig. 69 beforehand. An
operator of the laser processing apparatus inputs adesirable
size of a modified spot to the set selector 421 by using
a keyboard or the like. As a consequence, the set selector

421 chooses a set of power and numerical aperture
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corresponding to thus inputted size from the correlation
storing section 413.. Data of power in thus chosen set is
sent to the power regulator 401. On the other hand, data
of numerical aperture in the chosen set is sent to the lens
selecting mechanism controller 405, beam expander 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, amodified
spot having a desirable size can be formed. The data
concerning the magnitude of power and size of numerical
apertureisalsosenttothemonitor 129, wherebythemagnitude
of power-and size of numerical aperture is displayed.

These modified examples can control sizes of modified
spots. Therefore, when the size of 2 modified spot is made
smaller, the object to be processed can precisely be cut'
along a line along which the object is intended to be cut
therein, and a flat cross section can be obtained. When the
object to be cut has a large thickness, the size of modified
spot can be enhanced, whereby the object can be cut.

{Eighth Example]

An eighth example of this embodiment controls the
distance between a modified spot formed by one puise of laser
light and a modified spot formed by the next one pulse of
pulse laser light by regulating themagnitude of a repetition
freguency of pulse laser light and the magnitude of relative

moving speed of the light-converging point of pulse laser
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light. Namely, it controls the distance between adjacent
modified spots. In the following explanation, the distance
is assumed to be a pitch p. The control of pitch p will be
explained in terms of a crack region by way of example.

Let f (Hz) be the repetition frequency of pulse laser
light, and v (mm/sec) be the moving speet;l of the X—-axis stage
or Y-axis stage of the object to be processed. The moving
speeds of these stages are examples of relative moving speed
of thelight-convergingpoint of pulselaserlight. Thecrack
part formed by one shot of pulse laser light is referred
to as crack spot. Therefore, the number n of crack spots
formed per unit length of the line along which the object
is intended to be cut 5 is as follows:

n = f/v.

The reciprocal of the number n of crack spots formed
per unit length corresponds to the pitch p:

p=1/n.

Hence, the pitch p can be controlled when at least one
of themagnitude of repetition frequency of pulse laser light.
and the magnitude of relative moving splfeed 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
controlled so as to become greater when the repetition

frequency f {Hz) is decreased or when the stage moving speed
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v (mm/sec) is increased.

Meanwhile, thereare threewaysofrelationshiphbetween
the pitch p and crack spot size in the direction of line
along which the object is intended to be cut 5 as shown in
Figs. 81 to 83. Figs. 81 to 83 are plan views of an object
to be processed along the line along which the object is
intended to be cut 5, which is formed with a crack region
by the laser processing in accordance with this embodiment.
A crack spot 90 is formed by one pulse of pulse laser light.
Forming a plurality of crack spots 90 aligning each other
along the line along which the object is intended to be cut
5 yields a crack region S.

Fig. 81 shows a case where the pitch p is greater than
the size d. The crack region 9 is formed discontinuously
along the line along which the object is intended to be cut
5 within the object to be processed. Fig. 82 shows a case
where the pitch p substantially equals the sized. Thecrack .
region 9 is formed continuously along the line along which
the object is intended to be cut 5 within the object to be
processed. Fig. 83 shows a case where the pitchpis smaller
than the size d. The crack region 8 is formed continuously
along the line along which the object is intended to be cut
5 within the object to be processed.

In Fig. 81, the crack region 9 is not continuous along

the line along which the object is intended to bhe cut 5,

whereby the part of line along which the object is intended
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" to becut 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
along the line along which the object is intended to be cut
S, 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 eqguals the size d in Fig. 82, whereby
regions generating multiphoton eabsorption upon irradiation
with pulse laser l1ight can be prevented frombeing superposed
oncrackspots 90 whichhave alreadybeen formed. Asaresult,
deviations in sizes of crack spots 90 can be made smaller.
Namely, the inventox has found that, when a regiongenerating
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 greatex. When deviations in sizes of
crack spots 90 become greater, it becomes harder to cut the
object along a.line along which the object is intended to
be cut precisely, and the flatness of cross section
deteriorates. 1In Figs. 81 and 82, deviations in sizes of
crack spots can be made smaller, whereby the object to be
processed can be cut along the line along which the object

is intended to be cut precisely, while cross sections can

be made flat.
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As explained in the foregoing, the eighth example of
this embodiment can control the pitch p by regulating the
magnitude of repetition freguency of pulse laser light or
magnitude of relative moving speed of the light-converging
point of pulse lasex light. This enables laser processing
in conformity to the object to he processed hy 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
egxplained inthe case of crack spots, the same holds inmelting
spots and refractive index change spots. However, there are
no problems even when melting spots and refractive index
change spots are superposed on those which have already been
formed. Therelative movement of the light-convexgingpoint
of pulse laser light may be realized by a case where the
object to be processed is moved while thellight~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
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.

