LASER PROCESSI NG APPARATUS AND METHOD OF ADJUSTI NG PHASE

PATTERN

BACKGROUND OF THE | NVENTI ON

Field of the Invention

The present invention relates to a laser pr

apparatus and a method of adjusting a phase pattern

Description of the Related Art

There is known in the art a laser processin
for applying a laser beam to a plate-shaped workpie
such as a semiconductor wafer along projected dicin
lines thereon to form modified layers in the workpi
that act as division initiating points in order to
the workpiece into individual device chips (see, fo
example, Japanese Patent No. 3408805).

The above laser processing method is carrie
a laser processing apparatus having an optical syst
including various optical components. The various
components that range from a laser oscillator to a
condensing lens tend to produce various optical
distortions in the optical path from the laser osci
to the condensing lens. Those optical distortions
likely to cause different laser processing apparatu

develop different processed results.
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One technology proposed to obviate the abov
shortcoming attempts to hold a concave mirror on a
table and capture an image of light reflected by th
concave mirror to grasp the shape of a spot where a
workpiece on the chuck table is processed (see, for
example, JP 2016-41437A). However, the technology
disclosed in JP 2016-41437A is problematic in that
it allows the shape of the spot to be grasped, sinc
fails to indicate where optical distortions are pro
among the optical components including the laser
oscillator, a process for identifying a site or sit
optical distortions is required and hence the propo
technology is time-consuming. According to another
proposed technology, a wavefront distortion is
compensated for using a wavefront sensor and a spat

light modulator (see, for example, JP 2014-236795A)

SUMVARY OF THE | NVENTI ON
However, as the technology disclosed in JP
236795A measures a processing spot without a conden
lens, the measured processing spot may possibly be
different from an actual processing spot, and hence
differences between laser beams applied to workpiec

different laser processing apparatuses may not comp
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be compensated for.

It is therefore an object of the present in
to provide a laser processing apparatus and a metho
adjusting a phase pattern which are capable of obta
desired processed results by restraining the differ
between laser beams applied to workpieces on differ
laser processing apparatuses.

In accordance with an aspect of the present
invention, there is provided a laser processing app
including a chuck table for holding a workpiece the
a laser beam applying unit for applying a laser bea
the workpiece held on the chuck table, and a contro
unit. The laser beam applying unit includes a lase
oscillator for oscillating a laser, a condensing le
converging the laser beam emitted from the laser
oscillator, a concave mirror positioned to have a f
point at a focused spot of the condensing lens and
a spherical reflecting surface for reflecting the |
beam, a beam splitter for transmitting therethrough
laser beam emitted from the laser oscillator toward
condensing lens and branching off a reflected beam
laser beam converged by the condensing lens and ref
by the reflecting surface of the concave mirror, an

wavefront measuring unit for receiving the reflecte
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reflected by the reflecting surface of the concave
and branched off by the beam splitter and acquiring
wavefront data representing a spatial phase distrib
of the laser beam. The control unit changes a phas
pattern to be displayed on a display portion of a s
light modulator disposed between the laser oscillat
the condensing lens on a basis of the wavefront dat
measured by the wavefront measuring unit.
Preferably, the concave mirror is disposed
peripheral edge portion of the chuck table.
Preferably, the control unit includes a cal
section for approximating, by a Zernike polynomial,
wavefront data measured by the wavefront measuring
and representing the spatial phase distribution of
laser beam and for calculating Zernike coefficients
thereof, a phase pattern generating section for
generating a phase pattern having predetermined Zer
coefficients and displaying the generated phase pat
on the display portion of the spatial light modulat
and a storage section for storing in advance a
correlation between Zernike coefficients input to t
phase pattern and Zernike coefficients of the laser
measured by the wavefront measuring unit when the p

pattern to which the Zernike coefficients are input
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displayed on the display portion of the spatial lig
modulator. The phase pattern generating section
calculates back Zernike coefficients input to the p
pattern to be displayed on the display portion so t
the Zernike coefficients of the laser beam measured
the wavefront measuring unit are desired values, on
basis of a table of the correlation stored in the s
section.

Preferably, the control unit includes a cal

section for approximating, by a Zernike polynomial,

wavefront data measured by the wavefront measuring

and representing the spatial phase distribution of
laser beam and for calculating Zernike coefficients

thereof, a phase pattern generating section for

generating a phase pattern having predetermined Zer

coefficients and displaying the generated phase pat
on the display portion of the spatial light modulat
changing section for changing an arbitrary one of t
Zernike coefficients of the wavefront data measured
the wavefront measuring unit, and a determining sec
for determining whether or not the wavefront data
measured by the wavefront measuring unit are close
to ideal wavefront data. The laser oscillator cont

to emit the laser beam, and the changing section ch
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an arbitrary one of the Zernike coefficients and th
phase pattern generating section displays a phase p
including the changed Zernike coefficient on the di
portion of the spatial light modulator, alternately
repeatedly until the determining section determines
the wavefront data measured by the wavefront measur
unit are close enough to the ideal wavefront data.

