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DESCRIPTION

LASER SCRIBER FOR DICING OF SEMICONDUCTOR WAFERS

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, piezoeleciric material substrates, and glass
substrates.
Background Art

One of laser applications is cutting. A typical
cuttingprocésseffeégeakylaseriéasfbllows: For example,
a part to be cut in an object to-be processed such as a
semiconductor wafer or glass subpstrate is irradiated with
lasexr 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:'this method also melts
surroundings of the region to become the cutting part in
the surface of the object tobe 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 prevgnt 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 1is large in the cutting methods of the
above-mentioned publications, unnecessary fractures such
as those deviating from lines to be cut or those extending
to a part not irradiated with laser may occur. Therefore,
these cutting methods cannot achieve precision cutting.
When the object to be processed is a sémiconductor wafer,
aglass substrate formedwithaliquidcrystaldisplaydevice,
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 inputenergyis sohigh
in these cutting methods that the thermal damage imparted
to the semiconductor chip and the like is large.

It is an object of the present invention to provide
laserprocessingmethods and laser processingapparatuswhich
generate no unnecessary fractures in the surface of an object

to be processed and do not melt the surface.



10

15

20

25

(1) The laser processing method in accﬁrdance with
an aspect of the present invention cémprises a step of
irradiating an object to bé;processedwﬂith laser light with
a light-converging point located therewithin, so as to fo?m
a modified region caused by multiphoton absorpfion within

the object along a cutting line along which the object should

he cut If there is 2 cert
be cut. II there 18 2 cert
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in start region in the part to
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be cut intheobject tobeprocessed, the object tobe processed

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

In the laser processing method in accordance with this aspect
of the present invention, theobject tobhe processed is broken
along’the line along which the object is intended to be cut
vsing the modified region as the starting point, whereby
the object can be cut. Hencé, the object to be processed
can be cut with a relatively small force, whereby the object
canbecut without generatingunnecessaxry fracturesdeviating
from the line along which the object is intended to be cut
in the surfidce of the object.

The laser processing method in accordance with this
aspectofthepreseﬁtinventionlocallygeneratesmultiphoton
absorptionwithin the object tobe processed, thereby forming
amodifiedregion. Therefore,}aserlightishardlyabsorbed
by the surface of the object t§ e processed, whereby the
surface of the object will not melt. Here, the
light-converging point refers tothe positionwhere the laser

light is converged. The line along which the object is
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intended tobe 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 light with a
light-convergingpoint locatedtherewithinunder 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 caused by multiphoton
absorption within the object along a line along which the
object is intended to bhe 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
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

‘to be processed, thereby forming s 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
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present 1nvention enables laser processing without
generating melt or unnecessary fractures deviating fromthe
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 lasef processing method is a member
including glass. Here, the peak power density refers tothe
electric field intensity of pulse laser 1light at the
light~converging point.

The laserprocessingmethodinaccordancewithanaspect
the present invention comprises a step of irradiating an
object to Dbe processed with 1laser light with a
light~convergingpoint located therewithinunder acondition
with a peak power density of at least 1 x 10° (W/cm?) and
a pulse width of 1 ps or less at the light~converging point,
50 as to form a modified region including @ 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 a peak powexr
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

e
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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 locatedtherewithinunder acondition
with a peak power density of at least 1 x 10%® (W/cm?) and
a pulse width of 1 ns or less at the light-converging point,
so as to form a modified region including a refractive index
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 = 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 polarxization orientation is induced
within the object, whereby a refractive index change region
is formed. Thisrefractive index change region is an example
of the above-mentioned modified region, whereby the laser
processing method in accordance with this aspect of the
present invention enables laser processing without
generating melt or unnecessaxy 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 memberxr
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 souxce can
include pulse laser light. The pulse laser light can
concentrate the energy of laser spatially and temporally,
whereby even a single laser light source allows the electric
fieldintensity (peak power density) at the light~converging
point of laser light to have such amagnitude that multiphoton
absorption can cccur.

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 lasexr light with a light-converging point located
therewithin, for example. 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 fromdirections different 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 1laser light at the
light~convexrging 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 sources
may include a laser light source for emitting laser light
enteringtheobjecttx>beprocessedfromthesurfacethéreof,
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 axranged 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. Hexe, the above-mentioned
relativemovement forms themodified regionwithinthe object
tobe processed alongalinealongwhichtheobject 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 the modified region forﬁing step,
the cutting step cuts the object. The cutting step breaks
the object to be processed using the modified region as a
starting point, thus being able to cut the object with a
relatively small force. This can cut the object to be
processed without generating vunnecessary fractures
deviating from the line along which the object is intended
to ke 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

| N0
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3 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
0or electrode pattern. The electronic_device refers to a
semiconductor device, adisplaydevice suchas liquidcrystal,
a pilezoelectric device, or the like.

The laserprocessingmethod inaccordancewithanaspect
of the present invention comprises a step of irradiating
a semiconductor material with laser 1light with a
light-convergingpoint located therewithin under a condition
with a peak power density of at least 1 x 10% (W/cm?) and
a pulse width of 1 ys 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
tobecutinthe semiconductormaterial. Thelaserprocessing
method in accordance with an aspect of the present invention
comprises a step of irradiating a piezoelectric material
with laser light with a light-converging point located
therewithin undexr a condition with a peék power density of
at least 1 x 10° (W/cm®) and a pulse width of 1 ps or less
at the light-converqing point, soas to formamodified region
within the piezoelectric material along a line along which
the object is intendedtobecut inthepiezoelectricmaterial.
These methods enable laser cutting without generating melt
orunnecessaryfractuxesdeviatingfrmnthelinealongwhiéh

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
mayhavea surface formedwithapluralityofcircuit sections,
while a light-converging point of laser light 1is located

in the inside of the object to be processed facin

[le

a gap
formed between adjacent circuit sections in the plurality
of circuit sections. This can reliably cut the object to
beprocessedat thepositionofthe gap formedbetweenadjacent
circuit sections.

The laserprocessingmethodinaccordancewithanaspect
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 prevent the laser light from
entering the c¢ircuit sections and protect the circuit
sections against the laser light.

Thelaserprocessingmethod;naccordancewithanaspect
the present invention comprises a step of irradiating a
semiconductor material with laser light with a
light-converging point located within the semiconductor
material, soas to formamolten processed region only within
thesemicondhctormaterialalongalineaiongwhichtheobject

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
generatingunnecessary fracturesinthe surfaceof theobject
to be processed and without melting the surface due to the
same reasons as mentioned above. Themoltenprocessedregion
may be caused by multiphoton absorption or other reasons.

(2) The laser processing method in accordance with
an aspect of the present invention comprises a step of
irradiating an object to be processed with laser light such
that a light-converging point of laser light elliptically
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 aslong a line 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 tobecutwithinthe 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 axiscfanellipse indicativeof 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
regionisacceleratedinthemajoraxisdirectionofanellipse

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 be processed,
the modified region extending along the line along which
the object is intended to be cut can be formed efficiently.
Therefore, the laser processing method in accordance with
this aspect of the present invention can improve the
processing speed of the object to be processed.

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

Here, the ellipticity refers to half the length of the
minor axis/half the length of major axis of the ellipse.
As the ellipticity of laser light is smaller, the forming
of modified region is accelerated in the direction extending
along the line along which the object is intended to be cut
but suppressed in the other directions. The ellipticity can
be determined in view of the thickness, material, and the
like of the object to be processed. Linear polarization is

elliptical polarization with an ellipticity of zero.

13
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The laser processingmethodinaccordancewithan aspect
of the present iﬁvention comprisgs_a step of irradiating
an object to be processed with laser light such that a
lighé~convergingpointoflase;ligbtellipticallypolarized
with an ellipticity of other than 1 is located within the
object to be processed while the major zxis 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
lJeast 1 x 10% (W/cm?) and a pulse width of 1 us or less at
the light-converging point, so as to form a modified region
includingacrack fegionalong the line alongwhich 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
e 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 inaccordancewithanaspect

of the present invention comprises a step of irradiating
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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 theelliptical polarization of the laser light
extends along the line along which the object is intended
to be cut under a condition with a peak power density of
at least 1 x 10% (W/cm®) and a pulse width of 1 ps or less
at 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
obiject is intended to be cut as in the laser processing method
in accordance with the above-mentioned aspect of the present
invention. .

The laser processingmethod inaccordancewithanaspect
of the present invention comprises a step of irradiating

an object to be processed with laser light such that a

15
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light«convergingpointoflaseriightellipticallypolarized
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 cﬁt under a condition with a peak power density of at
least 1 x 10f (W/cwm?) and a pulse width of 1 ns or less at
the light-converging point, so as to form a modified region
including a refractive index change region which is a region
with a changed refractive index within the object along a
line along which the object is intended to be cut in the
object.

The laser processing method in accordance with this
aspect of the present invention irradiates the object to
be processed with laser light such that the major axis of
the ellipse indicative of the elliptical polarization of
lasexr iight 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.

Modes employable in the laser processing methods in
accordance with 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 the modified region extending
along the line along which the object is intended to be cut
and minimize the sizes in the other directions. The
ellipticity of elliptically polarized light can be adjusted
by the angle of direction of & quarter-wave plate. When a
guarter-wave plate 1s used, the ellipticity can be adjusted
by changing Fhe 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
80° 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.

Thelaser processingmethodinaccordancewithanaspect
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 elli.ptical polariZation of the laser light
extends along a line along which the ohject is intended to
e 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
is intendedtobecut 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 inaccordancewiththis aspect of the present invention
can cut the object to be processed by making thé object absorb
laser light so as to melt the object upon heating. Also,
the laser processing method in accordance with this aspect
of the present inventionmay generate multiphoton absorption
by irradiating the object to be processed with laser light,
thereby forming a modified region within the object, and
cut the object while using themodified region as a starting
point.

The laser processing apparatus in accordance with an

aspectof thepresent inventioncomprisesa laser light source

18
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for emitting pulse laser light having a pulse width of 1
ps 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 theellipticityadjustingmeans

+ ] I ~h = dm e e 3
extend along s lin N hich the object is intended to
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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/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 to be
processed; and moving means for relatively moving the
light-converging point of pulse laser light along the line
along which the object is intended to be cut.

The laser processing apparatus in accordance with this
aspect of the present 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
ohject 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
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 90° about a thickness
direction of the object. These can make the major axis of
the ellipse indicative of the elliptical polarization of
pulse lasex light extend along another line along which the
object is intended to be cut which extends in a direction
along a surface of the object to be processed while extending
in a direction intersecting along the former line aleng which
the object is intended to be cut. Therefore, f&r example,
respective modified regions extending along lines to be cut
in X—'and Y-axis directions can be formed efficiently.

The laser processing apparatus in accordance with an

aspectof thepresent inventioncomprisesa laser 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 laser light emitted from the laser
light source align with a line along which the object is
intended to Dbe cut in an object to be processed;
light-converging means for converging the pulse laser light
adjusted by the linear polarization adjusting means such
that the pulse laser light attains a peak power density of
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; andmevingmeans forrelativelymoving
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 processing methodé 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 object_is intended to bé CI-J‘C.

(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
attains a peak power density of at least 1 x 10° (W/sz_) 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 wj:thin
the object to be processed by irradiating the object to be
processed with one pulse of pulse laser light while locating
the light-converging point within the object; the laser
processing apparatus further comprising correlation storing
means having stored therein a correlation between the

magnitude of power of pulse laser adjusted by the power

adjusting means and the size of modified spot; size selecting

22



10

15

20

25

means for choosing, according to an ihputted magnitude of
power of pulse laser light, a size of themodified spot formed
at thismagnitude of power iromthe correlation storingmeans;
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 powex
of pulse laser 1ight 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 lasex 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 laser light. Therefore, it
can cut the object to be processed 'prec:isely 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 ti';ereil‘; a correlation between
the magnitude of power of pulse.laser adjusted by the power
adjusting means and the size of modified spot. According
to an inputted magnitude of power of pulse laser light, the
size of modified spot' formed at this magnitude of power is
chosen from the correlation storing means, and thus chosen
size of modified spot is displayed. Therefore, the size of
modified spot formed at the magnitude of power of pulse laser
light fed into the laser processing apparatus can be seen
before laser processing.

The laser processing apparatus in accordance with an

aspect of the present inventioncomprisesa laser light source

for emitting pulse laser light having a pulse width of 1
ps 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
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 1light 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 a correlation bhetween
the sizeof numerical aperture adjustedbythe 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 inventioncomprisesa laser 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
light emitted from the laser ligﬁt source such that the pulse
laser light attains a peak power density of at least 1 x
10% (W/em?) at a light-converging point, 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 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 lasser light slong 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 inéluding the
light-convexrging 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 size selecting means.

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

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laserlight source
for emitting pulse laser light having a pulse width of 1
pscrless;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 converging thepulse

lasexr 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 lasexr 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 comprisincj correlation
storing means having stored therein a correlation between
a set of the magnitude of power of pulsé laser light adjusted
by the power adjustingmeans and the size of numerical aperture
adjusted by tiue 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 e seen before laser
processing.

The laser processing a?paratus in accordance with an
aspect of thepresent inventioncomprisesalaserlight source
for emitting pulse laser light having a pulse width of 1
ps or less; power adjusting means for adjusting the magnitude
of power of pulse laser light emitted from the laser light
source according to an inputted magnitude of power of pulse
laser light; lens selecting means including a plurality ofl
light-converging lenses for converging the pulse laser light
emitted from the lasex 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 lenses having respective numerical
apertures different from each other; means for locating the
light-converging point of the pulse laser light converged:
by a light-converging lens chosen by the lens selecting means
within an object to be processed; and moving means for'
relatively moving the.light—converging‘point,of'pulse laser

i
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
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size selecting means, and image display means for displaying
the image prepared by the image preparingmeans. This allowus
the formed modified spot to be grasped visvually before laser
processing.