With reference to Fig. 14, the laser processing

apparatus in accordance with the eighth example of this
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embodiment will Dbe explained mainly in terms of its
differences from the laser processing apparatus 100 in
accordancewith the first example shown inFig. 14. The laser
light source 101 is a Q-switch laser. Fig. 84 is a schematic
diagramof theQ-switch laser providedina laser light source
101. The Q-switch laser comprises mirroxs 51, 53 which are
disposed with a predetermined gap therebetween, a laser
medium 55 disposed between the mirrors 51 and 53, a pumping
source 57 for applying a pumping input to the laser medium
55, and a Q-switch 59 disposed between the laser medium 55
and the mirror 51. The material of the laser medium 55 is
Nd:YAG, for example.

A pumping input is applied from the pumping source 57
to the laser medium 55 in a state where the loss in aresonator
is made high by utilizing the Q-switch 59, whexeby 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, so0 as to oscillate the accumulated energy
instantaneously aﬁd generate pulse laser light L. A signal
S (e.g., a change in a repetition frequency of an vltrasonic
pulse) from a laser light source controller 102 controls

theQ-switch59%soastomake it attainahighstate. Therefore,

"the signal S from the laser light source controller 102 can

regulate the repetition frequency of pulse laser light L

emitted from the laser light source 101. The laser light
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source controller 102 is an example of frequency adjusting
means. The repetition frequency 1is requlated when an
operator of the laser processing apparatus inputs the
magnitude of repetition frequency to an overall controller
127, which will be explained latexr, by using a keyboard or
the like. The foregoingaredetailsof the laser light source
101.

During the laser processing, the object tobe processed
1 is moved in the X- or Y-axis direction, so as to form a
modifiedregionalongalinealongwhichtheobject is intended
to be cut. Therefore, when forming a modified region in the
X-axis direction, the speed of relative movement of the
light-converging point of laser light can be adjusted by
regulating the moving speed of the X-axis stage 109. When
forming a modified region in the Y-axis direction, on the
other hand, the speed of relative movement of the
light~converging point of laser light can be adjusted by
regulating the moving speed of the Y-axis stage 111. The
adjustment of the respective.moving speeds of these stages
is ‘controlled by the stage controller 115. The stage
controller 115 is an example of speed adjusting means. The
speed 1s regulated when the operator of laser processing
apparatus inputs the magnitude of speed to the overall
controller 127, which will be explained later, by using a
keyboard or the like. The speed of relative movement of the

light-converging point of pulse laser light can be adjusted
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when, while the light-converging point P is made movable,
its moving speed is regulated.

Thé overall controller 127 of the laser processing
apparatus in accordance with the eighth example further adds
other functions to the overall controllex 127 of the lasexr’
processing apparatus in accordance with the first example.
Fig. 85 is a block diagram showing a part of an exampie of
the overall controller 127 of the laser processing apparatus

in accordance with the eighth example. The overall

‘controller 127 comprises a distance calculating section 141,

a size storing section 143, and an image preparing section
145. Tothedistance calculating section 141, the magnitude
of repetition frequency of pulse laser light and respective
magnitudes of moving speeds of the stages 109, 111 are inputted.
These inputs are effected by the op'erator of laser processing
apparatus using a keyboard ox the like.

The distance calculating section 141 calculates the
distance (pitch) between adjacent spots by utilizing the
above-mentioned expressions (n = f£f/v, and p = 1/n). The
distance calcwvlating section 141 sends this distance data
to the monitor 129. As a consequence, the distance between
modified spots formedat the inputtedmagnitudes of frequency
and speed is displayed on the monitor 129.

The distance data is also sent to the image preparing

section 145. The sizestoring section 143 has already stored

therein sizes of modified spots formed in this laser
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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 amodified
region formedby thedistance andsize, andsendsthusprepared
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 thedistancecalculatingsection 14l calculates
the distance between modified spots by utilizing the
expressions (n = f/v, and p= 1/n), the following procedure
may also be taken. First, a table hlaving registered the
relationship between the magnitude of repetition frequency,
themoving speeds of stages 109, 111, énd the distance between
modified spots beforehand is prepared, aw;d the distance
calculating section 141 is caused to store data of this table.
When themagnitude of repetition frequency and the magnitudes
of moving speeds of stages 109, 111 are fed into the distance
calculating section 141, the latter reads out from the
above-mentioned table the distance between modified spots
in the modified spots formed under the condition of these
magnitude.

Here, themagnitudes of stage moving speeds may be made
variablewhile themagnitudeof repetition frequency is fixed.
On the contrary, the magnitude of repetition frequency may

be made variable while the magnitudes of stage moving speeds
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are fized. BAlso, in these cases, the above-mentioned
expressions and table are used in the distance calculating
section 141 for carrying: out processing for cavsing the

monitor 129 to display the distance between modified spots

and an image of the modified. region.

As in the foregoing, the overall controllexr 127 shown
in Fig. 85 inputs the magnitude of repetition frequency and
the stage moving speeds, thereby calculating the distance
between adjacent modified spot.s. Alternatively, a
desirable distance between adjacent modified spots may be
inputted, and the magnitude of repetition frequency and
magnitudes of stage moving speeds may be controlled. This
procedure will be explained in the following.