In accordance with another aspect of the pr
invention, there is provided a method of adjusting
phase pattern to be displayed on a display portion
laser processing apparatus including a laser beam
applying unit for applying a laser beam to a workpi
held on a chuck table. The laser beam applying uni
includes a laser oscillator for oscillating a laser
condensing lens for converging the laser beam emitt
from the laser oscillator, a concave mirror positio
have a focal point at a focused spot of the condens
lens and having a spherical reflecting surface for
reflecting the laser beam, a beam splitter for
transmitting therethrough the laser beam emitted fr
laser oscillator toward the condensing lens and bra
off a reflected beam of the laser beam converged by
condensing lens and reflected by the reflecting sur

of the concave mirror, a wavefront measuring unit f
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receiving the reflected beam reflected by the refle cting
surface of the concave mirror and branched off by t he
beam splitter and acquiring wavefront data represen ting a
spatial phase distribution of the laser beam, and a

spatial light modulator disposed between the laser

oscillator and the condensing lens and having a dis play
portion for adjusting optical characteristics of th e
laser beam emitted from the laser oscillator. The method

of adjusting a phase pattern includes a Zernike

coefficient input step of displaying a phase patter n
having predetermined Zernike coefficients on the di splay
portion of the spatial light modulator, a laser bea m
applying step of emitting the laser beam from the | aser
oscillator and acquiring wavefront data thereof by the

wavefront measuring unit, and a Zernike coefficient
adjusting step of changing an arbitrary one of the
Zernike coefficients of the wavefront data measured by

the wavefront measuring unit and displaying a phase

pattern including the changed Zernike coefficient o n the
display portion of the spatial light modulator. Th e
Zernike coefficient adjusting step is repeated unti | the
wavefront data measured by the wavefront measuring unit

are close enough to ideal wavefront data.

Preferably, the method further includes a Z ernike



coefficient back-calculating step of calculating ba
Zernike coefficients input to the phase pattern to
displayed on the display portion so that the Zernik
coefficients of the laser beam measured by the wave
measuring unit are desired values, on a basis of a

of a correlation between Zernike coefficients input
the phase pattern and Zernike coefficients of the |
beam measured by the wavefront measuring unit when
phase pattern to which the Zernike coefficients are

is displayed on the display portion of the spatial
modulator.

The present invention is advantageous in th
capable of obtaining desired processed results by
restraining the differences between laser beams app
to workpieces on different laser processing apparat

The above and other objects, features and
advantages of the present invention and the manner
realizing them will become more apparent, and the
invention itself will best be understood from a stu
the following description and appended claims with
reference to the attached drawings showing some pre

embodiments of the invention.
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FIG. 1 is a perspective view, partly in blo
illustrating a configurational example of a laser
processing apparatus according to a first embodimen
the present invention;

FIG. 2 is a schematic view, partly in block
illustrating a configuration of a laser beam applyi
unit of the laser processing apparatus illustrated
FIG. 1;

FIG. 3 is a diagram illustrating an example
Zernike coefficients of a reflected beam from a las
beam measured by a wavefront measuring unit, which
calculated by a calculating section of the laser
processing apparatus illustrated in FIG. 1;

FIG. 4 is a diagram illustrating an example
correlation stored in a storage unit of the laser
processing apparatus illustrated in FIG. 1;

FIG. 5 is a flowchart of a sequence of a me
adjusting a phase pattern that is carried out by th
laser processing apparatus illustrated in FIG. 1;

FIG. 6 is a diagram illustrating an example
beam profile of a reflected beam of a laser beam at
time a phase pattern having Zernike coefficients of
predetermined values is displayed on a display port

the wavefront measuring unit of the laser processin
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apparatus illustrated in FIG. 1,

FIG. 7 is a diagram illustrating an example
values of the Zernike coefficients as wavefront dat
the reflected beam of the laser beam illustrated in
6;

FIG. 8 is a diagram illustrating an example
values of the Zernike coefficients as wavefront dat
the reflected beam of the laser beam, which are cha
from the values illustrated in FIG. 7 by a phase pa
generating section of the laser processing apparatu
illustrated in FIG. 1;

FIG. 9 is a diagram illustrating an example
beam profile of a reflected beam from a laser beam
time a phase pattern having Zernike coefficients of
values illustrated in FIG. 8 is displayed on the di
portion;

FIG. 10 is a perspective view, partly in bl

form, illustrating a configurational example of a |

processing apparatus according to a second embodime

the present invention;

FIG. 11 is a flowchart of a sequence of a m
adjusting a phase pattern according to the second
embodiment; and

FIG. 12 is a perspective view, partly in bl
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form, illustrating a configurational example of a |
processing apparatus according to a modification of

first embodiment.

aser

the

DETAI LED DESCRI PTI ON OF THE PREFERRED ENMBODI MENTS

Preferred embodiments of the present invent
hereinafter be described in detail with reference t
drawings. The present invention is not limited to
details of the embodiments described below. The
components described below cover those which could
be envisaged by those skilled in the art and those
are essentially identical to those described above.
Further, the arrangements described below can be us
appropriate combinations. Various omissions,
replacements, or changes of the arrangements may be
without departing from the scope of the present
invention.

[First embodiment]

A laser processing apparatus according to a
embodiment of the present invention will be describ
below with reference to FIGS. 1 through 9. FIG. 1
illustrates in perspective, partly in block form, a
configurational example of a laser processing appar

according to a first embodiment of the present inve
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As illustrated in FIG. 1, the laser processing appa ratus
1 according to the first embodiment is an apparatus for
processing a workpiece 200 with a pulsed laser beam 21
that is applied to the workpiece 200.

The workpiece 200, which is an object to be

processed by the laser processing apparatus 1 illus trated
in FIG. 1, is a wafer such as a semiconductor wafer or an
optical device wafer that is shaped as a circular p late
and has a substrate 201 of silicon, sapphire, galli um
arsenide, or the like. As illustrated in FIG. 1, t he
workpiece 200 has a grid of projected dicing lines 203
established on a face side 202 of the substrate 201 and a

plurality of devices 204 formed in respective areas
demarcated on the face side 202 by the projected di cing

lines 203. The devices 204 may be circuits such as

integrated circuits (ICs) or large-scale integratio n
(LSI) circuits, or image sensors such as charge cou pled
devices (CCDs) or complementary metal oxide semicon ductor

(CMOS) image sensors.