The laser processing apparatus in accordance with an
aspect of thepresent invention comprisesa laser 1ight source
for emitting pulse laser light having & pulse width of 1
pus or less; power adjustingmeans for adjusting the magnitude
of power of pulse laser light emitted from the laser light
source; light-convergingmeans for convergingthepulselaser
light emitted fromthe lasex 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 pc;int of the pulse laser light convexged
by the light-~converging means within an object to be
processed; and moving means for relatively mo;ri;'i.; 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 laserx 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 pover

adjustingmeans andthe sizeof modified spot; power selecting
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means for choosing, according to an inﬁuttea size of modified
spot, a magnitude of power of pulse_lasef light adapted to
formthis 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 accordance withthis
aspect of thepresent inventioncomprisescorrelationstoring
means having stored therein the magnitude of power of pulse
laser 1light and the size of modified spot. According to an
inputted size of the modified spot, the magnitvde—of power
of pulse laser light adapted to form this size is chosen
from the correlation storing means. The power ;djusting
means adjusts the magnitude of power of pulse laser light
emitted from the laser light source so as to make it become
the magnitude of power chosen by the power selecting means.
Therefore, a modified spot having a desirable size can be
formed.

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; 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 an 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; 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
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 foxm thus inputted size; the numerical
aperture adjusting means adjusting the size of numerical
apertureoftheoptical systemincludingthelight-converging
lens such that the size of numerical aperture chosen by the
numerical aperture selecting means is attained.

The laser processing apparatus in accordancewith this
aspect of thepresent inventioncomprisescorrelationstoring

means having stored therein the size of numerical aperture
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and the size of modified spot. Accordingtoan inputtedsize
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 thenumericalapertureselecting
means 1s attained. Therefore, modified spots having a
desirable size can be formed.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light souvrce
for emitting pulse laser light having a pulse width of 1
ps or less; lens selecting meens including a plurality of
light-converging lenses for converging the pulse laser light
emitted from the laser light source such that the pulse laser
light attains a peak power density of at least 1 x 10° {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 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 is formedwithintheobject tobeprocessedbyirradiating
the object to be processed with one pulse of pulse laser
light while locating the light-converging point within the
object; the laser processing apparatus further comprising
correlationstoringmeanshavingstoredthereinacorrelation
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
selectingmeansselectsamongapluralit?oflight-converging
lenses such that the size of numerical aperture chosen by
the numerical aperture selecting means 1is attained.
Therefore, modified spots having & desirakle spots can be
formed.

The laser processing apparatus in accordance with an

aspect of thepresent inventioncomprisesa laser 1ight source
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for emitting pulse laser light having a pulse width of 1
ps 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 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 system including the light-converging
lens; means for locating the light~converging point of the
pulse laser light converged by the light-converging lens
within an object to be processed; and moving means for
relatively moving the light-converging point of pulse laser
light along a line along which the object is intended to
be cut in the object to be processed; wherein one modified
spot is 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
cgrrelationstoringmeanshavingstoredthereinacorrelation
between a set of the magnitude of power of pulse laser light
adjustedbythe power 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
to formthus inputtedsize fromthe correlationstoringmeans.
Then, it adjusts the magnitude of power of pulse laser light
and the size of numerical aperture of the optical system
including the light-converginglenssoastoattainthe chosen
magnitude of powerandsizeof numerical aperture. Therefore,
modified spots having a desirable size can be formed. Also,
since themagnitude of power andthe sizeofnumerical aperture
are combined together, the number of kinds of controllable
dimensions of modified spots can be increased.

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

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 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 laser light converged
by a 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
licht élong a line along which the object is intended to
be cut in the object to be processed:; wherein one modified
spot is formedwithintheobject tobe processedby 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 storingmeanshavingstoredthereinacorrelation
between a set of the magnitude of power of pulse laser light
adjusted by the power adjusting means and sizes of numerical
apextures of a plurality of optical systems including the
light-converging lenses and the size of modifiea 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 fromthe correlation storing means; the power adjusting
means and lens selecting means adjusting the magnitude of
power of pulse laser light emitted fromthe 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 chocses a combination of the
magnitude of power and size of numerical aperture adapted
toformthusinputtedsize fromthecorrelationstoringmeans.
It adjusts themagnitude of power of pulse laser light emitted
from the laser light source and selects among a plurality
of light-converging lenses so as to attain the chosen
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
means for displaying the magnitude of power chosen by the
power selecting means, display means for displaying the size

of numerical aperture chosen by the numerical aperture

selecting means, and display means for displaying the
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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 2 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
refractive index is changedwithintheobject tobeprocessed.

An example of modes of power adjusting means is one
including at least one of an ND filter and a polarization
filter. 1In another mode, the laser light source includes
a pumping laser whereas the laser processing apparatus
comprisesdrivingcurrentcontrollingneaﬁsforcontrolling
the driving current of the pumping laser. These can adjust
the magnitude of power of pulse laser light. An example of
modes of numerical aperture adjustingmeans includes at least
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 léser 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 thanthat inthe first stepand locating
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the puls
the object, s0 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
obiject.

The laser processingmethodinaccordancewithanaspect
of thepresent inventioncomprisesafirststepofirradiating
anobject tobeprocessedwithpulselaser light while locating
a light-converging point of the pulse laser light within
the object, so as to form a first modified region caused
by multiphoton absorption within the object along a first
line along which the object is intended to be cut in the
object; and a second step of irradiating the object with
pulse laser light while making an optical system including
a light-converging lens for converging the pulse lasexr light
attain a numerical asperture 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 due tothecrystal 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 foxr adjusting
the magnitude of a repetition frequency of the pulse laser
light emitted from the laser light source according to an
inputted magnitude of frequency; light-converging means for
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; 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-convexging 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 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 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
calculatingmeans forcalculatingadistancebetweenmodified
spotsadjacenteachotheraccoréingtx>aninputtednwgnitude
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 amodifiedpart (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 frequency. 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 frequency of pulse
laser light. Changing the distance according to the kind,
thickness, and the like of the object to be processed enables
cutting in conformity to the object tobe processed. Forming
a plurality of modified spots along 2 line along which the
object is intended to be 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 inputted.
magnitude of frequency, anddisplaysthuscalculateddistance.
Therefore, with respect to modified spots formed according
to the magnitude of frequency fed into the laser processing
apparatus, the distance between adjacent spots can be seen
before laser processing.

The laser processing apparatus in accordance with an
aspect of thepresent inventioncomprisesa laser light source
for emitting pulse laser light having a pulsg width of 1
ps or less: light~converging means for converg.ing the pulse
laser light emitted from the laser light scurce 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 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
withapluralityofpulsgsofpulselaserlightwhilelocating
the light-converging point within the object and relatively
movingthelight*convergingpointalqngthelinealongwhich
the object is intended to be cut; the laser processing
apparatus further comprisingdistance calculating means for
calculeting 2 distance between medified spots adjacent e2ach
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 bhe processed. The relative
movement of the light-converging point of pulse laser light
may be achieved by moving the object to be processed while
fixing the light-converging point of pulse laser light, by
moving the light-converging point of pulse laser light while
fixing the object to be processed, or by moving both.

The laser processing apparatus in accordance withthis
aspect of the present invention calculates the distance
between adjacent modified spots according to the inputted
magnitude of speed, and displays thus calculated distance.
Therefore, with respect to modified spots formed according
to the magnitude of speed fed inteo the laser processing
apparatus, the distance between adjacent spots can be seen
before laser processing.

The laser processing apparatus in accordance with an
aspectofthepxesentinventioncomprisesalaserlithsource

for emittiné pulse laser light having a pulse width of 1
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pPs or less; frequency adjusting means for adjusting the
magnitude of a repetition frequency of the pulse laser light
emitted from the laser light source according to an inputted
magnitude of frequency: light-converging means for
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; 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 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 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
withaplurality of pulsesof pulse laser Jight while locating
the light-converging ~point'within the object and relatively

moving the light-converging point along the line along which
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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 fordisplaying thedistance
calculated by the distance calculating means.

The laser processing apparatus in accoxrdance with this
aspect of the present invention adjusts both the magnitude
of a repetition freguency 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 modified 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 having storedthereinthesizeof amodified
spot formed by the laser processing apparatus; image
preparing means for preparing én image of a2 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 andthedistancecalculatedbythedistance
calcu-lating means; and image display means for displaying

the image prepared by the image preparingmeans. Thisallovs
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a plurality of modified spots, i.e., modified region, to
be grasped visually before laser processing.

The laser processing apparatus in accordance with an
aspect of thepresent invention comprisesalaser light source
for emitting pulse laser light having a pulse width of 1
ps or less; freguency adjusting means for adjusting the
magnitude of a repetition frequency of the pulse laser light
emitted from the laser light source according to an inputted
magnitude of frequency; light-converging means for
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; 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 isformedwithintheobject 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 pulses 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 freguency
calculating means for calculating, according to an inputted
magnitude of distance betwegn modified spots adjacent each
other, the magnitude of repetition frequency of the pulse
laser light emitted from the laser light source so as to

ano 2o -
nus inputted
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nagnitude of distance between the
modified spots adjacent each other; the frequency adjusting
means adjusting the magnitude of repetition freguency of
the pulse laser light emitted from the laser light source
such that the magnitude of frequency calculated by the
frequency calculating means is attained.

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

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 1a§e£ 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-converging
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point within the object; and wherei-n aplurality of modified
spots are formed along the line along which the object is
intended to be cSt within the object to be processed by
irradiating the object to be processed with a plurality of
pulses of pulse laser light while 1locating the
light-converging point within the object and relatively
moving the light~-converging point along the line along which
the object is intended to be cut; the laser processing
apparatus further comprising speed calculating means for
calculating, according to an inputted magnitude of distance
between modified spots adjacent each cther, the magnitude
of relative moving speed of the pulse laser light so as to
attain thus inputted magnitude of distance between the
modified spots adjacent 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
adjacent modified spots, the laser processing apparatus in
accordance with this éspect of the present invention
calculates the magnitude of relative moving speed of the
light-converging point of pulse laser light caused by the
moving means. The speed adjusting means adjusts the
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 between
adjacent modified spots.

The laser processing apparatus in accordance with this
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 relativemoving speed tobe 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
pus or less; frequency adjusting means for adjusting the
magnitude of a repetition frequency of the pulse laser light
emitted from the laser light source; light~converging means
for converging the pulse laser light emitted from the laser
light source such that the pulse laser light attains a peak
power density of at least 1 x 10°% (W/cm?) at a light-converging
point; means for locatiﬁg the light~converging point of the
pulse laser light converged by the light-converging means
within an object tobe processed; moving means for relatively
moving the light-converging point of pulse laser light along

a line along which the object is intended to be cut in the
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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 lig]{t 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
irradisting the object to be processed with a plurality of
pulses of pulse laser 1light while locating the
light-converging po:"mt 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, accorxding to an inputted magnitude of
distance between modified spots adjacent each other, a
combination of the magnitude of repetition frequency of the
pulse laser light emitted from the laser light source and
the magnitude of relattive moving speed o©of the
light-converging point of pulse laser light caused by the
moving means so as to attain thus inputted megnitude 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 combination calculatingmeans is attained;
the speed adjusting means 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, acombination of themagnitude of repetition frequency
of pulse laser light and the relative moving speed of the
light~converging point of pulse laser light such that thus
inputted magnitude of distance is attained between the
adjacent modified spots. The frequency adjusting means and
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 frequencyand magnitude of relative moving
speed calculated 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
object isintendedtobecutwithin 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 bhe
processed, and a refractive index change region where
refractive index is changedwithin the object tobe processed.

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
discontinuovsly 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 region is formed
discontinuously, themodified region is discontinuous along
the line along which the olhject 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 laser processing method in accordance with
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an aspect of the present invention comprises a step of
irradiating an ohject to be processed with laser light while
locating a light-converging point of laser light within the
object to be processed, soas to formamodified region caused
by'multiphoton absorption within the object along a line

along which the object is intended to be cut in the object,
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irradiating the object to be processed with respect to the
object to be processed, so as to forma 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 starting pointswhencuttingtheobject 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 inaccoxdancewithanaspect
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 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
gach other along the direction of incidence. The laser
processing method in accordance with an aspect of the present
invention comprises a step of irradiating an object to be
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 lpsor lessat thelight-converging
point, so 'as to form a modified region within the object
tobeprocessedalongaline alongwhichtheobject is intended
to be cut in the object, and changing the position of the
light-converging point of laser light in .the direction of
incidence of the laser light irrsdiating 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 accordance with the foregoing aspects of the
present invention, thelaserprocessingmethods inaccordance
with these aspects of the present invention enable laser
cutting without“g'enerating melt or unnecessary fractures
deviating from the line along which the object is intended
to be cut in the surface of the objéct to bhe 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 thepresent inventioninclude the followingmodes:

A plurality of modified regions may be formed
successively from the side farther from an entrance face
of theobject tobe processedonvwhich 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 & creck
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 a light~converging point of laser light within the
object to be processed through a light entrance face of the
laser light with respect to the object to be processed and
locating the light-converging point at a position closer
to or farther from the entrance face than is a half thickness
position in the thickness direction of the object to be
processed, so as to form a modified region within the object
along a line along which the object is intended to 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-convergingpointof laserlight is locatedataposition
closer to and farther from the entrance face than is a half
thickness position inthethicknessdirection, respectively.
When a fracture extending along a line along which the object
is intended to be cut is generated on the surface or rear
face of an object to be processed, the object can be cut

easily. The laser processingmethod 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, whereSy the object
to be processed can be cut easily. As a2 result, the laser
procéssing method in accordance with this aspect of the
present invention enables efficient cutti:

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
deviceandanelectrodepattern, 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.qg., rear face), thereby cutting the object
to be processed. When the modified region is' formed on the
entrance face side, the distance between the modified region
and the entrance face is relatively short, so that the
deviationinthegrowthdirectionofcrack canbemadesmaller.
Therefore,whentheentrancefaceoftheobjecttobepr0ces§ed

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. TheelectronicdeviceIéferstoe;semiconductor
device, a display device such as ligquid crystal, a
piezoelectric device, or the like.