Fig. 86 is a block diagram showing a part of another
example of the overall controllex 127 provided in the eighth
example. The overall controllexr 127 comprises a frequency
balculating section 147. The operator of laser processing
apparatus inputs the magnitude of distance between adjacent
modified spots to the frequency calculating section 147 by
using a keyboard or the like. The magnitude of distance is
determined inview of the thickness andmaterial of the object
tobe processed and the like. Upon this input, the frequency
calculating section 147 calculates a frequency for attaining
this magnitude of distance according to the above-mentioned

expressions and tables. In this example, the stage moving

speeds are fixed. The frequency calculating section 147
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sends thus calculated data to the laser light source
controller 102. Whentheobject tobe processed is subjected
to laser processing by the laser processing apparatus
regulated to this magnitude of frequency, the distance
between adjacent modified spots can attain a desirable
magnitude. Data of thismagnitude of frequency is also sent
to the monitor 129, whereby this magnitude of frequency is
displayed.

Fig. 87 isablockdiagramshowingapartofstill another
example the overall controller 127 provided in the eighth
example. The overall controller 127 comprises a speed
calcuiating section 149. In a manner similar to that
mentioned above, the magnitude of distance between adjacent
modified spots is fed into the speed calculating section
149. Upon this input, the speed calculating section 149
calculates a stage moving speed for attaining this magnitude
of ciistance according to the above-mentioned expressions
and tables. 1In this example, the repetition frequency is
fixed. The speed calculating section 149 sends thus
calculateddata tothe stage controller 115. When the object
to be processed is subjected to laser processingby the laser
processing apparatus regulated to this magnitude of s'tage
moving speed, the distance between adjacent modi'fied spots
can attain a desirable magnitude. Data of this magnitude
of stagemoving speed is also sent to themonitor 129, whereby

this magnitude of stage moving speed is displayed.
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Fig. 88isablockdiagramshowingapart of still another
example of the overall controller 127 provided in the eighth
example. Theoverallcontroller 127 comprisesa combination
calculating section 151. It differs from the cases of Figs.
86 and 87 in that both repetition frequency and stage moving
speed are calculated. 1In amanner similar to that mentioned
above, the distance between adjacent modified spots is fed
into the combination calculating section 151. According to
the above-mentioned expressions and tables, the combination
calculating section 151 calculates a repetition frequency
and a stage moving speed for attaining this magnitude of
distance.

The combination calculating section 151 sends thus
calculateddata tothe stage controller 115. Thelaser light
source controller 102 adjusts the laser light source 101
so as to attain the calculated magnitude of repetition
frequency. The stagecontroller 115 adjusts the stages 109,
111 so as to attain the calculated magnitude of stage moving
speed. ‘Whenthe object tobe processed is.subjected to laser
processing by thus regulated laser processing apparatus,
the distance between adjacent modified spots can attain a
desirable magnitude. Data of thus calculated magnitude of
repetition frequency and magnitude of stage moving speed
are also sent to the monitor 128, whereby thus calculated
values are displayed.

The laser processing method in accordance with the
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eighth example of this embodiment will now be explained.
The object tobe processedl isasiliconwafer. Intheeighth
example, operations from steps S101 to S111 are carried out
in a manner similar to that of the laser processing method
in accordance with the first example shown in Fig. 15.

After step S11l, thedistance between adjacent melting
spots in themelting spots formed by one pulse of pulse laser,
i.e., the magnitude of pitch p, is determined. The pitch
p is determined in view of the thickness and material of
the object 1 and the like. The magnitude of pitch p is fed
into the overall controller 127 shown in Fig. 88.

Then, inamannersimilartothatof the lase¥ processing
method in accordance with the first example shown in Fig.
15, operations of step S113 to S115 are carried out. This
divides the object 1 into silicon chips.

As explained in the foregoing, the eighth example can
control the distance between adjacent melting spots by
regulatiﬁg the magnitude of repetition frequency of pulse
lasexr light, and regulating the magnitudes of moving speeds
of X~-axis stage 109 ana Y-axis stage 1il1. Changing the
magnitude of distance in view of the thickness and material
of the object 1 and the like enables processing in conformity
to the aimed purpose.

[Ninth Example]

Aninthexampleof this embodiment changes the position

of the light-converging point of laser light irradiating
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the object to be processed in the direction of incidence
totheobject, thereby formingapluralityof modifiedregions
aligning in the direction of incidence.

Forming a plurality of modified regions will be
explained in terms of a crack region by way of example. Fig.
89 is a perspective view of an object to be processed 1 formed
with two crack regions 9 within the object 1 by using the
laser processing method in accordance with the ninth example
of this embodiment.