According to the first embodiment, the work piece
200 is disposed in an opening of an annular frame 2 06 and
supported on an adhesive tape 207 that is of a circ ular
shape larger in diameter than the workpiece 200 and that
has an outer circumferential edge portion affixed t o the

12



annular frame 206. The adhesive tape 207 is affixe
reverse side 205, which is opposite the face side 2
the substrate 201. According to the first embodime
workpiece 200 will be divided along the projected d
lines 203 into individual device chips including th
respective devices 204.
[Laser processing apparatus]

As illustrated in FIG. 1, the laser process
apparatus 1 has a chuck table 10 for holding the

workpiece 200 on a holding surface 11 thereof, a la

beam applying unit 20, a moving assembly 30, an ima

capturing unit 40, and a control unit 100.

The chuck table 10 holds the workpiece 200
holding surface 11 thereof. The chuck table 10 is
disk shape including a disk-shaped suction portion

having a flat upper surface as the holding surface

holding the workpiece 200 thereon and made of porou

ceramic or the like having a number of pores, and a
body 13 having an upper central recess defined ther
with the suction portion 12 fixedly fitted therein.
frame body 13 has an upper surface lying flush with
holding surface 11. According to the first embodim
the frame body 13 acts as a peripheral edge portion

the chuck table 10. The suction portion 12 is conn
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to a vacuum suction source, not illustrated, throug
vacuum suction channel, not illustrated. When the
suction source is actuated, the vacuum suction sour
generates a negative pressure acting on the holding
surface 11, causing the chuck table 10 to hold the
workpiece 200 under suction that is placed on the h
surface 11. According to the first embodiment, the
holding surface 11 is a flat surface lying parallel
horizontal directions. A plurality of clamps 14 ar
disposed around the chuck table 10 for gripping the
annular frame 206 with the workpiece 200 supported
opening.

The chuck table 10 is rotatable about a cen
axis parallel to Z-axis directions by a rotating un
of the moving assembly 30. The Z-axis directions a
perpendicular to the holding surface 11 and paralle
vertical directions. The chuck table 10 and the ro
unit 34 are movable in X-axis directions parallel t
horizontal directions by an X-axis moving unit 31 o
moving assembly 30 and also movable in Y-axis direc
parallel to horizontal directions and perpendicular
the X-axis directions by a Y-axis moving unit 32 of
moving assembly 30.

The laser beam applying unit 20 applies the
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laser beam 21 having a wavelength transmittable thr
the workpiece 200 to the workpiece 200 held on the
table 10 to form modified layers acting as rupture
initiating points within the workpiece 200. The mo
layers refer to regions whose density, refractive i
mechanical strength, and other physical properties
different from those of surrounding regions. For e
the modified layers include melted regions, cracked
regions, dielectric-breakdown regions, altered-
refractive-index regions, or regions where those re
coexist. According to the first embodiment, the mo
layers are lower in mechanical strength than the ot
regions in the substrate 201.

According to the first embodiment, the lase
applying unit 20 applies the pulsed laser beam 21 w
wavelength is transmittable through the workpiece 2
the workpiece 200. According to the present invent
however, the laser beam applying unit 200 may apply
pulsed laser beam 21 having a wavelength absorbable
the workpiece 200 to the workpiece 200 to ablate th
workpiece 200. According to the first embodiment,
illustrated in FIG. 1, the laser beam applying unit
includes some components supported on a vertically

movable member 4 that is movable in the Z-axis dire
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by a Z-axis moving unit 33 of the moving assembly 3
is mounted on an upstanding wall 3 erected from an
apparatus body 2 of the laser processing apparatus
Structural and operational details of the laser bea
applying unit 20 will be described later.

The moving assembly 30 moves the chuck tabl
the laser beam applying unit 20 relatively to each
in the X-axis directions, the Y-axis directions, an
Z-axis directions. The X-axis directions and the Y
directions extend parallel to the holding surface 1
moving assembly 30 includes the X-axis moving unit
processing feed means for moving the chuck table 10
the X-axis directions, the Y-axis moving unit 32 as
indexing feed means for moving the chuck table 10 i
Y-axis directions, the Z-axis moving unit 33 for mo
the laser beam applying unit 20 in the Z-axis direc
and the rotating unit 34 for rotating the chuck tab
about the central axis parallel to the Z-axis direc

According to the first embodiment, the Y-ax
moving unit 32 is mounted on the apparatus body 2 o
laser processing apparatus 1. The X-axis moving un
is supported on a movable plate 15 that is movably
mounted on the Y-axis moving unit 32 for movement i

Y-axis directions. The rotating unit 34 that rotat
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chuck table 10 about the central axis parallel to t
axis directions is supported on a second movable pl
that is movably mounted on the X-axis moving unit 3
movement in the X-axis directions. The Z-axis movi
33 is mounted on the upstanding wall 3 and supports
thereon the vertically movable member 4 for movemen
the Z-axis directions.

The X-axis moving unit 31, the Y-axis movin
32, and the Z-axis moving unit 33 include respectiv
known ball screws rotatable about their central axe
respective known stepping motors for rotating the b
screws about their central axes, and respective pai
known guide rails on which the movable plates 15 an
are movably supported for movement in the X-axis
directions and the Y-axis directions and the vertic
movable member 4 are movably supported for movement
the Z-axis directions.

The laser processing apparatus 1 further in
an X-axis position detecting unit, not illustrated,
detecting the position of the chuck table 10 in the
axis directions, a Y-axis position detecting unit,
illustrated, for detecting the position of the chuc
table 10 in the Y-axis directions, and a Z-axis pos

detecting unit, not illustrated, for detecting the
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position of the laser beam applying unit 20 in the
directions. Each of the position detecting units o
its detected result to the control unit 100.

The image capturing unit 40 captures an ima
the workpiece 200 held on the chuck table 10. The
capturing unit 40 includes an image capturing devic
as a CCD image capturing device or a CMOS image cap
device. According to the first embodiment, the ima
capturing unit 40 is mounted on a distal end of a ¢
of the laser beam applying unit 20 at a position
alongside of a condensing lens 23, illustrated in F
of the laser beam applying unit 20 in the X-axis
directions. The image capturing unit 40 captures a
of the workpiece 200 for use in an alignment proces
positioning the workpiece 200 and the laser beam ap
unit 20 in alignment with each other, and outputs t
captured images to the control unit 100.