The laserprocessingmethodinaccordancewithanaspect
oftﬁepresentinventioncomprisasafirststepofirrédiating
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 laser light 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.

Inacuttingprocess inwhichcross sectionsofanobject
tobeprocessedcrosseachother,amodifiedregionandaﬁother
modified region are not superposed on each other at a location
to become the crossing position between the cross sections
in the laser processing method in accordance 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 tobeprocessed
with respect to the laser light than is the first modified
region. This keeps the laser light irradiated st the time
of forming the second modified region at the location to
become the creossing 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 conditionwith 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 a crack
region can be formed within the object to be processed. This
generates a phenomenon of an optical damage caused by
meltiphoton absorption within the object to be processed.
This optical damage induces a thermal distortion within the
object to be processed, thereby forming & 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 laser light at the
light-converging point.

Whentheobject 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 ps or less at, the
light-converging point, a modified region including amolten
processed reglon 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 he processed in this laser processing method is
a member inclqding a semiconductor material.

When theobject tobe processed isirradiatedwith 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, & modified region including a
refractiveindexchangeregionwhichisaregionwitha ;:hanged
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 absoxption

is not transformed into thermal energy, so that a permanent

structural change such as ionic valence change,
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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 isanexample
of the above-mentioned modified region. An example of the
object to be processed in.this laser processing method is
a member including glass.

Adjustment of the position ~of the light-converging
point of laser light irradiating the object to be processed
in the thickness direction can include a first calculating
step of defining a desirable position in the thickness
direction of the light-converging point of laser light
irradiating the object to be processed as a distance from
the entrance face to the inside and dividing the distance
by the refractive index of the object to be processed with
respect to the laser light irradiat.ng the object, so as
to calculate data of a fixrst relative movement amount of
the ob*ect in the thickness direction; a second calculating
step of salculating dats of a second relative movement amount
of the »bject in the thickness direction reguired for
positionwng the light-converging point of laser light
irradiating the object to be processed at the entrance face;
a first moving step of relatively moving the object in the
thickness direction according to the data of second relative
movementamount;andasecondmovingstepofrelativelymoving
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 apredeterminedpositionwithinthe object.
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 tothe laserlight irradiating

the cbhbiect b

jec
the light-converging point of laser light. Thereiore, when
the object to be processed is moved by the relative movement
amount obtained by dividing the distance from the entrance
to the inside of the object by the ahove-mentioned refractive
index, the light-converging point of laser light can be
aligned with a desirable position in the thickness direction
of the object.

The laser processing apparatus in accordance with an
aspect of the present invention comprises a laser 1ight source
for emitting pulse laser light having a2 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 light-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 in the thickness
directionforlocatingthelight-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 be;ng 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 light source; calculating
means for calculating data of a second relative movement
amount of theobject tobeprocessedinthethicknessdirection
requifedfor1ocatingthelight-convergingpointofthepulse
laser light converged by the light-converging means at the
entrance face; and secondmoving means for relativelymoving
the object to be processed in the thickness direction
accordingtothedataof 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 the present inventioncomprises a laser 1light 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
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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 tobe processed; and moving means
for relatively moving the light-converging point of pulse
laser light along a line along which the object is intended
to be cut in the object to be processed.

For the same reason as that in the laser processing
methods in accordance with the above-mentioned aspects of
the present invention, the laser .processing apparatus in
accordancewith these aspects 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 regulated
in the thickness direction of the object to be processed
within the object.

Brief Description of the Drawings

Fig. 1is a planview of anobject to be processed during
laser processing by the laser proce~ssing method in accordance
with an embodiment;

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

shown in Fig. 1 taken along the line II-1I;
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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 view of the object to be processed
shown in Fig. 3 taken along the line IV~IV;

Fig. 5 is asectional viewof the object to be processed
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a is a plan view of the object to be processed
cut by the laser processing method in accordance with the
embodiment;

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

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

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

Fig. 10isasectional viewof theobject tobe processed
in a third step of the laser processing method in accordance
with the embodiment:

Fig. 1l isasectional viewof the object tobe processed
in a fourth step of the lasexr processing method in accordance

with the embodiment;

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

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

the embodiment;

Fig. 14 is a schematic di

agram of a laser processing
apparatususable in the laser processingmethod in accordance
with a first example of the embodiment;

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

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

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

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

Fig. 15isaschematicplanviewshowingapiezoelectric
device wafer in a state held by a wafer sheet in the second

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 forexplaining thecuttingmethod
in accordance with the second example of the embodiment;

Fig. 22 is a sectional view of a light-transmitting
material irradiated with laser light by the cutting method
in accordance with the second example of the embodiment;

Fig. 23 is a2 plan view of the light-transmitting
material irradiated with laser light by the cutting method
in sccordance with the second example of the embodiment;

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

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

Fig. 26 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV when
the light-converging point moving speed is made lower:;

Fig. 27 is a sectional view of the light-transmitting
material shown in Fig. 23 taken along the line XXV-XXV when
the light-converging point moving speed is made further
lovier;

Fig. 28 is a sectional view of a piezoelectric device
wafer or the like showing a first step of the cutting method
in accordance with the second example of the embodiment:

Fig. 29 is a sectional view of the piezoelectricdevice

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

Fig. 33 is a view showing a photograph of a plane of
asamplewithinwhichacrackregionis 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 laser processingmethod 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 a crack region is formed by
a comparative laser processing method;

Fig. 3% is aview showingelliptically polarized laser
light in accordance with the third example of the embodiment,
and a crack region formed thereby;

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

Fig. 41 is a perspective view of a guarter-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 30° rotation regulator part in accordance with
the third example of the embodiment;

Fig. 43 1s 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 "polarized 1laser light by the laser
processing method in accordance with the third example of
the embodiment:

Fig. 45 is & plan view of a silicon wafer irradiated
with linearly polarized laser light by the laser processing
method inaccordancewith the third example of the embodiment ;

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

Fig. 47 is a plan view of a silicon wafer in which the
silicon wafer shown in Fig. 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 2 silicon wafer in which the
siliconwafershowninf&g. 44 isirradiatedwithelliptically
polarized laser light by the laser processing method in
accordance with the fourth example of the embodiment;

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

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. 53 is a plan view of the ohject to be processed
shown in Fig. 50 cut along the line along which the object
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 using the laser processing method in accordance
with the fifth example of the embodiment:

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

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

Fig. 60 isasectional viewof the object tobe processed

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

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

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

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

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

Fig. 64 is asectionalviewof 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. 65isasectional viewof the object tobe processed
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
orthogonal to the line along which the okbject 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 2 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 a'view showing an example of table oi a
correlation " storing - seéction included in the overall
controller of the laser processing apparatus in accordance
with the fifth example of the embodiment;

Fig. 70 is & 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 s a view showing the convergence of laser light
caused by a light-converging lens in the case where no beam
expander is disposed;

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

Fig. 751is a schematicﬁiagram 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 a view showing the convergence of laser light

caused by the light-converging lens in the case where an

- o .
iris disphragm is

Fig. 78 is a block diagram showing an example of overall

(o]

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 1s 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 be procéssed extending along the line along

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

region is formedby the lasexr processing method in accordance
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with the eighth example of the embodiment;

Fig. 83 is é plan view of still another example of the
part of object to be processed extending along “the line along
which the object is intended to be cut, in which a crack
region is formed by the laser processing method in accordance
with the eighth example of the embodiment;

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

Fig. 85 is a block diagram showing a part of an example
of overall controller of the laser processing apparatus in
accordance with the eighth example of the embodiment;

Fig. 86 is a block diagram showing a part of anothex
examplé of overall controller of the laser process_i'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. 88 isablockdiagramshowingapart of still another
example of overall controller of the laser processing
apparatus in accordance with the eighth example of the
embodiment;

Fig. 89 is aperspective viewof an example 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 acrack extending from the crack region
shown in Fig. 885;

Fig. 91 is a perspective view of another example of
the object to be processed within which a crack region is
formed by using the laser processing method in accordance
with the ninth example of the embodiment:;

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

Fig. 83 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 wview 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 an example of the object
to be processed within which a crack region is formed by

using the laser processing method in accordance 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 accordance
with the tenth example of the embodiment;
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be processed shown in Fig. 98; and

Fig. 100 is a perspective view of still another example
of the object to be processed within which a crack region
is formed by using the laser processing method in accordance
with the tenth example of the embodiment.
Best Modes fox Carrying Out the Invention

Inthe following, apreferred embodiment of the present
invention will be explained with reference to the drawings.
The laser processing method and laser processing apparatus
in accordance with this embodiment form a modified region
by multiphoton absorption. The multiphoton absorption is
a phenomenon occurring when the intensity of laser light
i3 made very high. First, the multiphoton sbsorption will
be explained in brief.

A material becomes optically transparent when the
enexrgyhvof a photonis lower thantheband gapEgof absorption
of the material. Therefore, the condition under which

absorption occurs in the material is hv > Eg. Even when
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optically transparent, however, absorption occurs in the
material under the condition of nhv > Eg (n =2, 3, 4, ...}
when the intensity of laser light is made very high. This
phenomenon is known as multiphoton absorption. 1In the case
of pulse wave, the intensity of laser light is determined

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

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 by (energy of laser light at the
light-converging point per pulse) /(beam spot
cross—sectional area of laser light x pulse width). 1In the
case of & 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 uvtilizing 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 taken along the line II~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 is a linéarly extending virtual line. In the laser
processing in accordance with this embodiment, the object
1 is irradﬁated with laser light L while locating a
light-converging point Pwithinthe object 1underacondition

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

By relatively moving the laser light L along the line
along which the object is intended to be cut 5 (i.e., along
the girection of arrow A), the light-converging point P is
moved along the line along which the object is intended to
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 lager light L therein. The laser light L is
transmitted through the object 1, so as to generate
multiphoton absorption therewithin, thereby forming the
modified region 7. Therefoxe, 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 1will break fromthe 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 generating unnecessary fractures in the surface
3 of the object 1.

The following two cases seem to exist in the cutting
0L the object to be processed using the modified reglon as
astartingpoint. The firstcase iswhere, after the modified
regionis formed, anartificial force isappliedtotheobject,
whereby the object breaks while using the modified region
as a starting point, and thus is cut. This is cutting in
thecasewheretheobjecttobeprocessedhasalargethickness,
for example. Applying an artificial force includes, for
example, applying a bending stress or sh'earing stress to
the object along the line along which the object is intended
to be cut in the object to be processed or imparting a
temperature difference to the object so0 as to generate a
thermal stress. Another case is where a modified region is
formed, so that the object naturally Dbreaks in the
cross-sectional direction (thickness direction) of the
object while vsing the modified region as a starting point,
whereby fhe object is cut. This can be achieved by a single
modified region when the thickness of the object is small,
andby a pluralityofmodified regions formedin the thickness

direction when the thickness of the object to be processed

is large. Breaking and cutting can be carried out with
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favorable control eveninthisnaturallybreakingcase, 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
abreaking andcuttingmethod with favorable controllability
is guite 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 themodified region is a crack region
including one or a plurality of cracks |

An object to be processed (e.g., glass or a
piezoelectric material made of LiTa0,;) 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 » 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
multiphcton abscrption without causing unnecessary damages
to the surface of the object. This generates a phenomenon
of optical damage caused by multiphoton absorption within
the object to be processed. This optical damage induces

thermal distortionwithinthe object tobe processed, thereby

‘forming a crack region therewithin. The upper limit of
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electric field intensity is 1 x 10 (W/cm?), for example.
The pulse width is preferably 1 ns to 200 ns, for example.
The formingof a crack region caused bymultiphotonahsoxption
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:
{A) Object to be processed: Pyrex glass (having a
thickness of 700 pm)
{B) Laser
Light source: semiconductor laser pumping
Nd:YAG laser
Wavelength: 1064 nm -
Lasex light spot cross-sectional area: 3.14 x
1078 cm?
Oscillation mode: Q-switch pulse
Repetition frequency: 100 kHz
Pulse width: 30 ns
Output: output < 1 mJ/pulse
Laser light quality: TEMgg
Polarization characteristic: lineax

polarization

(C) Light~-converging lens
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Transmittance with respect to laser light

wavelength: 60%

(D) Moving speed of a mounting table mounting the
object to be processed: 100 mm/sec
The laser light guality of TEMye 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. Ontheother hand, the data indicated by white circles
in the graph refers to a case where the light-converging
glass (C) has amagnification of x50 and a numerical aperture
(NA) of 0.55. It is seen that crack spots begin to occur
within the object to be processed when the peak power density

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

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
1 under a condition where multiphoton absorption occurs,
so as to forma crack region 9 therewithin. The crack region
9 is a region including one or a plurality of cracks. As
shown.in Fig. 9,- the crack further grows while using the
crack region 9 as a starting point. As shown in Fig. 10,
the crack reaches the surface 3 and rear face 21 of the object
1. As shown in Fig. 11, the object 1 breaks, so as to be
cut. The crack reaching the surface and rear face of the
object to be processed may grow naturally or grow as a force
1s applied to the object.

{2) Case where the modified region is a molten
processed regicn

An object to be processed (e.g.,.a semiconductor
material such as silicon) is irradiated with laser light
while thelight~convergingpoint islocatedtherewithinunder
a condition with a peak power density of at least 1 x 107
(w/cmz)andapulseﬁidthof1psorlessatthelight—converging
point. As a consequence, the inside of the object to be
processedis 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

leazst one of 2 region once melted and then re-solidified,

a region in a melted state, and a region in the process of
re—sol@difying fromitsmelted 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
a 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 2 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 amoxrphous 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 ~

107¢ cm?