Amethod of forming twocrack regions 9will beexplained
inbrief. First, theobject 1l is irradiatedwith pulse laser
light L, while the light-converging point of pulse laserx
light L is located within the object 1 near its rear face
21 and ismoved along a line along which the object is intended
tobe cut 5. This forms a crack region 9 (9A) along the line
along which the object is intended to he cut 5 within the
object 1 near the rear face 21. Subsequently, the object
1 is irradiated with the pulse laser light L, while the
light-converging point of pulse laser light L is located
within the object 1 near its surface 3 and is moved along
the line along which the object is intended to be cut 5.
This forms a crack region 9 (9B) along the line along which
the object is intended to be cut 5 within the object 1 near
the surface 3. |

Then, as shown in Fig. %0, cracks 91 naturally grow

from the crack regions 93, 9B. Specifically, the cracks 91

178



10

15

20

25

naturally grow from the crack region 9A toward the rear face
21, from the crack region SA (9B) toward the crack region
9B (9A), and from the crack region 9B fowérd the surface
3. This can form cracks 9 elongated in the thickness
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 tobe cut 5by artificially applying a relatively
small force thereto or naturally without applying such a
force. ‘

As inthe foregoing, theninthexample forms aplurality
of crackregions 9, thereby increasingthe number of locations
to be'come starting points when cutting the object 1. As a
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.

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 inadirection orthogonal to the thicknessdirection
of the object 1 as long as it is the direction of incidence

of laser light as shown in Fig. 92.
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Preferably, in the ninth example of this embodiment,

a plurality of crack regions 9 are successively formed from

the side farthexr from the entrance face (e.g., surface 3)
of the object to be processed on which the pulse laser light
L is incident. For example, in Fig. 89, the crack region
Sa islformed first, and then the crack region 9B is formed.
If the crack regions 9 are formed successively from the side
closer to the entrance face, the pulse laser L irradiated
at the time of forming the crack region 9 to he formed later
will be scattered by the crack region 9 formed earliex. As
a conseguence, deviations occur in sizes of the crack part
(crack spot) formed by one shot of pulse laser light L
constituting the crack region 9 formed later. Hence, the
crack region 9 formed later cannot be formed uniformly.
Forming the crack regions 9 successively fromthe side farther
fromthe entrance face does not generate the above-mentioned
scattering, whereby the crack region 9 formed latexr can be
formed uniformly.

However, the order of forming a plurality of crack
regions 9 in the ninth example of this embodiment is not
restricted to that mentioned above. They may be formed
successively from the side closer to the entrance face of
the object to be processed, oxr formed randomly. Intherandom
forming, for example in Fig. 81, the crack region 9C is formed
first, then the crack region 9B, and finally the crack region

9A is formed by reversing the direction of incidence of laser
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light.

Though the forming of a plurality of modified regions
is explained in the case of crack regions, the same holds
in molten processed regions and refractive index change
regions. Thoughtheexplanationrelatestopulse laserlight,
the same holds for continuous wave laser light.

The laser processiﬁg apparatus in accordance with the
ninth example of this embodiment has a configuration similar
to that of the laser processing apparatus 100 in accordance
withthe fixrst example showninFig. 14. Intheninthexample,
the position of light-converging point P in the thickness
direction of the object to be processed 1 is adjusted by -
the z-axis stage 113. This can adjust the light-converging
point P so as to locate it at a position closer to or farther
from the entrance face (surface 3) than is a half thickness
position in the thickness direction of the object to be
processed 1, and at a substantially half thickness position.

Here, adjustment of the position of light-converging
pointPinthethicknessdirectionofthe objecttobeprocessed
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 lasexr light in
the thickness direction of the object to be processed is
adjusted so as to be located at a desirable position within
the object with reference to the surface (entrance face)

of the object. FPig. 93 shows the state where the
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light-converging point P of laser light L is positioned at
the suxface 3 of the object 1. When the Z-axis stage is moved
by 2z toward the light-converging 1lens 105, the
light-converging point P moves from the surface 3 to the
inside of the object 1 as shown -in Fig. 94. The amount of
movement of light-converging point P within the object 1
is Nz (where N is the refractive index of the object 1 with
respect to the laser light L). Hence, when the Z-axis stage
is moved in view of the refractive index of the object 1
with respect to the laser 1light L, the position of
light-converging point P in the thickness direction of the
object 1 can be controlled. Namely, a desirable position
of the light-converging point P in the thickness direction
'of the object 1 is defined as the distance (Nz) from the
surface 3 to the inside of the object 1. The object 1 is
moved in the thickness direction by the amount of movement
(z) obtained by dividing the distance (Nz) by the
above-mentioned refractive index (N). This can locate the
light-converging point P at the. desirable position.

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 peint of visible
light is located at the surface 3. The laser processing
apparatus 1 is adjusted such that the light-converging point

P of laser light L is positioned at the surface 3 at the

position of Z-axis stage 113 where the focal point of visible
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light is located at the surface.B. Data of the amount of
movement {z) explained in Figs. 83 and 84 is fed into and
stored in the overall controller 127.

With reference to Fig. 35, the laser processing method
in accordance wit]) the ninth example of this embodiment will
now be explained. Fig. 851is a flowchart for explainingthis
laser processing method. The object to be processed 1 is
a silicon wafer.

Step S101 is the same as step S101 of the first example
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
1l 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 tobe locatedwithin the object 1. Namely,
the position of light-converging point P in the thickness
direction of object 1 is determined. The position of
light-converging point P is determined in view of the
thickness and material of object 1 and the like. 1In this
embodiment, data of a first movement amount for positioning
the light-converging point P near the rear face within the
object 1 and data of a second movement amount for positioning

the light-converging point P near the surface 3 within the
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object 1 are used. A first molten processed region to be
formed is formed by using the data of first movement amount.
A second molten processed region to he formed is formed by
using the data of second movement amount. Data of these
movement amounts are fed into the overall controller 127.