The control unit 100 controls the above com
of the laser processing apparatus 1 to cause the la
processing apparatus 1 to process the workpiece 200
control unit 100 is a computer having an arithmetic
processing apparatus having a microprocessor such a
central processing unit (CPU), a storage apparatus

a memory such as a read only memory (ROM) or a rand
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access memory (RAM), and an input/output interface
apparatus. The arithmetic processing apparatus of
control unit 100 performs arithmetic processing
operations according to computer programs stored in
storage apparatus and outputs control signals for
controlling the laser processing apparatus 1 throug
input/output interface apparatus to the components,
referred to above, of the laser processing apparatu
thereby performing the functions of the control uni

The laser processing apparatus 1 further in
display unit 110 constructed as a liquid crystal di
apparatus for displaying states and images of proce
operations, and an input unit, not illustrated, to
used for an operator to register processing content
information, etc. The display unit 110 and the inp
are electrically connected to the control unit 100.
input unit includes at least one of a touch pane
incorporated in the display unit 110 and an externa
input apparatus such as a keyboard.

The laser beam applying unit 20 will be des
below. FIG. 2 schematically illustrates, partly in
form, the configuration of the laser beam applying
20 of the laser processing apparatus 1 illustrated

FIG. 1. As illustrated in FIG. 2, the laser beam a
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unit 20 includes a laser oscillator 22 for oscillat
laser for processing the workpiece 200, a condensin
23 for converging a laser beam 21 emitted from the
oscillator 22 onto the workpiece 200 held on the ho
surface 11 of the chuck table 10, a spatial light

modulator 24, a concave mirror 25, a beam splitter

branching means, attenuating means 27, a wavefront

measuring unit 28, and a plurality of optical parts

The condensing lens 23 is disposed in a pos
facing the holding surface 11 of the chuck table 10
the Z-axis directions. The condensing lens 23 tran
the laser beam 21 emitted from the laser oscillator
therethrough and focuses the laser beam 21 onto a f
spot 211 thereof.

The spatial light modulator 24 is a liquid
on silicon-spatial light modulator (LCOS-SLM) dispo
an optical path of the laser beam 21 between the la
oscillator 22 and the condensing lens 23. The spat
light modulator 24 adjusts optical characteristics
laser beam 21 emitted from the laser oscillator 22
outputs the laser beam 21 with the adjusted optical
characteristics. According to the first embodiment
spatial light modulator 24 is a modulator for refle

the laser beam 21 emitted from the laser oscillator
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According to the first embodiment, the optical
characteristics of the laser beam 21 that are adjus
the spatial light modulator 24 are at least one of
plane of polarization, amplitude, intensity, and
direction of propagation of the laser beam 21.
According to the first embodiment, the spat
light modulator 24 includes a display portion 241 t
irradiated with the laser beam 21 emitted from the
oscillator 22 and adjusts the optical characteristi
the laser beam 21 when the spatial light modulator
reflects the laser beam 21. The spatial light modu
24 emits the laser beam 21 with the optical
characteristics adjusted by the display portion 241
through the beam splitter 26, etc., toward the cond
lens 23. According to the first embodiment, the di
portion 241 of the spatial light modulator 24 displ
phase pattern for adjusting the optical characteris
of the laser beam 21, and reflects the laser beam 2
adjust the optical characteristics of the laser bea
The phase pattern is controlled by the control unit
The spatial light modulator 24 adjusts the optical
characteristics of the laser beam 21 to be emitted
therefrom when the phase pattern displayed on the d

portion 214 is controlled by the control unit 100.
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The concave mirror 25 is disposed in a posi
capable of facing the condensing lens 23 in the Z-a
directions. The concave mirror 25 has a reflecting
surface 252 which, when the concave mirror 25 faces
condensing lens 23 in the Z-axis directions, has it
focal point 251 positioned at the focused spot 211
condensing lens 23. According to the first embodim
the concave mirror 25 is disposed in the frame body
the chuck table 10 in a position where the reflecti
surface 252 can face the condensing lens 23 in the
directions. According to the first embodiment, the
point 251 of the reflecting surface 252 is position
the focused spot 211 of the condensing lens 23 when
position of the condensing lens 23 in the Z-axis
directions is adjusted by the Z-axis moving unit 33
position the focused spot 211 of the condensing len
at the focal point 251. The reflecting surface 252
spherical surface that reflects the laser beam 21 f
the condensing lens 23 back to the condensing lens
that the reflecting surface 252 faces.

The beam splitter 26 passes therethrough th
beam 21 emitted from the laser oscillator 22 and ha
optical characteristics adjusted by the spatial lig

modulator 24 to the condensing lens 23. The beam s
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26 also reflects a reflected beam 212 of the laser

21 that has been converged by the condensing lens 2
reflected by the reflecting surface 252 of the conc
mirror 25, and transmitted through the condensing |
toward the attenuating means 27, thereby branching
reflected beam 212 off from the laser beam 21.

The attenuating means 27 attenuates the int
of the reflected beam 212 reflected by the beam spl
26. According to the first embodiment, the attenua
means 27 reflects the reflected beam 212 whose inte
has been attenuated toward the wavefront measuring
28. The attenuating means 27 may be constructed as
wedged substrate, for example.