Oscillation mode: Q-switch pulse

Repetition freguency: 100 kHz

Pulse width: 30 ns

Qutput: 20 pJ/pulse

Laser light quality: TEMgp

Polarization characteristic: linear
polarization

(C) Light-converging lens
Magnification: x50
NA: 0.55
Transmittance Qith respect to laser light
wavelength: 60%
(D) Moving speed of a mounting table mounting the
object to be processed: 100 mm/sec
Fig. 12 isaviewshowing 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. 13isagraph
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
substratehasathicknessof 500umor 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 greater 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 vpon 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 evaluvation of Silicon by

Picosecond Pulse Laser”, Preprints of the National Meeting

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

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

starting point, whereby the silicon wafexr is cut when the

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. In
any of these cases, the molten processed region is formed
only within the cross section after cutting as shown in Fig.
12. When a molten processed region is formed within the
object tobe processed, vnnecessary fractures deviating from
a line along which the object is intended to be cut are haxd
to occur at the time of breaking and cutting, which makes
it easier to contrel 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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withlaserlightwﬁilethe}ight"convergingpointislpcated
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. Whenmultiphotonabsorption
1s generated within the object to be processed with a very

short pulse width, the energy caused by mﬁltiphoton

g

rmal energy, 50 that
ice change,
crystallization, or polarization orientation is induced

within the object, whereby a refractive index change region

is formed. The upper limit of electxric field intensity is

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

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

Irradiation”, Proceedings of 42thLasexr Materials Processing

Conference (November 1997), 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 laser 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
oflaserlightIJandthelike;acﬁchroicmirror103,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 1ight-converging lens 105 for converging the laser
light L reflected by the dichroic mirroxr 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 thé X-axis direction; a Z-axis stage 113 for moving the
mounting table 107 in the 2Z-axis direction orthogonal to
K- and Y-axis directions; and a stage controller 115 for
contxolling the movement of these three stages 109, 111,
113.

The Z-axis direction is a direction oxthogonal 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
Z-axis direction can locate the light-converging point P
of laser light L within the object 1. This movement of
light-converging point P in X(Y)~axis direction is effected
by moving the object 1 in the X(Y)-axis direction by the

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

The laser light source 101 is an Nd: YAG laser generating
pulse laser light. Known &s other kinds of laser usable as
the laser l1ight source 101 include Nd: YVQ, laser, Nd: YLF leser,
and titanium sapphire laser. TFor forming a crack region or
molten processed region, Nd:YAG laser, Nd:YVQO,; 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-—conve_z:ging means. The Z-axis stage 113 1is
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 lasex brocessing apparatus 100 further comprises
an observation light source 117 for generating a wvisible
lightbeamforirradiatingtheolkject 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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mirxor 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 heam
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°. Ahalf of the visible light

bservation liaoht source 117 is
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plitter 119, andthusreflectedvi
light beam is transmitted through the dichroic mirror 103
and light*converéing lens 105, soastoilluminatethe surface
3 of the object 1 including the line along which the object
is intended to be cut 5 and the like.

The laser processing apparatus 100 further comprises
an image pickup device 121 and an imaéing lens 123 disposed
on the same optical axis as that o.f the beam splitter 119,
dichreic mirror 103, and light-converging lens 105. BAn
exampleof the imagepickupdevice 121 isaCCD (charge-coupled
device) camera. Thereflectedlight of the visual light beam
having illuminated the surface 3 including the line along
which the object is intended to be cut 5 and the like ‘is
trensmitted through the light-converging lens 105, dichroic
mirror 103, and beam splitter 119 and forms an image by way
of the imaging lens 123, whereas thus formed image 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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outputteé from the imaging device 121, an overall controller
127 for controlling the laser processing apparatus 100 as
a whole, and a monitor 129. According to the imaging data,
the imaging data processor 125 calculates foal point data
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
autofocus unit. Also, according to the imaging data, the
imaging data processor 125 calculates image data such as
an enlarged image of the surface 3. The image data is sent
to the overall controller 127, subjected to various kinds
of processing, and then sent to the monitor 129. As a
consequence, an enlarged image or the like is displayed on
the monitor 128.

Data from the stage controller 115, image data from
the imaging data processor 125, and the like are fed into
the overall controller 127. Accordingto thesedataaswell,
the overall controller 127 regulates the laser light scurce
controller 102, cobservation light source 117, and stage
controller 115, thereby controlling the laser processing
apparatus 100 as a whole. Thus, the overall controller 127

functions as a computer unit.

Withreferencetofigs.14and15,the]aserprocéssing
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method in accordance with a first example of the embodiment
will now be explained. Fig. 151isa flowchart for éxplaining
this laser processing method. The object to be processed
1 is a silicon wafer.

First, a light 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
3 low absorption is chosen (S101). Next, the thickness of
the object 1 is measured. Rccording to the result of
measurement of thickness and the refractive index of the
object 1, the amour‘at of movement of the object 1 in the Z-axis
directionisdetermined (S103). 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 theobject 1l inorder for the light-converging
point P of laser light L to be positioned within the object
1. This amount ofmovement is fed intothe overall controller
127.

The object 1 is mounted on the mounting table 107 of
the laser précessing apparatus 100. Then, visible light is
generated from the observation light source 117, so as to
illuminate the object 1 (5105). ;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 data, 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 (Slé?).

The focal point data is sent to the stage controller
115. Accorxdingto the focal point data, the stage controller
115movesthe Z-axis stage 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 to the 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 monitor
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 di-splayed on the monitor 129.

Movement amount data determined at step S103 has been
fed into the overall controllexr 127 beforehand, and is sent
tothestagecontroller115. Accordingtothemovement amount
data, the stage contrellexr 115 causes the Z-axis stage 113
to move the object 1 in the Z-axis direction at a position
wherethe light-convergingpoint Pof laser light L is located
within the object 1 (S111).

Next, laser light L is generated from the laser light

source 101, soas toirradiate 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 1lint to be cut 5, so as to form a molten
processed region along the line along which the object is
intended to he cut 5 within the obiject 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.

Effects of the first example will be explained. 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 aleng the line along which
the object is intended to be cut 5. As a consequence, a
modifiedregion (e.g., crackregion, moltenprocessedregion,
orrefractive indexchangeregion) is formedwithin the object
1 along the line along which the object is intended to be
cut 5. When a certain starting point exists at 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 a relatively small
force. This can cut the object 1 without generating
unnecessary fractures deviating from the line aioné 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 S under a condition generating
multiphoton absorption in the object 1 while locating the
light-~converging point P within the object 1. Therefore,
the pulse lasex~light L is transmitted'through the object
1 without substantially being absorbed at the suxrface 3 of
the object 1, whereby the surface 2 will not incur damages
such as melting due to the forming of a modified region.

As explained in the foregoing, the fixst example can
cut the object 1 without generating unnecessary fractures
deviating from the line along which the object is intended
tobecut S5andmelt inthe surface 3 of 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

-objectstobeprocessedwhose surface is formedwith electrode

patterns, and those whose surface is formed with electronic
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devices such as piezoelectric wafers and glass substrates
formed with display devices such as liquid crystals.
Therefore, thefirst examplecan improve theyieldof products
(e.gq,semiconductorchips,piezoelectricdevicechips,and
display devices such as liquid cxystal) prepared by cutting
the object to be processed.

Also, since the line along which the object is intended
to be cut 5 in the surface 3 of the object 1 does not melt,
the first example can decrease the width of the line along
which the object is intended to be cut 5 (the width being
the interval between regions to become semiconductor chips
in the case of a semiconductor wafer, for example). This
increases thenumber of products prepared froma singleobject
to be processed 1, whereby the productivity of products can
he 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 Pig. 16, the
first example allows cutting. These effects are similarly
obtained in examples which will be 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
i th he laser
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rear face Zi thereof. Since a plurelity of laser light
sources are wused, 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 pover lower than that of pulse laser light. For the same
yeason, multiphoton absorption canbe genexated evenwithout
a light-converging lens. Though the light-converging point
P is formed by the three laser light sources 15, 17, 19,
the present invention is not restricted thereto as long as
a plurality of laser light sources exist therein.

Fig. 18 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
source 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
sovrces 23 arranged in the same row form a single
light~converging point (e.g., light-converging point P;).
This example can forma plurality of light-converging points
Py, P2, ... along the line along which the object is intended
to be cut 5, whereby the processing speed can be improved.
Also, inthis example, apluralityof rowsofmodified 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 LExample]

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 is an example of the objects
to be processed. In this example, a piezoelectric device
wafer (substrate) having a thickness of about 400 pm made
of 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. 1In 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 on the surface of the piezoelectric device wafer
31 for each piezoelectric device chip 37, whereas a
predetermined gap o {about 80 pm) is formed between adjacent
circuit sections 39. Fig. 20 shows a statewhereminute crack
regions 9 as modified parts are formed within the
plezoelectric device wafer 31.

Next, with reference to Fig. 21, the method of cutting
2 light-transmitting material in accordance with the second
example will Dbe explained. First, a light absorption
characteristic of the light-transmitting material
{piezoelectric device wafer 31 made of LiTa0; in the second
example) tobecome amaterial tobe cut is determined (5201).
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 istransparent or exhibits a low absorption
is chosen according to the result of determination {5203).
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 thelight-convergingpointof laserlightL fromthe surface
{entrance face for laser light L) of the material to be cut
in the optical axis direction of laser light L is determined
SO as to position the light-converging point of laser light
L within the material to be cut according to the result of
measurement (S207). For example, in conformity to the
thickness and refractive index of the material to be cut,
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
themeterial tobecut andtherefractive index of thematerial
to be cut, the actual position of the light-converging point
P of laser light is located deeper than the position of 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 51). Namely,-the

relationship of “amount of movement of Z-axis stage 113 in
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the optical axis direction of laser light L x refractive
index of the material to be cut = actual amount of movenment
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 wafexr 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) (5208). After the
mounting of the material to be cut is completed, light is
emitted from the observation light source 117, so as to
irradiate the material 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 surface observation image of

plezoelectric 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 svch that the light emitted from the observation
light source 117 forms a focal point on the surface of the

material to be cut, and outputs thus determined position
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to the stage controller 115. According to an output signal
from the imaging data processor 125, the stage controller
l115controlstheZ~axisstage l13suchthat 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., foxr positioning

- P e, } —— oy PR - R & b - -~ 1. PP 4 o — —
the iccai point o0f laser light 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 (S213). Here,
the overall controller 127 sends an ovtput signal to the
stage contxoller 115 so as to move the Z-axis stage 113 in
the optical axis direction of laser light L by the amount
of displacement of the light-converging point of laser light
determined in conformity to the thickness and refractive
index of the material to be cut, whereby the stage controller
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-axls stage 113 in the optical axis direction of laser light

I,bytheamountofdisplacementofthelight—convergingpciné

of laser light L determined in conformity to the thickness
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and refractive index of the material to be cut (5215).

After the placement of the light-converging point of
laser light L within the material to be cut is completed,
the material to be cut is irradiated with laser light L,
and the X-axis stage 109 and the Y-axis stage 111 are moved
inconformity toadesirablecuttingpattern ($217). Asshown
in Fig. 22, the laser light L emitted from the laser light
source 101 is converged by the light-converging lens 105
such that the light-converging point P is positioned within
the piezoelectric device wafer 31 facing a predetermined
gap (80 umasmentioned above) formedbetween adjacent circuit
sections 39. Theabove~ﬁentioneddesirablecuttingpattern
is set such that the gap formed between the adjacent circuit
sections 39 inordex 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
Lis irradiated while the state of irradiation of laser light
L is seen through the monitor 129.

Here, as shown in Fig. 22, the laser light Lirradiating
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 suvrface of the piezoelectric device wafer 31 {the
surface on which the laser light L is incident) are not
irradiatedwiththelaserlightl. Convergingthelaserlight

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

irradiated with the laser light L can prevent the laser light
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L, fromenteringthe circuit sections 39 and protect thecircuit
sections 39 against the laser light L.

When the laser light L emitted from the laser light
source 101 is converged such that the light-converging point
P is positioned within the piezoelectric device wafer 31
while the energy density of laser light L1 at the
light-converging point P exceeds a threshold of optical
damage or optical dielectric breakdown, minute crack regions
9 are formed only at the light~converging point P within
the piezoelectric device wafer 31 acting as a material to
be cut and its vicinity. Here, the surfa(_:e and rear face
of the material to be cut (piezoelectric device wafer 31)
willl not be damaged.

Now, with reference to Figs. 23 to 27, the forming of
cracks by moving the light~converging point of laser light
L will Dbe explained. The material to be cut 32
(light-transmitting material) having a substantially
rectangular 'parallelepiped form shown in Fig. 23 is
irradiatedwith laser light L such that the lightwconve‘rging
point of laser light L is positioned within the material
to be cut 32, whereby minute crack regions 9 are formed only
at the light-converging point within the material to be cut
32 and it‘s vicinity as shown in Figs. 24 and 25. The scanning
bf 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

110



10

20

25

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 inapulsatingmanner, aplurality of crack regions
9 are formed with a gap therebetween corresponding to the
scanning speed of laser light L or the moving speed of the

material to be cut 32 along the longitudinal direction D

[}

.
fthe materizl tob
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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 as to shorten the gap between the
crack regions 9, thereby increasing the number of thus formed
crack regions S 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 down, so that the crack r.egion 9 is

continuously formed in the scanning direction of laser light

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

“the moving direction of the light-converging point of laser

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

the crack regions 9 (number of crack regions 9 to be formed)
can also be reslized 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 improvedwhenthe 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 9 are formed along the
above~mentioned desirable cutting pattern (S219), a stress
is generated due to physical external force application,
environmental changes, and the like within the matefial to
be cut, the part formedwith the crackregions 3 inparticularx,
so as to grow the crack regions 9 formed only within the
material to be cut (the light—converging point and its
vicinity), therebycuttingthematerial tobecutat aposition
formed with the crack regions 9§ ($221).