Steps S105 and S107 are the same as steps $1085 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
moves the Z-axis stage 113 in the Z-axis direction (S109).
This positions the focal point of visible light of the
obsexvation 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 ét the surface 3. Here, acc-ording to imaging
data, the imaging data processor 125 calculates enlarged
image data of the surface of object 1 including the line
along which the object is intended to be cut 5. The enlarged
image data is sent to the monitor 129 by way of the overall
controller 127, whereby an enlarged image in the vicinity
of the line along which the object is intended to be cut
5 is displayed on the monitoxr 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
thisdataofnmwementamount,thestaéecontroller115nwves

the object 1 in the Z-axis direction by using the Z~-axis
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stage 113 to & position where the light-converging point
P of laser light L is located within the object 1 (S111}.
This inside position is near the rear face of the object
1.

Next, as in step S113 of the first example shown in
Fig. 15, amolten processed regionis formedwithin 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 ismoved in the Z-axis direction
by the Z-axis stage 113 to a position where the
light-converging point P of laser light L is located within
the object 1 {(S115). Subsequently, as in step S113, amolten
processed region is formed within the object 1 (S117}. 1In
this step, the molten processed region is formed near the
surface 3 within the object 1. ‘

Finally, theobject 1 isbent along the line alongwhich
the object is intended to be cut 5, and thus is cut (S5119).
This divides the object 1 into silicon chips.

Effects of the ninth example of this embodiment will
beexplained. Theninthexample formsapluralityofmodified
regions aligning in the direction of incidence, thereby
increasing the number of locations to become starting points

when cutting the object 1. In the case where the size of

object 1 in the direction of incidence of laser light is
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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 1l is hard to cut whenonly onemodified
regionexistsalongthelinealongwhichtheobjectis intended
tobecut 5. In sucha case, forming a plurality of modified
regions as in this embodiment can easily cut the object 1.

[Tenth Example]

Atenthexampleofthisembodiment controlstheposition
of amodified region in the thickness direction of an object
t0 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
9 is formed within the object 1 by using the laser processing
method in accordancewith the tenthexample of this embodiment.
Thelight-convergingpoint6fpulselaser14islocatedwithin
the object 1 through the surface (entrance face) 3 of the
object with respect to the pulse laser light L. The
light-converging point is adjusted so as to be located at
a substantially half thickness position in the thickness
direction of the object 1. When the object to be processed
lisirradiatedwiththelinealongwhichtheobject isintended
to be cut 5 under these conditions, a crack region 9 is formed
along a line along which the object is intended to be cut

S5at ahalf thicknesspositionof theobject landitsvicinity.
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Fig. 97 is a partly sectional view of the object 1 shown
in Fig. 86. After the crack region 9 is formeg, cracks 91
are naturally grown toward the surface 3 and rear face 21.
Whenthecrackregion9is formedatthehalfthicknessposition
and its vicinity in the thickness direction of the object
1, the distance between the naturally growing crack 91 and
the surface 3 (rear face 21) can be made relatively long,
for example, in the case where the object 1 has a relatively
large thickness. Therefore, apart tobe cut extendingalong
the line along which the object is intended to be cut 5 in
the object 1 maintains a strength to a certain extent.
Therefore, when carrying out the step of cutting the object
1 after terminating the laser processing, handling the object
becomes easier.

Fig. 98 isaperspectiveviewof anobject tobeprocessed
1 including a crack region 9 formed by using the laser
processing method in accordance with thé tenth example of
this embodiment as with Fig. 96. The crack region 9 shown
in Fig. 98 is formed when the light~converging point of pulse
laser light L is adjusted so as to be located at a position
closertothesurface (entrance face) 3thanisahalf thickness
position in the thickness direction of the object 1. The
crack region 9 is formed on the surface 3 side within the
object 1. Fig. 99 is a partly sectional view of the object
1 shown in Fig. 98. Since the crack region 9 is formed on

the surface 3 side, naturally growing cracks 91 reach the
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surface 3or itsvicinity. Hence, fractures extending along
the line along which the object is intended to be cut 5 are
likely to occur in the surface 3, whereby the object 1 can
be cut easily.

In the casewhere the surface 3 of the object 1 is formed
withelectronicdevices andelectrodepatternsinparticular,
forming tﬁe 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
crack region 9 toward the surface 3 and rear face 21 of the
object 1 cuts the object 1. Cutting may be achieved by the
natural growth of cracks 81 alone or by artificially growing
cracks 91 in addition to the natural growth of crack 81.
When the distance between the crack region 9 and the surface
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 regiorls formed with
electronic devices and the like, thereby damaging the
electronic devices and the like. When the crack region 9
is formed near the surface 3, the distance between the crack
region 9 and the surface 3 is relatively sho'rt, whereby the
deviationingrowingdirectionof cracks 91l canbemade smaller.
Therefore, cutting can be effected without damaging the
electronic devices and the like. When the crack region 9
is formed at a location too close to the surface 3, the crack

region 9 is formed at the surface 3. As a consequence, the
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random formof the crack region S 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
light-converging point of pulse laser light L is adjusted
so as to be located at a position farther from the surface
3than isahalf thickness position in the-thicknessdirection
of the object 1. In this case, the crack region 9 is formed
on the rear face 21 side within the object 1.