The wavefront measuring unit 28 receives th
reflected beam 212 that has been reflected by the
reflecting surface 252 of the concave mirror 25, br
off from the laser beam 21 by the beam splitter 26,
attenuated in intensity by the attenuating means 27
measures and acquires wavefront information 500 (se
2, hereinafter referred to as “wavefront data 500”)
representing a spatial phase distribution of the la
beam 21. The wavefront measuring unit 28 is what i
called a wavefront sensor for measuring, as the wav

data 500, a wavefront configuration or an intensity
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distribution of the reflected beam 212 of the laser beam

21, particularly aberrations of the wavefront of th e
reflected beam 212 of the laser beam 21. The wavef ront
measuring unit 28 outputs the measured wavefront da ta 500
of the reflected beam 212 of the laser beam 21 to t he

control unit 100.

The optical parts 29 act to propagate the | aser
beam 21 emitted from the laser oscillator 22 to a
processing point where the workpiece 200 is process ed or

the concave mirror 25, and also to propagate the

reflected beam 212 of the laser beam 21 reflected b y the
reflecting surface 252 of the concave mirror 25 to the
wavefront measuring unit 28. According to the firs t
embodiment, the optical parts 29 include a beam exp ander
29-1, a reflecting mirror 29-2, and a wave plate 29 -3

that are disposed in an optical path of the laser b eam 21
between the laser oscillator 22 and the spatial lig ht
modulator 24. According to the first embodiment, t he beam
expander 29-1, the reflecting mirror 29-2, and the wave
plate 29-3 are successively disposed in the order n amed
from the laser oscillator 22 toward the spatial lig ht
modulator 24. The optical parts 29 also include a relay
optical system 29-4 disposed in an optical path of the
laser beam 21 between the spatial light modulator 2 4 and

24



the beam splitter 26 and a reflecting mirror 29-5
disposed in an optical path of the laser beam 21 be
the beam splitter 26 and the condensing lens 23.

As illustrated in FIG. 1, the control unit
the laser processing apparatus 1 according to the f
embodiment includes a calculating section 101, a ph
pattern generating section 102, and a storage secti
103. These components of the control unit 100 will
described below. FIG. 3 illustrates an example of

coefficients of the reflected beam 212 of the laser

21 measured by the wavefront measuring unit 28, whi

calculated by the calculating section 101 of the la
processing apparatus 1 illustrated in FIG. 1. FIG.
illustrates an example of a correlation stored in t
storage section 103 of the laser processing apparat
illustrated in FIG. 1.

The calculating section 101 approximates, b

Zernike polynomial, the wavefront data 500 of the

reflected beam 212 of the laser beam 21 measured by

wavefront measuring unit 28 and calculates Zernike
coefficients thereof. The Zernike polynomial refer
orthogonal polynomial defined on a unit circle. Th
Zernike coefficients are values calculated accordin

the Zernike polynomial that approximates the wavefr
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data 500 of the reflected beam 212 of the laser bea
and are in a one-to-one correspondence to the aberr
of the optical system of the laser beam applying un
The calculating section 101 approximates, by a Zern
polynomial, the wavefront data 500 of the reflected
212 of the laser beam 21 measured by the wavefront
measuring unit 28 and calculates Zernike coefficien
illustrated in FIG. 3 according to the Zernike poly
that has approximated the wavefront data 500, there
expressing the Zernike coefficients as numerical va
The horizontal axis of FIG. 3 represents the Zernik
coefficients and the vertical axis thereof represen
values of the Zernike coefficients. In FIG. 3, the
Zernike coefficients “Astig 0_deg” and “Astig 45_de
correspond to astigmatism, the Zernike coefficients
X" and “Coma Y” to coma, and the Zernike coefficien
“Spherical Abern” to spherical aberration.

The storage section 103 stores in advance a
correlation 300 illustrated in FIG. 4. The correla
300 illustrated in FIG. 4 represents a correlation
between the values of a Zernike coefficient input t
phase pattern to be displayed on the display portio
of the spatial light modulator 24 and the values of

Zernike coefficient calculated by the calculating s
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101 from the wavefront data 500 of the reflected be

of the laser beam 21 measured by the wavefront meas

unit 28 when the phase pattern to which the Zernike
coefficients are input is displayed on the display
portion 241 of the spatial light modulator 24. The
horizontal axis of FIG. 4 represents the values of
Zernike coefficient input to the phase pattern to b
displayed on the display portion 241 of the spatial
modulator 24, and the vertical axis of FIG. 4 repre
the values of the Zernike coefficient calculated by

calculating section 101 from the wavefront data 500

the reflected beam 212 of the laser beam 21 measure

the wavefront measuring unit 28 when the phase patt

which the Zernike coefficients are input is display
the display portion 241 of the spatial light modula
24,

The storage section 103 stores correlations
one of which is illustrated in FIG. 4, with respect
the respective Zernike coefficients, i.e., the resp
aberrations. In other words, the storage section 1
stores as many correlations 300, one of which is
illustrated in FIG. 4 by way of example, as the num
the Zernike coefficients calculated according to th

Zernike polynomial, i.e., the number of the aberrat
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of the optical system. The correlation 300 illustr
FIG. 4 corresponds to astigmatism 0°. The correlat
is determined and stored in the storage section 103
advance as follows: The display portion 241 of the
spatial light modulator 24 displays a phase pattern
which predetermined values are input as respective
Zernike coefficients, and the laser oscillator 22 e
the laser beam 21. The calculating section 101 cal
the values of Zernike coefficients from the wavefro
data 500 of the reflected beam 212 of the laser bea
measured by the wavefront measuring unit 28. The v
of the Zernike coefficients of the phase pattern
displayed on the display portion 241, represented b
horizontal axis of FIG. 4, and the values of the Ze
coefficients calculated by the calculating section
from the wavefront data 500 acquired by the wavefro
measuring unit 28, represented by the vertical axis
FIG. 4, are determined and correlated to each other
stored in the storage section 103. According to th
embodiment, the storage section 103 stores the
correlations 300 with respect to the respective Zer
coefficients, i.e., the respective aberrations. Ho

in a case where not all the aberrations need to be

adjusted using the correlations 300, e.g., in a cas
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where only the astigmatism 0° needs to be corrected
storage section 103 may store only the correlation
corresponding to the astigmatism 0°. Stated otherw
according to the present invention, the storage sec
103 may store only the correlation 300 that corresp
to an aberration to be adjusted using the correlati
300, and may not necessarily store as many correlat
300 as the number of all the aberrations.