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 pattexrn is placed in a cutting
apparatus while in a state held by a wafer sheet 33 grasped
by the sample holder 35. The cutting apparatus has a suction
chuck 34, which will be explained later, a suction pump (not
depicted) connected tothe suction chuck 34, apressure 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 actuvator
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 state where the suction chuck 34 is
located closer to or abuts against the piezoelectric device
chip 37 to be isolated, whereby the suction chuck 34 attracts
the piezoelectric device chip 37 (piezoelectric device wafer
31) to be isolated as shown in Fig. 28. Once the suction
chuck 34 attracts the piezoelectric device chip 37
{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 (reaxr face of the surface held with
the piezoelectric device wafer 31) as shown in Fig. 30.
When the pressure needle 36 i1s further moved after
abutting against the rear face of the wafer sheet 33, the
wafer sheet 332 deforms, while the pressure needle 3€ applies
astresstothepiezoelectricdevicewafer 31 fromtheoutside,
whereby a stress is generxated 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 1is isolated 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 the piezoelectricdevice 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 vith
the ion air. Here, a suction apparatus may be provided in
place of the ionair cleaning, such that the cut and separated
piezoelectricdevice chips 37 and piezoelectric devicewafer
31 are cleaned as dust and the like are aspirated. Known
as a method of cutting the material to be cut due to
environmental changes is one imparting a temperature change
to the material to be cuvt having the crack regions ¢ 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, in the second example, the light-convexrging lens
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105 converges the laser light L emitted from 't‘he l;'aser light
source 101 such that its light-convergivng point ispositioned
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
optical damage or optical dielectric breakdown, which forms
theminute cracks Sonlyat the light-convergingpoint within
thelight~transmittingmaterialanditsvicinity. Sincethe
light-transmitting material is cut at the positions of thus
formed crack regions 9, the amount of dust emission is very
small, whereby thé possibility of dicing damages, chipping,
cracks on the material surface, and the like occurring also
becomes very Yow. Since the light-transmitting material 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,
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 2 result
of these, the second example can cut the light~-transmitting
material quite easily and appropriately.

Also, a stxess is generated within the material to be
cut duetophysical external forceapplication, environment'al

changes, and the like, so as to grow the formed cxack 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
S 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
circuvit sections 38 is cut and separated into individual
iezoelectric device chips 37, the light-converging lens
105 converges the laser light L suchthat 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 scanned 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 9) is realized by non-contact processing
yith the laser light L, problems of durability of blades,
their replacement frequency, andthe like inthe dicing 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~transmittingmaterial 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 source (e.g., femto second (fs) laser) can form a
modified part caused by a refractive index change (higher
refractive index), thus being able to cut the
light-transmitting material without generating the crack
regions 9 by utilizing such a mechanical characteristic
change.

Though the focus adjustment of laser light L is ¢carried
out by moving the 2~axis stage 113 in the laser processing
apparatus 100, it may be effected by moving the
light-converging lens 105 in the optical axis direction of
laser light L without being restricted thereto.

Though the X-axis stage 109.and Y~axis stage 111 are
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 isolatedpiezoelectricdevicechip 37maybe attracted

to the suction chuck 34. Here, whenthepiezoelectricdevice

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 infraredrays
is used, focus adjustment can be carried out by vtilizing
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 sovrce 101, which suppresses
the return light to the laser light source 101. Here, it
is preferred that the output of laser light L emitted from
the laser light source 101 at the time of focus adjustment
e set to an enerqy level lower than that of the output for
forming cracks, such that the laser light L for carrying
out focus adjustment does not damage the material to be cut.

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

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

only at the light-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.

In themethod of cutting a light-transmittingmaterial
in accordance with this aspect of the present invention,
the laser light is converged such that the light-converging
point @f 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 vicinity. In the cutting step, the
light—-transmitting material is cut at the position of thus
formed modified part, so that the amoun: of dust emission
is very small, whereby the possibility of dicing damages,
chipping, cracks on the msterial suvrface, 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 smallex 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 résult
of these, thé present invention can cut  the
light~transmittingmaterial quiteeasily andappropriately.

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/cleaningwater for preventing the dust-emitting
powders fromflying away is necessary, wherebydry 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 inthe dicing caused
by diamond cutters will not occur. Also, since the forming
of a modified part is realized by non-contact processing
with the laser light, the method of cutting a
light-transmitting material in accordance with this aspect
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.

Whenirradiating 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
the laser light fromenteringthecircuit sections andprotect
the circuit sections against the laser light.

Preferably, in the modified part forming step, the
light-converging point is moved in a direction intersecting
the optical axis of laser light, so as to form a modified
rsart ceontinuvously along the moving direction of the
light-converging point. Whenthelight—cgnvergingpointis
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
stabilityof cutting further improves, whichmakes it further
easier to control the cutting direction.

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

emitted from a laser 1light source such that its
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light-converging point is positioned within the
light-transmitting material, so a2s 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 such that the light~converging péint
of lasexr light is positioned within the light-transmitting
material, so that the energy density of laser light at the
light-converging point exceeds a threshold of optical damage
or optical dielectric breakdown of the light-transmitting
material, whereby a «crack is formed only at the
light-cenverging mpoint 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 svrface, 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, thedicingwidthcanbemadesmaller

thanthatattainedinthedicingwithad:iamondcutter, whereby

123



10

—
in

20

25

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, wherebydry processing
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 frequency, andthe likeinthedicing caused
by diamond cutters will not occur. Also, since the forming
of a crack is realized by non-contact processing with the
laser light, the method of cutting a light-transmitting
material in accordance with this aspect of the present
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
tothelight-fransmittingmaterialbyusingapmessingnmmber,
so as to grow a crack, thereby cutting the light-transmitting
material. Whenastressisappliedteothelight-transmitting
material in the cutting step by using @ 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 opticeal device for
convergingthelaser1ightemittedfrdmthelaserlightsource
such that a light-converging point thereof-is positioned
within the light-transmitting material:; and cutting‘means
for cutting the light-transmitting material at the position
of a modified part formed only at the light—-converging point
of laser light within the light-transmitting material and
its vicinity.

In the apparatus for cutting & 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 consegquence, the amount of dust emission is very small,
whereas the possibility of dicing damages, chipping, cracks
on the material surface, and the like occurring also becomes
very low. Also, since the light-transmitting material is
cut along the modified part, the directional stability of
cutting improves, whereby the cutting direction can be
n:ozztfc»lledeasily. Also, thedicingwidthcenbemade smaller
thanthatattainedinthedicingwithadiamondcutter, whereby
the number of light~transmitting materials cut out from one
light-transmitting material can be increased. As a resuvlt
of these, the present invention can cut the
light-transmittingmaterial quite easily and appropriately.

Also, intheapparatus forcuttingalight-transmitting
material in accordance with this aspect of the present
invention, dust-emitting powders hardly exist, so that no
lubricating/cleaning water for preventing the dust-emitting
powders fromflying away is necessary, whereby dryprocessing

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 durabilityof blades,
theirreplacement frequency, andthe like 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
cvttinb pattern which cuts out the light-transmitting
material without completely cutting the same.

The apparatus for cutting a light-transmitting
material inaccordancewithanaspect 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
athresholdof optical damage or optical dielectricbreaskdown
of the light-transmittingmaterial, whereby acrack is formed
only at the light-converging point within the
light-transmittin'g material and its vicinity. Then, the
cuttingmeans cutsthelight-transmittingmaterial bygrowing
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
conseguence, the amount cf dust emission is very small,
whereas the possibility of dic.ing damages, chipping, cracks
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, inthe apparatusforcuttingalight-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 fromflyingaway isnecessary, 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 freguency, andthe like in thedicing 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 material along a cutting pattern which
cuts out the light-transmitting material 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, 2 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 pluralityof circuit sections,
whereas the optical device converges the laser light such
that the light-converging point is positioned within the
light-transmitting material part facing the gap formed
between adjacent circuit sections. With such a
configuration, the light-transmititingmaterial 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 1ight. When the optical device converges the
lasexr light by an angle at which the circuit sections are
not drradiated with the laser light as such, it can prevent
theiaserlightfromenteringthecircuitsectionsandprotect
the circuit sections against the laser light.

Preferably, the apparatus further comprises
light-converging point moving means for moving the
light-converging point in a direction intersecting the
optical axis of laser light. W®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 crack can continuously
beformedalongthemovingdirectim1ofthelight;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
expleined later, an object to be processed is irradiated
with 1laser light such that the direction of linear
polarizationof linearlypolarizedlaser light extends along
a line along which the object 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 consequence, in the

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

single pulse of laser irradiation), the size in the direction
extending along the line along which the object is intended
to be cut can be made relatively large when the laser light
is pulse laser light. The inventor has confirmed it by an
experiment. Conditions for the experiment are as follows:
(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
1078 cm?

Oscillation mode: Q-switch pulse
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Repetition frequency: 100 kHz
Pulse width: 30 ns
Output: output < 1 mJ/pulse
Laser light quality: TEMgg
Polarization characteristic: linear
polarization
(C) Light-converging lens
Magnification: x50
NA: 0.55
Transmittance with respect to laser Llight
wavelength: 60%
{D) Mo?ing speed of a mounting table mounting the
object to be processed: 100 mm/sec
EachofSamplesl,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 &2 view showing a photograph of Sample 1 in
plan, whereas Fig. 34 is a view showing a photograph of Sample
2 in plan. These planes are an entrance face 209 cf pulse

laserlight. LettersLPandCPschematicallyindicate linear

polarizationandcircuvlarpolarization, respectively. Fig.



10

[
wn

20

25

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 wafeyr 211 which is the object
to be processed.

In the case where pulse laser light is linearly
polarized 1light, 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
grezter 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 along which the object is intended
to be cut in an object to be processed. A number of crack
spots 90, each formed by a single pulse shot, are formed

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 irradiaéion with
pulse laser light such that the direction of linear
polarization of pulse laser light aligns with the line along
which the object is intended to be cut 5. The forming of
crack spots 9 is accelerated along the direction of the line
along which the object is intended to be cut 5, whereby theixr
size is yelatively large in this direction. Therefore, the
crackregion 9extending 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 light
is orthogonal to the line along which the object is intended
to be cut 5. Since the size of crack spot 90 in the direction
of the line along which the object is intended to be cut
Sisrelativelysmall, thenumber of shotsrequiredfor forming
the crack region 9 becomes greater than that in the case
of Fig. 37. Therefore, the method of forming a crack region
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
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shot is accelerated in the width direction of the line along
which the object is intended to be cut 5. Therefore, when
the crack spot 90 extends in the width direction of the line
along which the object is intended to be cut 5 too much,
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 accordarce with this embodiment shown
in Fig. 37, whereby the object to be processed can be cut
precisely:

Though making the size in a predetermined direction
relatively large among the sizes of a modified region has
been explained in the case of linear polerization, the same
holds in elliptical polarization as well. Namely, as shown |
in Fig. 39, the forming of the crack spot 90 is acceleratedi
in the direction of r'najor axis b of an ellipse representing‘
elliptical polarization EP of laser light, whereby the crack
spot 90 having a relatively large size along this direction
can be formed. Hence, when a crack region is formed such
that themajor axisof anellipse indicativeof theelliptical
polarization of laser elliptically polarized with an,

ellipticity of other than 1 aligns with a line along which
i

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
c;f major axis b becomes greater. Linearly polarized light
isellipticallypolarized light with an ellipticity of zero.
Circularly polarized 1ight is obtained when the ellipticity

is 1, whichcannot make the size of the crackregionrelatively

0}

large in a pre
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 holds

in molten processed regions and refractive index change

51
2

egionsaswell. Also, thoughpulselaserlight isexplained,
the same holds in continuous wave laser light as well. The
foregoingalsoholdinafourthexamplewhichwillbeexplained
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 apparxatus.
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 requlator 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 gquarter 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

other thanlisemployedastheellipticityinthisembodiment.

laser light L become elliptically polarized light EP having
adesirableellipticity. Theellipticityisadjustedinview
of the thickness and material of the object to be processed
1, and the like.

When irradiating the object tobe processedilwith laser
light L having linear polarization LP, the laser light L
emitted from the laser light source 101 is linearly polarized
light LP, whereby the ellipticity regulator 201 adjusts the
angle of direction 8 of the gquarter wave plate 207 such that
the laser light L passes through the quarter wave plate while

being the linearlypolarized light LP. Also, the laser light
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source 101 emits linearly polarized laser light L, whereby
the ellipticity regulator 201 is unnecessary when only laser
light of linear polarization LP is utilized for irradiating
the object to be processed with laser.

The 90° rotation regulator 203 includes a half wave
plate 205 as shown in Fig. 42. The half wave plate 205 is
a wavelength plate for making polarization orthogonal to

3 1 [ T I O U, T
rized in Namely, WnNen L1iNSariy

m

linear ly pola
polarized light LP; with an angle of direction of 45° is
incident onthe half wave plate 205, for example, transmitted
light becomes linearly polarized light LP; rotated by 90°
with respect to the incident light LP;. When rotating the
polarization of laser light L emitted from the ellipticity

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

n

© 28 to place the half wave plate 205 onto the optical axis
of laser light L. When not rotating thepolarizationof laser
light L emitted from the'ellip,ticity regulator 201, the 90°
rotation requlator 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 lasexr light L does not pass through the
half wave plate 205).

The dichroicmirror 103 is disposed such that the laser
light L whose rotation of polarization is regulated by 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. Thestagecontroller115regulatesnotonly
the movement of stages 109, 111, 113, but also the movement
of stage 213.

With reference to Figs. 40 and 43, the lasexr processing
method in accordancewiththethird example of this embodiment
will now be explained. Fig. 43 isa flowchart for explaining
this laser processing method. The object to be processed
1 1is 3 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 1 having
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al polarization EP with a desirable ellipticitycan
be obtained when the angle of direction 8 of the quarter
wave plate is changed in the ellipticity regulator 201.
First, forprocessingtheobject tobeprocessedl along
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 {5123). This is
achieved by rotating the 8~axis stage 213. Therefore, the
B-axis stage 213 functions as major axis adjusting means

or linear polarization adjusting means.