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
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
light L is adjusted s0 as to be located at a position closer
to the svxrface 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.

Whenthe objectlisa semiconductorwafer, for example,

a plurality of crack regions 8 are formed in parallel in
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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
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
each other at right angles. At the location where the crack
regions 9 intersect each other at right angles, they are
superposed on each other, which makes it difficult for the
cross section in the X-axis direction and the cross section
in the Y-axis direction to intersect each other at right
angles witha high accuracy. This inhibits the object 1 from
being cut precise.ly 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
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 c¢an be prevented from being superposed on each
other. This enables precise cutting of the object 1.

In the crack region 9 in the X~axis direction and the
crack region 9 in the Y-axis direction, the crack region

9tobe formedlater ispreferably formedcloser tothe surface
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{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 ﬁegion 9 formed earlier,
the pulse laser light L irradiated when forming the crack
region 9 to be formed later is scattered by the crack region
9 formed earlier at the location where the cross section
in the X~axis direction and the cross section in the Y-axis
direction intersect each other at right angles. This forms
deviations between the size of a part formed at a position
to become the above-mentioned intersecting location and the
size of a part formed at another position in the crack region
3 to be formed later. Therefore, the crack region ¢ to be
formed later cannot be formed uniformly.

When the crack region 9 to be formed later is formed
closer to the surface 3 than is the crack region 9 formed
earlier, by contrast, scattering of the pulse laser light
L does not occur at a position to become the above-mentioned
intersectinglocation, wherebythe crack region 9 tobe formed
later can be formed uniformly.

As explained in the foregoing, the tenth example of
this embodiment adjusts the position of light-converging
point of laser light in the thickness direction of an object
to be processed, thereby being able to control the position
of amodified region in the thickness direction of the object.
Changing the position of light-converging point in view of

the thickness and material of the object to be processed
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and the like enables laser processing in conformity to the

object.

Though the fact that the position of a modified region
can be controlled is explained in the case of a crack region,
the same holds in molten processed regions and refractive
index change regions. Though the explanation relates to
pulse laser light, the same holds for continuous wave laser
light.

The laser processing apparatus in accordance with the
tenth example of this embodiment has a configuration similar
to the laser processing apparatus 100 in accordance with
the first example shown in Fig. 14. 1In the tenth example,
the Z-axis stage 113 adjusts theposition of light-converging
point P in the thickness direction of object 1. This can
adjust the light-converging point P so as to locate it at
apositionclosertoor farther fromtheentranceface (surface
3) thanisahalfthicknesspositioninthethicknessdirection
of theobject 1 or at a substantiallyhalf thicknéss position,

for example. These adjustment operations and the placement

of the light-convergingpoint of laser light withinthe object

can also be achieved by moving the light-converging lens
105 in the Z-axis direction. Since there are cases where
the object 1 moves in the thickness direction thereof and
where the light-converging lens 105 moves in the thickness
direction of theobject 1 in the present invention, the amount

of movement of the object 1 in the thickness direction of
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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 d.‘;rection of the object to be processed caused
by the Z~axis stage is the same as'that in the ninth example
explained with reference to Figs. 93 and Fig. 94.

The imaging data processor 125 calculates focal point
data for locating the focal point of visible light generated
by the observation light source 117 on the surface 3 according
to the imaging data in the tenth example as well. According
to this focal point data, the stage controller 115 controls _
the movement of the Z-axis stage 113, so as to locate the
focal point of visible light at the surface 3. The laser
processing apparxatus 1 1s adjusted such that the
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
required for locating the light-~converging point P at the
surface (entrance face) 3. The imaging data processor 125
has a function of calculating the second relative movement
amount.

Data of themovement amount (z) explainedwithreference
to Figs. 93 and 94 is fed into and stored :'nlw the overall

controller 127. Namely, the overall controller 127 has a
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function of storing data of the relative movement amount
of the object to be processed 1 in the thickness direction
of theobjectl. Theoverallcontroller127, stagecontroller
115, and Z-axis stage 113 adjust the position of
light-converging point of pulse lasexr light convexrged by
the light-converging lens within the range of thickness of
the object 1.

The laserprocessingmethodinaccordancewiththetenth
example will be explained with reference to the laser
processing apparatus in accordance with the first example
shown in Fig. 14 and the flowchart for the lasexr processing
method in accordance with the first exampie shown in Fig.
15. The object to be processed 1 is a silicon wafer.

Step S101 is the same as step S101 of the first example
shown in Fig. 15. Subsequently, as in step S103 of the first
example showninFig. 15, thethicknessofobject lismeasured.
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
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
light-convergingpoint Pinthe thicknessdirection of object

1l is determined. The amount of movement (z) in the 2-axis
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direction 1is one example of data of relative movement of
theobject linthethicknessdirectionthereof. Theposition
of light-converging point P is determined in view of the
thickness andmaterial of the object 1, effects of processing
{e.g., easiness to handle and cut the object), and the like.