The phase pattern generating section 102 ge
a phase pattern having Zernike coefficients that ar
predetermined values input from the input unit and
displays the generated phase pattern on the display
portion 241 of the spatial light modulator 24.
Specifically, the phase pattern generating section
accepts the values of the Zernike coefficients inpu
the input unit, and when the phase pattern generati
section 102 accepts the values of all the Zernike
coefficients, the phase pattern generating section
generates a phase pattern having the Zernike coeffi

that are of the accepted values. Then, the phase p

generating section 102 displays the generated phase

pattern on the display portion 241.
Further, when the operator operates the inp

to change the value of either one of the Zernike
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coefficients, the phase pattern generating section
accepts the changed value of the Zernike coefficien
generates a phase pattern including the Zernike
coefficient of the changed value, and displays the
pattern on the display portion 241. The phase patt
generating section 102 also calculates back Zernike
coefficients input to a phase pattern to be display
the display portion 241 so that the Zernike coeffic
of the reflected beam 212 of the laser beam 21 meas
by the wavefront measuring unit 28 are desired valu
the basis of the table of the correlation 300 store
the storage section 103 as illustrated in FIG. 4 by
of example. Moreover, the phase pattern generating
section 102 generates a phase pattern having the Ze
coefficients thus calculated back and changes the p
pattern displayed on the display portion 241 to the
generated phase pattern.

The function of the storage section 103 is
by the storage apparatus. The functions of the
calculating section 101 and the phase pattern gener
section 102 are realized by the arithmetic processi
apparatus as the arithmetic processing apparatus pe
arithmetic processing operations according to compu

programs stored in the storage apparatus.
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When the operator registers processing cont
information in the control unit 100 and places the
workpiece 200 on the holding surface 11 of the chuc
table 10 with the adhesive tape 207 interposed
therebetween and the control unit 100 receives a
processing operation start instruction of the opera
from the input unit, the laser processing apparatus
starts to perform a processing operation based on t
registered processing content information.

In the processing operation by the laser pr
apparatus 1, the workpiece 200 is held under suctio
the holding surface 11 of the chuck table 10 with t
adhesive tape 207 interposed therebetween, and the
annular frame 206 is gripped in position by the cla
14. Next, the moving assembly 30 moves the chuck t
to a position below the image capturing unit 40, an
then, the image capturing unit 40 captures an image
the workpiece 200. The laser processing apparatus
performs an alignment process on the basis of the i
captured by the image capturing unit 40.

On the basis of the registered processing ¢
information, the moving assembly 30 moves the laser
applying unit 20 and the workpiece 200 relatively t

other along one of the projected dicing lines 203,
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which time the laser beam applying unit 20 applies
laser beam 21 to the workpiece 200 along the projec
dicing line 203, forming modified layers in the sub
201 along the projected dicing line 203, according
first embodiment. When the laser beam applying uni
has formed modified layers in the substrate 201 alo
the projected dicing lines 203, the laser beam appl
unit 20 stops applying the laser beam 21, whereupon
laser processing apparatus 1 finishes the processin
operation.

The laser processing apparatus 1 carries ou
method of adjusting a phase pattern, as described b
before starting the processing operation. The meth
adjusting a phase pattern will be described below.
illustrates a flowchart of a sequence of the method
adjusting a phase pattern that is carried out by th
laser processing apparatus 1 illustrated in FIG. 1.

6 illustrates an example of a beam profile of the
reflected beam 212 of the laser beam 21 at a time a
pattern having Zernike coefficients of predetermine
values is displayed on the display portion 241 by t
wavefront measuring unit 28 of the laser processing
apparatus 1 illustrated in FIG. 1. FIG. 7 illustra

example of the values of the Zernike coefficients a
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wavefront data of the reflected beam 212 of the las
beam 21 illustrated in FIG. 6. FIG. 8 illustrates
example of the values of the Zernike coefficients a
wavefront data of the reflected beam 212 from the |
beam 21, which are changed from the values illustra
FIG. 7 by the phase pattern generating section 102
laser processing apparatus 1 illustrated in FIG. 1.
9 illustrates an example of a beam profile of a ref
beam of a laser beam at a time a phase pattern havi
Zernike coefficients of the values illustrated in F
is displayed on the display portion 241.

The method of adjusting a phase pattern is
of adjusting a phase pattern to be displayed on the
display portion 241 of the spatial light modulator
an ideal phase pattern that makes it possible to ap
the laser beam 21 in a manner to obtain ideal proce
results at a processing spot during a processing
operation by bringing the wavefront data 500 of the
beam 21 measured by the wavefront measuring unit 28
ideal wavefront data 502 illustrated in FIG. 8. Th
wavefront data 502 refer to wavefront data acquired
the wavefront measuring unit 28 receives the laser
21 that obtains ideal processing results at a proce

spot during a processing operation. The values of
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Zernike coefficients of the ideal wavefront data 50
represent desired values of the respective Zernike
coefficients. As illustrated in FIG. 5, the method
adjusting a phase pattern includes preparing step S
Zernike coefficient inputting step ST2, laser beam
applying step ST3, Zernike coefficient adjusting st
ST4, and Zernike coefficient back-calculating step

Preparing step ST1 is a step of storing the
of the Zernike coefficients of ideal wavefront data
in the storage section 103 and placing the condensi
lens 23 of the laser beam applying unit 20 and the
reflecting surface 252 of the concave mirror 25 int
facing relation to each other. According to the fi
embodiment, in preparing step ST1, the control unit
controls the X-axis moving unit 31 and the Y-axis m
unit 32 to place the condensing lens 23 of the lase
applying unit 20 and the reflecting surface 252 of
concave mirror 25 into facing relation to each othe
the Z-axis directions, and controls the Z-axis movi
unit 33 to position the focused spot 211 of the
condensing lens 23 at the focal point 251 of the
reflecting surface 252.