139



10

)
192]

20

25

For processing the object 1 along the Y~axis direction,
the 90° rotation regulator 203 carries out adjustment which
does not rotate the polarization of laser light L ($129%).
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 major
axis indicative of the ellipse of elliptical polarization
EP of laser light extends along the rightmost line along
which the object is intended to be cut 5 in the object 1.
Since the light-converging point P of laeser 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 S 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 to that mentionedabove. Byrepeatingthis, amolten
processed region is formed within the object 1 along the
lines to be cut 5 successively from the.right side (8127).
Fig. 45 shows the case where the object 1 is irradiated with
the laser light L having linear polarization. Namely, the
objectlisirradiatedwith laser light suchthatthedirection
of linear polarization LP of laser light extends along the
line along which the object is intended to he 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° (5219).

Subsequently, the laser light 101 generates laser 1ight
1., 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 planview of the object 1. The object 1 is irradiated
with the laser light L such that the direction of the major
axisof anellipse indicative of the elliptical polarization
EP of laser 1ight 1L extends along the lowest line along which
the object is intended to be cut 5 extending in the X-axis
directionof the object 1. Since the light-convergingpoint

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 109 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 object is intended to be cut 5.

Then, the Y-axis stage is moved, such that the
immediately upper line along which the object is intended

to be cut 5 is irradiated with the laser light L, whereby

amolten processed region is formedwithin th

............................. h
the line along which the object is intended to be cut 5 in
amanner similar to that mentioned above. By repeatingthis,
respective molten processed regions are formed within the
object 1 along the individual lines to be cut 'successively
from the lower side (S131). Fig. 47 shows the case where
the object 1 is irradiated with the laser light L having
lineaxr polarization LP.

Then, the object 1 is bent along thé lines to be cut
5, wherebytheobject 1l iscut (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
axisof anellipse indicative of the elliptical polarization
EP of pulse laser light L extends along the lines to be cut
5 as shown in Figs. 44 and 46. As a consequence, the size

of crack spots in the direction 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
thirgd example can efficiently form crack regions as such,
thus being able to improve the processing speed of the object
1. Also, the crack spot formed at the shot does not extend
in directions other than the direction aligning with the
line along which the object is intended to be cut 5, whereby
the object 1 can be cut precisely along the line along which
theobject is intended tobe cut 5. These results are similarx
to those of the fourth example which will be explained later.

-[Fourth Example]

The fourth example of this embodiment will be explained
mainly in terms of its differences from the third example.
Fig. 48 is a schematic diagram of this laser processing
apparatus 300. Among the constituents of the laser
processing apparatus 300,|those identical to constituents
of the laser processing apparatus 200 in accordance with
the third example shown in Fig. 40 will be referred to with
numerals identical thereto without repeating their
overlapping explanations.

The laser processing apparatus 300 is not equipped with
the 90° rotation regulator 203 of the thirdexample. A6-axis
stage 213 can rotate the %¥-Y plane of a mounting table 107
about the thiékness direction of the object to be processed
1. Thismakes thepolarization of laser light Lemitteqd from

the 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 operati
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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 9%0°.
The rotation of the 6-axis stage 213 rotates the object 1
by 90° in the X~Y plane. Conséquently, as shown in Fig. 49,
the major axis of ellipticsl polarization EP can be caused
to align with a line along which the object is intended to
becutintersectingthe linealongwhichthe object is intended
to be cut 5 having already completed the modified region
forming step.

Then, like step S127, the object 1 is irradiated with
thelaserlight,wherebymbltenprocessedregionsareformed
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 silicen 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
it with laser light while locating its light-converging point
within the object so as to make the major axis direction
of an ellipse indicative of éiliptical polarization extend
along a line along which the object is intended to be cut
in the ohject without forming modified regions caused by
multiphoton absorption. This can also cut the obiject 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 1ater,l
sizes of modified spots are controlled by regulating the
magnitude of power of pulse laser light and the size of
numericel 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 be
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. Thiswill beexplainedwith 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 isasectionalview
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. As can be seen from
thesedrawings, thedeviationinsizesof crackspots 9becomes
greater when the crack spots 20 are too large. Therefore,
as shown in Fig. 55, the accuracy of cutting the object 1
along the line along which the object is intended to be cut
5 becomes lower. Alsa, irregularities of cross sections 43
in the object 1 become so large that the flatness of the
crosssection43deteriorates. Whencrackspots 90are formed
relatively small (e.g., 20 pm or less) by using the laser
processing apparatus in accordance with this embodiment,
by contrast, crack spots 90 can be formed uniformly and can
be restrained from widening in directions deviating from
that of the line along which the object is intended to be
cut as shown in Fig. 56. Therefore, as shown in Fig. 957,
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
andcuttingforyieldingaflatcrosssectioncannotbecérried
out. If crack spots are extremely small with respect to an
object to be processed having a large thickness, however,
the object will be hard to cut.

The fact that this embodiment cancontrol sizesof crack
spots will be explained. As shown in Fig. 7, when the peak
pover density is the same, the size of a crack spot in the
case where the light~converging lens has a magnification
of %10 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. Thepeakpowerdensity
is proportional to the energy of laser light per pulse, i.e.,
the power of pulse laser light, as explained above, whereby
the same peak power density means the same laser light power.
When the laser light power is the same while the beam spot
cross-sectional area is the same, sizes of crack spots can
be regqulatedsoas tobecome smaller (greater) as thenumerical
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.

147



10

20

25

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 bthe numerical aperture of a
light-converging lens is made smaller or when the laser light .
power is made higher.

The crack spot size control will further be explained
with reference to the drawings. The example shown in Fig.
58 is a sectional view of an object to be processed 1 within
which pulse laser light L is converged by use of a
light-converging lens having a predetermined numerical
aperture. Regions 41 are those having yielded an electric
field intensity at a threshold for causing multiphoton
absorption or higher by this laser irradiation. Fig. 59 is
a sectional view of a crack spot 90 formed due to the
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 1is converged by use of a
light~converging lens having a numerical aperture greater
than that in the example shown in Fig. 58. Fig. 61 is a
sectional viewof acrackspot 90 formed due to themultiphoton
absorption caused by irradiation with the laser light L.

The height h of crack spot 390 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 heéight h and width w of crack spot
90 can be made smaller and greatex, respectively. As can
be seen when Figs. 59 and 61 are compared with each other,
in the case where the laser light power is the same, the
sizes of height h andwidth w of 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 convexged. 1In the eXample shown in Fig. 62, since
the laser light power is mede lower, the z2rea of regions
41 is smaller than that of regions 41 shown in Fig. 58. Fig.
63 is a sectional view of a crack spot 90 formed due to the
multiphoton absorption caused by irradiation with the lasex
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 sco 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 lcower 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 can be seenwhen Figs.
59 and 65 are compared with each other, the sizes of height
h and width w of crack spot 90 can be regulated so as to
become smaller (greater) when the numerical aperture of the
light—cénverging lens is made greater (smaller) while the
laser light power is made lower {higher).

Meanwhile, the regions 41 indicative of those yielding
anelectric field intensity at a threshold for electric field
intensity capable of forming a crack spot or higher are
restricted to the light-convexging point P and its vicinity
due to the following reason: Since 2 laser light sourcewith
a higl beam guality is utilized, this embodiment achieves
a high convergence of laser light and can converge light
up toabout 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 the object to be processed. Sizes of crack
spots can be determined in view of the material of an object
to be processed as well.' This embodiment can control sizes
of modifiedspots, thusmakingitpossibletocarryout precise
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 relati‘;z.ely small thickness. Also, by making
modified spots greater, it enables cutting of objects to
be processed having a relatively large thickness.

There are cases where an object to be processed has
respective directions easy and hard to cut due to the crystal
orientation of the object, for example. When cutting such
anobject, thesize of crack spots 90 formed in the easy-to-cut
direction is made greater as shown in Figs. 56 and 57, for
example. When the directionof a line along which the object
is intended to be cut orthogonal to the line along which
the object is intended tobe cut 5 is a hard-to-cut direction,
on the other hand, the size of crack spots 80 formed in this
direction is made greater as shown in Figs. 57 and 66. 'Here,
Fig. 66 1s a sectional view of the object 1 shown in Fig.

57 taken along LXVI-LXVI. Hence, -2 flat cross sectidn 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
contxollable 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 foregoingholdsinsixth
and seventh examples which will be explzined 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 power 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 laser
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

regulator 401 may change the number of ND filters to be moved

L, so as to adjust the power of laser light L emitted from
the laser light source 101.

The power regulator 401 may comprisé a polarization
filterdisposedperpendicular totheoptical axis of linearly
pclarized 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 emitﬁed
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 lase£ light source 101.
Therefore, the power of laser light L can be adijusted by
at least one of the power regulator 401 and laser 1ight source

controller 102. If 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
erplained in the foregoing is effected when an operator of
the lasex processing apparatus inputs the magnitude of power
intoanoverallcontroller 127, whichwill beexplainedlater,
by using a keyboard or the like.

The laser processing apparatus 400 further comprises
a dichroic mirroxr 103 disbosed such that the laser light
Lwhosepower isadjustedbythepower regulator 401 is incident
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 dichroicmirrorxr
103; and a lens selecting mechanism controller 405 for
controlling the lens selecting mechanism 403.

The lens selecting mechanism 403 comprises
light-converging lenses 105a, 105b, 105c, and a support plate
407 for supporting them. The numerical apertures of
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
pléte407,therebycausingeadesirablelight—converginglens
among the light-converging lenses 105a, 105b, 105¢ to be

placed onto the optical axis of laser light L. WNamely, 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 lasexr light L converged by one of the.
light-converging lenses 105a to 105c¢ 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 powexr.

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 aperxture of
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the optical system including the'light~convergiﬁg~lens to
the size selector 411 by using a keyboard or {he like. 1In
thisexample, the inputmay choose one of the light-converging
lenses 105a, 105b, 105¢ instead of the numerical aperture
size being directly inputted. 1In this case, the respective
numerical apertures of the light~converging lenses 105a,
105b, 105c are registered in the overall controller 127
beforehand, and data of the numerical aperture of the optical
system including the chosen light-converging lens is
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¢ a.re register'ed in
the column for numerical apert{:re. 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 um.
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 aperture size
are fed into the size selectoxr 411, the latter 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 129. As a consequence, the size
of amodified spot formed at thus inputted magnitude of power
and numerical aperture size is displayed on the monitor 129.
If there is no set corresponding to these values, size data
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 numericaliaperture.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 laserprocessingmethodinaccordancewiththe fifth
example of this embodiment will now be explained with
referencetolFig. 67. Theobjecttobeprocessedlisasilicon
wafer. In the fifth example, operations of steps $101 to
S111 are carried out as in the laser processing method in
accordance with the first example shown in Fig. 15.

After step S111, the magnitude of power and numerical
aperture size are fed into the overall controller 127 as
explained above. According to the data of power inputted,
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
12?(Eig.68). As aconsequence, thesizeandformof amelting
spot formed within the object 1 upon irradiation of one pulse
of laser light 1 are displayed on the monitor 129.

Then, operations of steps S113 to S115 are carried out
as in the laser processing method in accordance with the

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

[Sixth Example]

Asixthexample of thisembodimentwill 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. 67 arereferredtowithnumerals
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 reqgulator 401 and a dichroic mirror 103. The beam
expander 501 has a variable magnification, and is regulated
by the beam expander 501 so as to increase the beam diameter
of lasexr light L. The beam expander 501 is an example of
numerical aperture regulating means. The laser processing
apparatus 500 is equipped with a single light-converging
lens 105 instead of the lens selecting mechanism 403.

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

The overall controller 127 is electrically connected to the
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beam expander 501. Fig. 72 does not depict this. When the
size of numerical aperture is fed into the overall controller
127, thelatter carriesout control for changing themagnitude
of beam éxpander 581. This regulates the magnificatioﬁ of
Ibeam diameter of the 1laser 1light L incident on the
light-converging lens 105. Therefore, with only one
lignt-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 lasexr 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 can be seen when Figs. 73 and 74 are compared
with each other, the sixth example can achieve adjustment
so as to increase the numerical aperture with reference to
the 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
explained mainly in terms of its differences from the fifth

and sixth examples. Fig. 75 is a schematic diagram of this

laser processing apparatus 600. Among the constituents of
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the laser processing apparatus 600, those identical to
constituentsof the laser processing apparatus in accordance
withthefifthandsixthexamplesarereferredtowithnumerals
identical thereto without repeating their overlapping
explanations.
Inthelaserprocessingapparatus 600, anirisdiaphragm
601 is disposed on the optical axis of laser light L instead
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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 exampleofnumerical apertureregulatingmeans. Thelaser
processing apparatus 600 further comprises an iris diaphragm
controller 603 for changing the aperture size of the iris
diaphragm 601. The iris diaphragm controller 603 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 apertureoftheirisdiaphragmé01l, thereby
carryingout adjustment for decreasingtheeffectivediameter
of the light~converging lens 105. Therefore, with only one

light-converging lens 105, adjustment for decreasing the

161



10

15

20

25

numerical aperture of the optical system including the
light-converging 1lens 105 is possible. This will be
explained with reference to. Figs. 76 and 77.

Fig. 76 is a view showing the convergence of laser light
L effected by the light-converging lens 105 when no iris
diaphragm is provided. On the other hand, Fig. 77 is a 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 achieve adjustment
sO as to increase the numerical aperture with reference to
the numerical aperture of the optical system including the
light-converginglens1l05inthecasewherethe irisdiaphragm
1s 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 like.
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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, a modified spot having
a desirable size can be formed. The data concerning this
magnitude of power 1is also sent to the monitor 129, whereby
the magnitude of power is displayed. In 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
processing 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 a3 modified spot to the

numerical aperture selector 418 by using a keybdard or the
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like. As a consequence, the numerical aperture selector 419
chooses a numerical aperture corresponding to a size habing
a value identical to that of the inputted size from the
correlation,storing section 413, and sends data of this
numerical aperturetothelensselectingmechanismcontroller
405, beam expander 501, or iris diaphragm controller 603.
Therefore, when the laser processing apparatus regulated
tothissizeofnumerical apertureisusedfor laserprocessing,
a modified spot having a desirable size can be formed. The
data concerning this numerical aperture is also sent to the
monitor 129, whereby the size of numerical aperture is
displayed. In this example, the power is fixed while
numerical aperture is variable.