Thisdata of movement amount is fed intotheoverall controller

127.

Steps 5105 and S107 are similar to steps S105 and S107
of the first example shown in Fig. 15. The focal point data
calculated by step S107 is data of a second movement amount
in the 2-axis direction of object 1.

This focal point data is sent to the stage controller
115. Accordingtothis focalpointdata, thestagecontroller
115moves the Z-axis stage 113 inthe Z-axisdirection (S109).
This positions the focal point of visible light of the
observation light source 117 at the surface 3. At this
position of.Z-axis stage 113, the light-converging point
P of pulse laser light L is positioned at the surface 3.
According to imaging data, the imaging data processor 125
calculates enlarged image data of the surface of object 1
including the line along which the object is intended to
be cut 5. This enlarged image data is sent to the monitor
129 by way of the overall controller 127, whereby an enlarged
image near the line along which the object is intended to

be cut 5 is displayed on the monitor 127.

Dataoftherelativemovementémountdeterminedbystep
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510:'3 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 contxoller 115 causes
the Z-axis stage ‘1”13 to move the object 1 in the 7-axis
direction at a ;:;osition where the light-converging point
P of laser light is located within the object 1 (S111).

115 are similar to steps S11i3 and 5115

2]

Steps 5113 and
shown in Fig. 15. The foregoing divides the object 1 into
silicon chips.

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.
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 thematerial and thickness of object
1, effects of processing, and the like enables cutting. in
confoxrmity to the object 1.

Industrial Applicability

The lasexr processingmethodand apparatus inaccordance
with‘the present invention can cut an object to be processed
without éenerating melt or fractures deviating from lines

to be cut on'a surface of the object. Therefore, the yield

and productivity of products (e.g., semiconductor chips,
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piezoelectric device chips, and display devices such as
liquid crystal) prepared by cutting objects to be processed

can be improved.
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CLAIMS

1. A method of cutting a semiconductor material substrate, a piezoelectric
material substrate or a glass substrate to be cut by laser processing comprising:

irradiating the substrate to be cut with a laser beam, and;

cutting the substrate along the line along which the substrate is
intended to be cut,

characterized in that

the irradiation step comprises

irradiating the substrate to be cut with a pulsed laser with a light-
converging point located within the substrate under a condition with a peak
power density of at least 1 x 10® W/cm?® at the light-converging point and a
pulse width of 1 ps or less in order to generate a cracking region in which a
crack is generated in the inside of the substrate where the substrate is the glass
substrate or piezoelectric material substrate, a molten processed region where
the substrate is a semiconductor material substrate, or a refractive index change
region caused by a permanent structural change such as ionic valence change,
crystallization or polarization orientation where the substrate is a glass substrate
and the pulse width is 1 ns or less, without causing any molten region on the
pulsed laser light incident surface of the substrate object, and;

relatively moving the pulsed laser light with respect to the substrate
along a line along which the substrate is intended to be cut, to form a plurality
of modified spots each of which is formed in response to one pulse of the
pulsed laser light , in a region within the substrate object and separated from the
pulsed laser light entrance (incident) surface of the substrate object by a
predetermined distance to form a modified region consisting of the plurality of
the modified spots and functioning as at least one starting point for cutting the
substrate object therefrom to cause a fracture generated from the modified
region to grow in a direction of the thickness direction of the substrate to curt
the substrate along the line along which the substrate is intended to be cut.

2. Alaser processing method according to claim 1, wherein said irradiating
the substrate (1) to be processed with laser light with a light-converging point
located therewithin is carried out by irradiating said substrate (1) with laser
light (L) emitted from one laser light source while converging said laser light
(L) and locating a light-converging point (P) within said substrate (1).

3.  Alaser processing method according to claim 1, wherein said irradiating
of the substrate (1) to be processed with laser light (L) with a light-converging
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point (P) located therewithin is carried out by irradiating said substrate (1) with
a plurality of laser light beams emitted from respective laser light sources (15,
17, 19) from different directions while locating respective light-converging
points within said substrate (1).

4.  Alaser processing method according to claim 3, wherein said plurality of
laser light beams emitted from respective laser light sources enter said substrate
(1) from the laser light entrance surface (3) thereof.

5. Alaser processing method according to claim 3, wherein said plurality of
laser light sources include a laser light source for emitting a laser light beam
entering said substrate (1) from said laser light entrance surface (3) thereof, and
a laser light source for emitting a laser light beam entering said substrate (1)
from the rear face (21) thereof.

6. A laser processing method according to one of claims 3 to 5, wherein
said plurality of laser light sources include a light source section having laser
light sources arranged in an array (15, 17, 19) along said line along which the
substrate (1) is intended to be cut.

7. A laser processing method according to one of claims 1 to 6, wherein
said substrate (1) includes glass.

8. A laser processing method according to one of claims 1 to 6, wherein
said substrate (1) includes a piezoelectric material.

9. A laser processing method according to one of claims 1 to 6, wherein
said substrate (1) includes a semiconductor material.

10. A laser processing method according to one of claims 1 to 8, wherein
said substrate (1) is transparent to laser light irradiated.