In preparing step ST1, the control unit 100

responds to an operator’s action on the input unit
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store the values of the Zernike coefficients of the
wavefront data 502 in the storage section 103.

Zernike coefficient inputting step ST2 is a
inputting Zernike coefficients of predetermined val
and displaying a phase pattern having the input Zer
coefficients of the predetermined values on the dis
portion 241. In Zernike coefficient inputting step
the control unit 100 stores Zernike coefficients of
predetermined values in response to an operator’s a
on the input unit. According to the first embodime
predetermined values refer to arbitrary values. In
Zernike coefficient inputting step ST2, when the ph
pattern generating section 102 receives the values
the Zernike coefficients, the phase pattern generat
section 102 generates a phase pattern having the Ze
coefficients of the received values. In Zernike
coefficient inputting step ST2, the phase pattern
generating section 102 displays the generated phase
pattern on the display portion 241.

Laser beam applying step ST3 is a step of e
the laser beam 21 from the laser oscillator 22, app
the laser beam 21 whose optical characteristics hav
adjusted by the phase pattern having the Zernike

coefficients of the predetermined values input in Z
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coefficient inputting step ST2 to the reflecting su
252 of the concave mirror 25, and acquiring the wav
data 500 from the wavefront measuring unit 28. In
beam applying step ST3, while the phase pattern
generating section 102 is displaying the phase patt
generated in Zernike coefficient inputting step ST2
laser oscillator 22 emits the laser beam 21, and th
laser beam 21 emitted from the laser oscillator 22
applied through the spatial light modulator 24, the
splitter 26, and the condensing lens 23, etc., to t
reflecting surface 252 of the concave mirror 25. T
optical characteristics of the laser beam 21 applie
the reflecting surface 252 have been adjusted accor
to the phase pattern generated by the phase pattern
generating section 102 and displayed on the display
portion 241.

In laser beam applying step ST3, the reflec
212 of the laser beam 21 that is reflected by the
reflecting surface 252 is reflected by the beam spl
26 toward the attenuating means 27, which reflects
reflected beam 212 from the beam splitter 26 toward
wavefront measuring unit 28. In laser beam applyin
ST3, the wavefront measuring unit 28 receives the

reflected beam 212 of the laser beam 21, acquires

36

rface
efront

laser

ern

, the

beam
he
he
dto

ding

ted beam

itter
the

the

g step



wavefront data 500 of the reflected beam 212, and o
the acquired wavefront data 500 to the control unit
In laser beam applying step ST3, the calculating se
101 of the control unit 100 approximates, by a Zern
polynomial, the wavefront data 500 acquired by the
wavefront measuring unit 28, calculates the values
respective Zernike coefficients as numerical values
displays the wavefront data 500 illustrated in FIG.
the display unit 110. The laser oscillator 22
subsequently emits the laser beam 21 at a predeterm
repetitive frequency until the method of adjusting
phase pattern is finished.

Zernike coefficient adjusting step ST4 is a
changing the value of an arbitrary one of the Zerni
coefficients of the wavefront data 500 acquired by
wavefront measuring unit 28 and displaying a phase
pattern having Zernike coefficients of values inclu
the changed value on the display portion 241. In Z
coefficient adjusting step ST4, the operator confir
wavefront data 500 displayed on the display unit 11
operates the input unit to change an arbitrary one
Zernike coefficients of the wavefront data 500, and
inputs the changed value. In Zernike coefficient

adjusting step ST4, when the phase pattern generati
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section 102 of the control unit 100 receives the ch
value of the Zernike coefficient, the phase pattern
generating section 102 generates a phase pattern ha
Zernike coefficients of values including the change
value and displays the generated phase pattern on t
display portion 241.

In Zernike coefficient adjusting step ST4,
wavefront measuring unit 28 receives the reflected
212 of the laser beam 21 whose optical characterist
have been adjusted by the phase pattern having the
Zernike coefficients of values including the change
value and acquires the wavefront data 500 of the re
reflected beam 212 of the laser beam 21. In Zernik
coefficient adjusting step ST4, the calculating sec
101 calculates the values of the respective Zernike
coefficients of the wavefront data 500, and the con
unit 100 displays the values of the Zernike coeffic
of the acquired wavefront data 500 on the display u
110. Among the Zernike coefficients calculated by
calculating section 101 when the calculating sectio
approximates, by a Zernike polynomial, the wavefron
500 acquired by the wavefront measuring unit 28, th

Zernike coefficients other than the Zernike coeffic

whose value has been changed also have their values
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changed.

The operator determines whether or not the
of the respective Zernike coefficients of the wavef
data 500 displayed on the display unit 110 are clos
enough to the desired values (step ST5). If the op
determines that the values of the respective Zernik
coefficients of the wavefront data 500 displayed on
display unit 110 are not close enough to the desire
values, then it is determined that the adjustment o
values of the respective Zernike coefficients of th
wavefront data 500 has not generally been finished
ST5: No), and control goes back to Zernike coeffici
adjusting step ST4. If the values of the respectiv
Zernike coefficients are close enough to the desire
values, then the wavefront data 501 acquired by the
wavefront measuring unit 28 are close enough to the
wavefront data 502, as illustrated in FIG. 7.

If the operator determines that the values
respective Zernike coefficients of the wavefront da
displayed on the display unit 110 are close enough
desired values, then it is determined that the adju
of the values of the respective Zernike coefficient
the wavefront data 500 has generally been finished

ST5: Yes), and control goes to Zernike coefficient

39

values
ront
e
erator
e

the

f the

(step

ent

ideal

of the
ta 500
to the
stment
s of
(step

back-



calculating step ST6.