Fig. 80 is e 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 correlation storing section 413
has stored the correlation between the set of power and
numerical aperture and the size in Fig. 69 beforehand. An
operator of the laser processingapparatus inputs adesirable
size of a modified spot to the set selector 421 by using

a keybosrd or the 1ike. 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
apertureisalsosent tothemonitor 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 cutA
along a line along which the object is intended to be cut
therein, and a flat cross section can be obtained. W®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 amodified spot formed by one puise of laser
light and a medified 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. WNamely, it controls the distance hetween adjacent
modified spots. 1In 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 speeé of the X-axis stage
or Y-axis stage of the object to be processed. The moving
speeds of these stages are examples of relative moving speed
of the light-convergingpoint of pulse laserlight. 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 frequencyof pulse laser light
and the magnitude of relative moving Spfeed 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, therearethreewaysof relationshipbetween
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 20 aligning each other
along the line along which the object is intended to be cut
5 yields a crack region 9.

Fig. 81 shows a case where the pitch p is greater than
the size d. The crack region 9 is formed discontinuously
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 pitchp is 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 be cut 5,

whereby the part of line along which the object is intended
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" tobecut 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 3 is continuously formed
along the line along which the object is intended to be cut
5, which makes it easy to cut the object while using the
crack region 9 as a starting point.

The pitch p is made greater than the size d in Fig.
81, and substantially eguals the size d in Fig. 82, whereby
regions generating multiphoton absorption vpon irradiation
withpulse laser light can be prevented frombeing superposed
on crack spots 90whichhavealreadybeen formed. Asaresult,
deviations in sizes of crack spots 90 can be made smaller.
Namely, the inventox has found that, when a region generating
multiphoton absorption upon irradiation with pulse laser
light is superposed on crack spots 90 which have already
been formed, deviations in sizes of crack spots 90 formed
in this region become greater. When deviations in sizes of
crack spots 90 become greater, it becomes haxrder to cut the
object along a'line along which the object is intended to
be cut precisely, and the flatness of cross section
deteriorates. In Figs. 81 and 82, deviations in sizes of
crack spots can be made smaller, whereby the object to be
processed can be cut along the line along which the object

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 frequency of pulse laser light or
magnitude of relative moving speed of the light-converging
point of pulse laser light. This enalbles laser processing
in conformity to the object to be processed by changing the
pitch p in view of the thickness and material of the object
and the like.

Though the fact that the pitch p can be controlled is
explainedin the 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. Therelativemovement of the light-convergingpoint
of pulse laser light may be realized by a case where the
object to be processed is moved while the .light-converging
point of pulse laser light is fixed, a case where the
light-converging point of pulse laser light is moved while
the object is fixed, a case where the object and the
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 be explained mainly in terms of its
differences from the laser processing apparatus 100 in
accordance with the first example showninFig. 14. Thelaser
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 mirrors 51, 53 which are
disposed with 2 predetermined gap therehetween, 2z laser

medium 59 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 souxce 57
to the laser medium 55 in a state where the loss in a resonator
is made high by vutilizing the Q-switch 58, whexeby the
population inversion of the laser medium 55 is raised to
a predetermined value. Thereafter, the Q-switch 58 is
utilized for placing the resonator into a state with a low
loss, so 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-switch39%9soastomakeit attainahighstate. Therefore,

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

regulate the repetition freguency 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 is regulated when an
operator of the laser processing apparatus inputs the
magnitude of repetition frequency to an overall controller
127, which will be explained later, by using a keyboard or
the like. The foregoingaredetailsof the laser light source
101.

During the laser processing, the object to be processed
1 is moved in the X- or Y-axis direction, so as to form a
modifiedregionalongalinealongwhichtheobjectis intended
to be cut. Therefore, when forming a modified region in the
X-axis direction, the speed of relative movement of the
light-converging point of laser light can be adjusted by
regulating the moving speed of the X-axis stage 109. When
forming a modified region in the Y-sxis 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 is regulated when the operator of laser processing
apparatus inputs the magnitude of speed to the overall
controller 127, which will be explained later, by using a2

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 controllexr 127 of the lasexr:

processing apparatus in accordance with the first example.

!
(=]
ta]

85 is a block diagram showing a part of an exampie of

13y

he overall controller 127 of the laser processing apparatus

ct
[¢1]

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 speedsof thestages 109, 11l areinputted.
These inputs are effected by the operator of laser processing

apparatus using a keyboard or the like.

The distance calculating section 141 calculates the
distance (pitch) between adjacent spots by utilizing the
above-mentioned expressions (n = f/v, and p = 1/n). The
distance calculating section 141 sends this distance data
to the monitor 129. As a conseguence, the distance between
modified spots formedat the inputtedmagnitudes of frequency
and speed is displayed on the monitor 128.

The distance data is also sent to the image preparing
section 145. The size storiﬁg section 143 has alréady 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 formedbythedistance andsize, andsends thusprepared
image data to the monitor 128. As a conseguence, 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 thedistance calculatingsectionl4l calculates
the distance between modified spots by utilizing the
expressions (n = f£/v, and p = 1/n), the following procedure
rmay also be taken. First, a table having registered the
relationship between the magnitude of repetition freguency,
themoving speeds of stages 109, 111, énd the distance between
modified spots beforehand is prepared, az;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 themagnitude of 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. Also, in these cases, the above-mentioned
expréssioﬁs and table are used in the distance calculating
section 141 for carrying: out processing for cawvsing the
monitor 129 to display the distance between modified spots
and an image of the modified. region.

As in the foregoing, the overall controller 127 shown
in Fig. 85 inputs the magnitude of repetition frequency and
the stage moving speeds, thereby calculating the distance
between adjacent modified spotg. 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 controller 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 freqguency calculating section 147
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sends thus calculated data to the laser light source
controller 102. Whentheobject tobe processedis 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 aistance according to the above-mentioned expressions
and tables. 1In this example, the repetition frequency is
fixed. The speed calculating section 148 sends thus
calculateddata tothe stage controller 115. When the object
to be processed is subpjected to laser processing by the laser
processing apparatus regulated to this magnitude of étage
moving speed, the distance between adjacent mod;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 comprisesacombination
calculating section 151. It differs from the cases of Figs.
86 and 87 in that both repetition frequency and stage moving
speed are calculated. In a mannex 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 controllexr 115. Thelaser light
source controller 102 adjusts the laser light source 101
S0 as to attain the calculated magnitude of repetition
freguency. The stagecontroller 115 adjusts the stages 109,
111 so as to attain the calculated magnitude of stage moving
speed. 'When the object to be processed is.subjected to laser
processing by thus regulated laser processing apparatus,
the distance between adjacent modified spots can attain a
desirable magnitude. Data of thus calculated magnitude of
repetition frequency and magnitude of stage moving speed
are also sent to the monitor 129, whexeby 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 processedlisasiliconwafer. 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 S111, thedistance between adjacent melting
spots inthemelting spots formed by one pulse of pulse laser,
i.e., the maegnitude 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, inamanner similar tothat of the laser processing
method in accordance with the first example shown in Fig.
15, operations of step 5113 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 Dby
regulatiﬂg the magnitude of repetition frequency of pulse
laser light, and regulating the magnitudes of moving speeds
of X-axis stage 109 ana Y-axis stage 111. Changing the
magnitude of distance in view of the thickness and material
of the object 1 and the like enables processing in conformity
teo the aimed purpose.

[Ninth Example]

Aninthexample of 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 1 is irradiatedwith pulse laser
light L, while the light~converging point of pulse laser
light L is located within the object 1 near its rear face
2l and ismovedalonga line along which the object is intended
to be cut 5. This forms a crack region 9 (9A) along the line
along which the object is intended to be cut 5 within the
object 1 near the rear face 21. Subseguently, 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. 90, cracks 91 naturally grow

from the crack regions 9A, 9B. Specifically, the cracks 91
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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 S5by artificially applying a relatively
small force thereto or naturally without applying such a
force. .

As inthe foregoing, theninthexample forms aplurality
of crackregions 9, thereby increasing the number of locaticns
to beéome 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 81 are hard to grow after forming the crack regions
3, 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 93 and crack region 9B. Cutting can also be
achievedinadirection orthogonal tothe 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,

a2 plurality of crack regions 9 are successively formed from

the side farther from the entrance face (e.g., surface 3)
of the object to be processed on which the pulse laser light
T is incident. For example, in Fig. 89, the crack region
oA is.formed first, and then the crack region 9B is formed.
If the crack regions 9 are formed successively from the side
closer to the entrance face, the pulse laser 1L irradiated
at the time of forming the crack region 9 to he formed later
will be scattered by the crack region 9 formed earlier. As
a consequence, deviations occur in sizes of the crack part
(crack spot) formed by one shot of pulse laser light L
constituting the crack region 9 formed later. Hence, the
crack region 9 formed later cannot be formed uniformly.
Forming thecrack regions 9 successively fromthe side farther
fromthe entrance face does not generate the above-mentioned
scattering, whereby the crack region 9 formed later can be
formed uniformly.

However, the order of forming a plurality of crack
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, ox formed randomly. Intherandom
forming, for example in Fig. 91, the crack region 9C is formed
first, thenthe 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 first 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 2-axis stage 113. This can adjust the light-converging
point P s0 as to locate it at @ 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 object tobeprocessed
caused by the Z-axis stage will be explained with reference
to Figs. 93 and 94. Inthe ninth example of this embodiment,
the position of light-converging point of laser light in
the thickness direction of the object to be processed is
adjusted so as to be located at a desirable position within
the object with reference to the surface (entrance face)

of the object. Fig. 93 shows the state where the
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light-converging point P of laser light L is positioned at
the surface 3 of the object 1. When the Z-axis stage is moved
by 'z toward the light-converging 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 2-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. WNamely, 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 point of visible
light is located at the surface 3. The laser processing
apparatus 1 is adjusted such that the light-convergingpoint
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.3. Data of the amount of
movement (z) explained in Figs. 93 and 94 is fed into and
stored in the overall controller 127.

With reference to Fig. 95, the laser processing method
in accordance with the ninth example of this embodiment will
now be explained. Fig. 95 is a flowchart for explainingthis
laser processing method. The object to be processed 1 is
a silicon wafer.

Step S101 is the same as step 5101 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
1 in the Z-axis direction with reference to the
light-~converging point of laser light L positioned at the
surface 3 of object 1 in order for the light~converging point
P of laser light Ltobe 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 vsing the data of first movement amount.
A second molten processed region to be formed is formed by
using the data of second movement amount. Data of these
movement amounts are fed into the overall controller 127.

Steps S105 and S107 are the same as steps S105 and 5107
in the first example shown in Fig. 15. The focal point data
calculated by step 5107 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
observation light source 117 at the surface 3. At thispoint
of Z-axis stage 113, the focal point P of pulse laser light
L is positioned ét the surface 3. BHere, 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 monitor 129.

The data of first movement amount determined by step
S103 has already been inputted to the overall controller
127, and is sent to the stage controllexr 115. According to

this data of movement amount, the stage contxoller 115 moves

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

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

Finally, theobject 1 isbent along the line alongwhich
the object is intended to be cut 5, and thus is cut (S119).
This divides the object 1 into silicon chips.

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

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

object I 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 1 is hard to cut whenonly one modified
regionexistsalongthe linealongwhichthe object is 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
to be processed by adjusting the light-converging point of
laser light in the thickness direction of the object.

| This positional control will be explained in terms of
a crack region by way of example. Fig. 96 is a perspective
view of an object to be processed 1 in which a crack region
S is formed within the object 1 by using the laser processing
method in accordancewith the tenthexample of this embodiment.
The light-converging point 6f pulse laser L is located within
the object 1 through the surface (entrance face) 3 of the
object with xrespect 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

Satahalfthicknesspositionof theobject l1anditsvicinity.
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Fig. 97 is a partly sectional view of the object 1 shown
in Fig. 96. After the crack region 9 is formed, cracks 91
are naturally grown toward the surface 3 and rear face 21.
When the crackregion9is formedat thehalfthicknessposition
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 tobecut 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 ovt the step of cutting the object
lafter terminating the laser processing, handlingthe 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 Pig. 98 is formed when the light~converging point of pulse
laser light L 1s adjusted so as to be located at a position
closertothesurface (entrance face) 3thanisahalfthickness
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 extendingalong
the line along which the object is intended to he 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 theobject 1 is formed
withelectronicdevices andelectrodepatterns inparticular,
forming tﬁe crack region 9 near the surface 3 can 'ﬁrevent
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 91 alone or by artificially growing
cracks 81 in addition to the natural growth of crack 91.
When the distance between the crack region ¢ and the surface
3 is relatively long, the deviation in the growing direction
of cracks 91 on the surface 3 side hecomes greater. As a
consequence, the cracks 91 may reach regior;s formed with
electronic devices and the 1like, 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
deviationingrowingdirectionofcracks 9l canbemadesmaller.
Therefore, cutting can be effected without damaging the
electronic devices and the like. When the crack region 9
is formed at 8 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 @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 a&justed
so as to be located at a position farther from the surface
3thanisahalfthickness position in thethicknessdirection
of the object 1. In this case, the crack region 8 is formed
on the rear face 21 side within the object 1.

As with Fig. 86, 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 inthe 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 so as to be located at a position closer
to the suvrface 3 than is the half thickness position in the
thickness direction of the object 1. The crack region 9 in
the ¥-axis direction and the crack region 9 in the Y-axis-
direction cross each other three-dimensionally.

Whentheobject lis a 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 l'ocation where the crack region ¢ 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 with a high accuracy. This inhibits the object 1 from
being cut precisely at the intersection.