11. A laser processing method according to one of claims 1 to 10, wherein
said surface (3) of said substrate (1) is formed with an electronic device or
electrode pattern.

12. A laser processing method according to one of claims 1 to 11, wherein
said substrate (1) has a surface formed with a plurality of circuit sections; and
wherein the light-converging point (P) of laser light (L) is located within said
substrate (1) so as to face a gap formed between adjacent circuit sections
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among said plurality of circuit sections.

13. A laser processing method according to claim 12, wherein laser light (L)
is converged by an angle keeping said laser light (L) from irradiating said
plurality of circuit sections.

14. A laser processing method according to any one of the preceding claims,
wherein the step of irradiating the substrate (1) to be processed with laser light
(L) through the laser light entrance surface (3) of said substrate (1) is such that
the light-converging point (P) is located at a position closer to or farther from
said laser light entrance surface (3) than is a half thickness position in the
thickness direction of said substrate (1).

15. A laser processing method according to any one of the preceding claims,
wherein the plurality of modified spots (7) are sequentially formed in a line.

16. A laser processing method according to any one of the preceding claims,
wherein the position of the light-converging point (P) of laser light (L) is
changed in a direction of incidence of the laser light irradiating said substrate
(1) with respect to said substrate (1), so as to form a plurality of said modified
regions aligning with each other along said direction of incidence.

17. A laser processing method according to claim 16, wherein said plurality
of modified regions are formed successively from the side farther from the laser
light entrance surface (3) of said substrate (1).

18. A laser processing method according to claim 16, wherein adjustment of
the position of the light-converging point (P) of laser light (L) irradiating said
substrate (1) in said thickness direction includes: a first calculating step of
defining a desirable position in said thickness direction of the light-converging
point (P) of laser light (L) irradiating said substrate (1) at a distance from said
laser light entrance surface (3) to the inside thereof and dividing said distance
by the refractive index of said substrate (1) with respect to the laser light (L)
irradiating said substrate (1), so as to calculate data of a first relative movement
amount of said substrate (1) in said thickness direction; a second calculating
step of calculating data of a second relative movement amount of said substrate
(1) in said thickness direction required for positioning the light-converging
point (P) of laser light (L) irradiating said substrate at said laser light entrance
surface (3);a first moving step of relatively moving said substrate (1) in said
thickness direction according to said data of second relative movement amount;
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and a second moving step of relatively moving said substrate (1) in said
thickness direction according to said data of first relative movement amount
after said first moving step.

19. The laser processing method according to any one of the preceding
claims, wherein the modified spots (7) include at least one of cracking region in
which a crack is generated in the inside of the substrate (1), a molten processed
region which has been molten in the inside of the substrate (1), and a refractive
index change region in which the refractive index changes in the inside of the
substrate (1).

20. The laser processing method according to any one of the preceding
claims, further comprising the step of: applying a predetermined force to the
substrate (1) to cut the substrate (1) along a line along which the substrate is
intended to be cut (5).

21. The laser processing method according to any one of the preceding
claims, wherein the modified spots (7) are formed along a line along which the
substrate (1) is intended to be cut (5) and any of the modified spots (7) may be
located at the peripheral edge of the substrate (1).

22. The laser processing method according to any one of the preceding
claims, wherein the modified spots (7) are formed along a line along which the
substrate (1) is intended to be cut (5) and none of the modified spots (7) are
located at the peripheral edge of the substrate (1).

23. The laser processing method according to any one of the preceding
claims wherein the laser light (L) is irradiated on the substrate (1) with
numerical aperture of 0.55 to 0.8.

24. The laser processing method according to any one of the preceding
claims wherein the modified spots (7) have a maximum length in the thickness
direction of the substrate (1).

25. The laser processing method according to any one of the preceding
claims wherein a length of a modified spot (7) in a direction along a line along
which the substrate (1) is intended to be cut (5) is larger than any length of the
modified spot (7) in a direction perpendicular to the direction extending along
the line along which the substrate (1) is intended to be cut (5).
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26. The laser processing method according to any one of the preceding
claims, wherein the substrate (1) is cut along the line along which it is intended
to be cut (5), after formation of the starting point for cutting the substrate (1).

27. The laser processing method according to any one of the preceding
claims, wherein the substrate (1) is cut along a line along which the substrate is
intended to be cut (5), after formation of the modified region has been
completed.

28. The laser processing method according to any one of the preceding
claims, wherein the modified spot (7) is a molten processed region which is a
region once melted and then re-solidifed, or is a region in a melted state, oris a
region in the process of re-solidifying from its melted state, or is a phase
changed region, or is a region having changed its crystal structure, or is a
region obtained by changing the material of the substrate (1) from a single
crystal structure to an amorphous structure or is obtained by changing the
material of the substrate (1) from a single crystal structure to a polycrystalline
structure or is obtained by changing the single crystal structure to an
amorphous structure and polycrystalline structure.

29. The laser processing method according to any one of the preceding
claims, wherein the cutting step comprises a step of applying an artificial force.

30. The laser processing method according to any one of claims 1 to 28,

wherein the cutting step comprises a step of naturally breaking the substrate in
a thickness direction where the modified region acts as a starting point.
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