When the position of the crack region 9 in the X-axis
direction and the position of the crack region 9 in the Y-axis
direction differ from each other in the thickness direction
of the object 1 as shown in Fig. 100, the crack region 9
in the X-axis direction and the crack region 9 in the Y-axis
direction can be prevented from being superposed on each
other. This enables precise cutting of the object 1.

In the crack region 9 in the X-axis direction and the

crack region 9 in the Y-axis direction, the c¢crack region

9 tobe formed later is preferably formedcloser to the 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 A:egion 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 ea

h 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
S to be formed later. Therefore, the crack region 9 to be
formed later cannot be formed uniformly.

When the crack region 9 to be formed later is formed
closer to the surface 3 than is the crack region 9 formed
earlier, by contrast, scattering of the pulse laser light
L does not occur at a position to become the above-mentioned
intersecting location, wherebythecrackregion 9tobe 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 amodifiedregioninthe thickness directionof 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 6f 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

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 thepositionof light-converging
point P in the thickness direction of object 1. This can
adjust the light-converging point P so as to locate it at
apositionclosertoor farther fromtheentrance face (surface
3) thanisahalfthicknesspositioninthethicknessdirection
of the object 1 or at a substantiallyhalf thicknéss position,

for example. These adjustment operations and the placement

~of thelight-convergingpoint of laser lightwithintheobject

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 1l inthe 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 a2 second relative movement amount.

The adjustment of light-converging point P in the
thickness di-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. B94.

T™
-

0]

he 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 accoxding
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, so0 as to locate the
focal point of visible light at the surface 3. The laser
processing apparatus 1 1is adjusted such that the
light-converging point P of laser light L is located at the
surface 3 at the position of 2-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
reguired 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 84 is fed into and stored in the overall

controller 127. Namely, the overall controller 127 has a

193 .



10

15

20

25

function of storing data of the relative movement amount
of the object to be processed 1 in the thickness direction
of theobject1l. Theoverallcontroller127, stagecontroller
115, and Z-axis stage 113 adjust the position of
light-converging point of pulse laser light converged by
the light-converging lens within the range of thickness of
the object 1.
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 laser 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 shown in Pig. 15, the thicknessofobject 1 ismeasured.
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 P inthe thickness direction of object

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

Thisdata of movement amount is fed intotheoverallcontroller

127.

Steps 5105 and 5107 are similar to steps $105 and 8107
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 Zz-axis direction of object 1.

This focal point data is sent to the stage controller
115. Accordingtothis focal pointdata, thestagecontroller
115moves the 2-axis stage 113 in the 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 controllexr 127, whereby an enlarged
image near the line along which the object is intended to

be cut 5 1s displayed on the monitor 127.

Data of the relative movement amount determined by step
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5103 has already been inputted to the overall controller
127, and is sent to the stage controller 115.. According to
this data of movement amount, the stage controller 115 causes
the Z-axis stagg_113 to move the object 1 in the Z-axis
direction at a éosition where the light-converging point

P of laser light is located within the object 1 (S111}.

~ : -

teps 5113 and 5115 are simiiar to steps 5113 and §

i=ty

shown in Fig. 15. The foregoing divides the ob
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 1light 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
conformity to the object 1.

Industrial Applicability

The lasexr processingmethodand apparatus inaccordance
with‘th.e present invention can cut an object to be processed
without generating melt or fractures deviating from lines

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

and productivity of products (e.g., semiconductor chips,
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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 laser processing an object (1) to be cut, the method comprising:

irradiating the object (1) with laser light (L) with a light-converging
point (P) located within the object (1) to form a modified region (9) within the
object (1) along a line (5) along which the object (1) is intended to be cut;

further characterized by the steps of:

changing the position of the light-converging point (P) of the laser (L) in
a direction of incidence of the laser light (L) irradiating the object (1) with
respect to the object (1), to form a plurality of the modified regions (9) aligning
with each other along the direction of incidence of the laser light (L) so as to
form successively, or randomly, the plurality of the modified regions (9) along
the line (5) along which the object (1) is intended to be cut, and so as to increase
the number of locations to become starting points when cutting the object (1),
wherein the modified regions (9) are located at a desirable position within the
object (1) with reference to the laser entrance surface of the object (1); and

after formation of the plurality of modified regions (9), cutting the object
(1) along the line (5) along which the object (1) in intended to be cut.

2. The method according to claim 1, wherein the plurality of modified regions
(9) are formed successively from the side further from the laser light entrance
surface of the object (1) .

3. The method according to claim 1 or 2, wherein the modified region (9)
include at least a cracking region in which a crack is generated in the inside of
the object (1) a molten processed region which has been molten in the inside of
the object (1) and a refractive index changing region in which the refractive
index changes in the inside of the object (1).

4. A method of cutting a semiconductor material substrate, a piezoelectric
material substrate or a glass substrate (1), comprising steps of:

irradiating a substrate (1) with a pulsed laser light (L),

characterized in that the pulsed laser light (L) has a pulse width no larger
than 1 us at a converging point (P) within the substrate (1), so that the
converging point {P)of the pulsed laser light (L) is positioned within the
substrate (1) and a peak power of the laser light (L) at the converging point (P)
is not smaller than 1 X 10® (W/cm?) to form a plurality of modified spots (90)
within the substrate (1) to form a modified region (9) functioning as a starting
point for cutting the substrate (1) , the modified spots (90) being formed along a
line (5) along which the substrate (1) is intended to be cut by converging the
pulsed laser light (L) at positions closer to a laser light incident surface (3) of
the substrate (1) than a center position in a thickness of the substrate (1) ;

wherein the modified spot (90) is a crack spot and the modified
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region (9) is a crack region when the substrate (1) is a glass substrate or
piezoelectric material substrate, or the modified spot (90) is a molten
processed spot and the modified region ( 9) is a molten processed region
when the substrate ( 1) is a semiconductor material substrate, or the
modified spot (90) is a refractive index change spot and the modified
region (9) is a refractive index change region caused by a permanent
structural change such as ionic valence change, crystallization or
polarization orientation when the substrate (1) is a glass substrate and
the laser light (L) pulse width is I ns or less,
causing a crack which is naturally grown from the modified region (9)
on the laser light incident surface (3) of the substrate (1) along the line (5) along
which the substrate (1) is intended to be cut; and
after the causing, applying a force to the substrate ( 1) to make the
crack further grow to cut the substrate (1).

5. A method of cutting a semiconductor material substrate, a piezoelectric
material substrate or a glass substrate(l), comprising steps of:
irradiating a substrate (1) with a pulsed laser light(L),
characterized in that the pulsed laser light (L) has a
pulse width no larger than | us at a converging point (P) within the substrate
(1), so that the converging point (P) of the pulsed laser light (L) is positioned
within the substrate (1) and a peak power of the laser light (L) at the converging
point (P) is not smaller than 1 X 10® (W/em?) to form a plurality of modified
spots (90) within the substrate (1) to form a modified region (9) functioning as a
starting point for cutting the substrate (1), the modified spots (90) being formed
along a line (5) along which the substrate (1) is intended to be cut by
converging the pulsed laser light (L) at positions farther from a laser light
incident surface (3) of the substrate (1) than a center position in a thickness of
the substrate (1);
wherein the modified spot ( 90) is a crack spot and the modified
region (9) is a crack region when the substrate (1) is a glass substrate or
piezoelectric material substrate, or the modified spot (90) is a molten
processed spot and the modified region (9) is a molten processed region
when the substrate ( 1) is a semiconductor material substrate, or the
modified spot (90) is a refractive index change spot and the modified
region (9) is a refractive index change region caused by a permanent
structural change such as ionic valence change, crystallization or
polarization orientation when the substrate (1) is a glass substrate and
the laser light (L) pulse width is I ns or less,
causing a crack which is naturally grown from the modified region (9)
on a surface of the substrate (1) which is opposite to the laser light incident
surface (3) of the substrate (1) through the substrate (1) along the line (5) along
which the substrate (1) is intended to be cut; and
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after the causing, applying a force to the substrate ( 1) to make the crack
further grow to cut the substrate (1).

6. The method according to any one of Claims 4-5, wherein a plurality of
modified regions (9) are formed along first lines along which the substrate (1) is
intended to be cut, a plurality of regions (9) are formed along second lines along
which the substrate (1) is intended to be cut crossing the first lines, and after
formation of the modified regions (9) has been performed, the substrate (1) is
cut into chip shapes.

7. The method according to anyone of Claims 4-6, wherein after the modified
regions (9) have been formed, force is applied to the substrate (1) so that the
substrate (1) is cut into chip shapes.

8. A method of processing an object (31) made from light transmitting
material whose surface is lying in a X, Y plane, and is formed with a plurality of
circuit sections (39), the
method being characterized by the following steps of:
irradiating the object (31) with laser light (L) with a light converging
point (P) within the object (31) to form a first modified region (9) only within
the object (31) only below a laser incidence surface of the object (31),
wherein, the first modified region is separated from the laser
incidence surface of the object (31) by a predetermined distance,
and further wherein the first modified region is formed by
movement of the light converging point along each of first lines along
which the object (31) is intended to be cut in the X axis, ,
the first lines extending in a first direction so as to pass through the
spaces between circuit sections (39) ;
irradiating the object (31) with laser light (L) with a light converging
point (P) within the object (31) to form a second modified region (9) only
within the object (31) below the laser incidence surface of the object (31),
wherein, the second modified region is separated from the laser
incidence surface of the object (31}by a predetermined distance,
and further wherein the second modified region (3) is formed by
movement of light converging point along each of second lines along
which the wafer like object (31) is intended to be cut in the Y axis, the
second lines extending in a second direction which crosses the first
direction and passes through the spaces between the circuit sections
(39); and
dividing the object (31) along the first and second lines using the first
and second modified regions (3) as starting points for cutting the object (31)
into a plurality of chips by applying stress to the object (31) through a sheet (33)
having elastic characteristics attached to a back surface of the object (31) .

200



9. The method according to Claim 8, wherein the laser light (L) is a pulsed laser
light, wherein a peak power of the pulsed laser light at each light-conversing
point (P) is not smaller than 1 x 10° W/cm” and a pulse width of the pulsed laser
light is not larger than 1 us.

10. The method according to Claim 8, wherein the laser light (L) is a pulsed
laser light, wherein a peak power of the pulsed laser light at each light-
conversing point (P) is not smaller than 1 x 10° W/ecm®, and a pulse width of the
pulsed laser light is not larger than 1 us.

11. The method according to Claims 8 or 9, wherein the modified region (3) is a
crack region.

12. The method according to Claim 8 or 9, wherein the modified region (3) is a
molten processed region.

13. The method according to Claim 8 or 10, wherein the modified region (3) is a
refractive index changing region.

14. A method of cutting a semiconductor material substrate, a piezoelectric
material substrate or a glass substrate (1), comprising steps of:

irradiating the substrate (1) with a laser light (L),

characterized in that the laser light (L) has a pulsed laser light having a
pulse width not larger than 1 us at a converging point (P) within the substrate
(1), so that the converging point (P) of the pulsed laser light is positioned within
the substrate (1) and a peak power of the laser light (L) at the converging point
(P) is not smaller than 1X108 (W/cm2); and

further characterized by the following steps:

moving the converging point (P) of the pulsed laser light with respect to
the substrate (1) relatively along a line (5) along which the substrate (1) is
intended to be cut sequentially to form, at respective converging points (P) of
the pulsed laser light, a plurality of modified spots (90),

wherein at least one the magnitude of speed of the moving

converging point (P) of the pulsed laser light (L) with respect to the

substrate (1) and the magnitude of repetition frequency of the pulsed

laser light (L) is controlled such that each modified spot overlaps both of

the adjacent modified spots formed along the line (5) along which the

substrate (1) is intended to be cut, so as to make a continuous modified

region (9) functioning as a starting point for cutting the substrate (1) by

the plurality of the modified spots (90) only within the substrate (1)

without melting a pulsed laser light incident surface (3) of the substrate

(1) along the line (5) along which the substrate (1) is intended to be cut;
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further wherein the modified spot (90) is a crack spot and the
modified region (9) is a crack region when the substrate (1) is a glass
substrate or piezoelectric material substrate, or the modified spot (90) is
a molten processed spot and the modified region (9) is molten processed
region when the substrate (1) is a semiconductor material substrate, or
the modified spot (90) is a refractive index change spot and the modified
region (9) is a refractive index change region caused by a permanent
structural change such as ionic valence change, crystallization or
polarization orientation when the substrate (1) is a glass substrate and
the laser light (L) pulse width is 1 ns or less,

further wherein the starting point formed in the substrate (1) is
formed only by the laser irradiation converging within the substrate (1),
and a crack is generated from the modified region ( 9) functioning as the
starting point for cutting and grown from the starting point and the crack
reaches to a front and back surface of the substrate (1) so that the
substrate (1) is cut to be cut, and;
cutting the substrate (1) along the line (5) along which the substrate(l)is

intended to be cut.

15. The method of cutting a substrate (1) according to Claim 14, wherein the
modified spots (90) are formed along the line (5) along which the substrate (1)
1s intended to be cut within the substrate (1) by making pitch between the
adjacent modified spots (90) measured along the line (5) along which the
substrate (1) is intended to be cut in a cross section substantially perpendicular
to a thickness direction of the substrate (1) shorter than a size of the modified
spot (90) measured along the line (5) along which the substrate (1) is intended
to be cut.

16. The method according to any one of Claims 14-15, wherein a plurality of
modified regions (9) are formed along first lines along which the substrate (1) is
intended to be cut, a plurality of regions (9) are formed along second lines along
which the substrate (1) is intended to be cut crossing the first lines, and after
formation of the modified regions (9) has been performed, the substrate (1) is
cut into chip shapes.

17. The method according to anyone of Claims 14-16, wherein after the

modified regions (9) have been formed, force is applied to the substrate (1) so
that the substrate (1) is cut into chips.
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