In Zernike coefficient adjusting step ST4,
described above, when the value of an arbitrary one
the Zernike coefficients is adjusted to a desired v
those Zernike coefficients other than the Zernike
coefficient whose value has been changed among the
Zernike coefficients calculated by the calculating
section 101 when the calculating section 101
approximates, by a Zernike polynomial, the wavefron
500 acquired by the wavefront measuring unit 28, al
have their values changed. In the method of adjust
phase pattern according to the first embodiment, Ze
coefficient adjusting step ST4 is repeated to repea
adjust arbitrary Zernike coefficients one by one an
acquire the wavefront data 500 of the reflected bea
of the laser beam 21 by the wavefront measuring uni
until the values of the respective Zernike coeffici
of the laser beam 21 acquired by the wavefront meas
unit 28 become close enough to the values of the
respective Zernike coefficients of the ideal wavefr
data 502 stored in the storage section 103. The me
adjusting a phase pattern according to the first
embodiment thus repeats Zernike coefficient adjusti

step ST4 until the wavefront data 500 acquired by t
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wavefront measuring unit 28 become close enough to the
ideal wavefront data 502. A beam profile 401 illus trated
in FIG. 6 is secondarily acquired when the wavefron t
measuring unit 28 acquires the wavefront data 500
illustrated in FIG. 7.

Zernike coefficient back-calculating step S T6is a

step in which the control unit 100 calculates back

Zernike coefficients input to a phase pattern so th at the
values of Zernike coefficients of the reflected bea m 212
measured by the wavefront measuring unit 28 will be the

values of the Zernike coefficients of the ideal wav efront
data 502, i.e., desired values, on the basis of the table

of the correlation 300. Specifically, in Zernike

coefficient back-calculating step ST6, the operator

operates the input unit to select a Zernike coeffic ient
whose value is to be adjusted, and when the control unit
100 receives the selected Zernike coefficient, the phase
pattern generating section 102 calculates the diffe rence

between the value of the Zernike coefficient

corresponding to the selected aberration of the wav efront
data 501 where the values of the Zernike coefficien ts
have generally been adjusted as illustrated in FIG. 7 and
a desired value, and enters the calculated differen ce on
the vertical axis of the correlation 300 illustrate din

41



FIG. 4 by way of example.

In Zernike coefficient back-calculating ste
the phase pattern generating section 102 calculates
value on the horizontal axis that corresponds to th
difference with the desired value, and calculates t
value on the horizontal axis as the value of the Ze
coefficient of the ideal wavefront data 502. In Ze
coefficient back-calculating step ST6, the phase pa
generating section 102 changes the value of the sel
Zernike coefficient input to the phase pattern to t
calculated value on the horizontal axis of FIG. 4.
Thereatfter, the method of adjusting a phase pattern
ended.

For example, in Zernike coefficient back-
calculating step ST6, if astigmatism 0° is selected
when the desired value corresponding to the Zernike
coefficient corresponding to astigmatism 0° is “0,”
illustrated in FIG. 8, since the value of the Zerni
coefficient corresponding to astigmatism 0° illustr
in FIG. 7 is “-0.037,” the phase pattern generating
section 102 calculates the difference between the v
of the Zernike coefficient corresponding to astigma
0° and the desired value as “+0.037.”

The phase pattern generating section 102 in
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“+0.037” to the value of the Zernike coefficient on
vertical axis of the correlation 300 illustrated in

4 and calculates the value “0.65” of the Zernike
coefficient on the horizontal axis corresponding to
“+0.037” on the vertical axis. In Zernike coeffici
back-calculating step ST6, the phase pattern genera
section 102 thus calculates the value of the Zernik
coefficient corresponding to astigmatism 0° of the
wavefront data 502, i.e., the desired value. In Ze
coefficient back-calculating step ST6, the phase pa
generating section 102 changes the value of the Zer
coefficient corresponding to astigmatism 0° input t
phase pattern to the value “0.65.”

As described above, the phase pattern gener
section 102 finishes the method of adjusting a phas
pattern when the values of the Zernike coefficients
the laser beam 21 acquired by the wavefront measuri
unit 28 become the values of the Zernike coefficien
the ideal wavefront data 502 on the basis of the
correlation 300 stored in the storage section 103.

wavefront measuring unit 28 that has received the

reflected beam 212 of the laser beam 21 whose phase

pattern has been adjusted in Zernike coefficient ba

calculating step ST6 acquires the ideal wavefront d

43

the

FIG.

ent

ting

ideal
rnike
ttern
nike

Oa

ating

of

ng

ts of

The

ata



502 illustrated in FIG. 8, secondarily acquires the
profile 402 illustrated in FIG. 9, and outputs the
wavefront data 502 and the beam profile 402 to the
control unit 100. The laser processing apparatus 1
displays the phase pattern having the Zernike
coefficients of the values changed by the phase pat
generating section 102 on the display portion 241 a
carries out the processing operation described abov

The method of adjusting a phase pattern acc
to the first embodiment may adjust the values of al
Zernike coefficients one by one or may not necessar
adjust the values of all the Zernike coefficients o
one when Zernike coefficient adjusting step ST4 is
repeated. Further, the method of adjusting a phase
pattern according to the first embodiment may adjus
values of the Zernike coefficients only once or a
plurality of times when Zernike coefficient adjusti
step ST4 is repeated.

Moreover, in the method of adjusting a phas
pattern according to the first embodiment, it is
desirable for the number of Zernike coefficients wh
values are calculated back in Zernike coefficient b
calculating step ST6 to be less than the number of

Zernike coefficient adjusting step ST4 is repeated,
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it is desirable for the number of Zernike coefficie
whose values are calculated back in Zernike coeffic
back-calculating step ST6 to be one or two.

As described above, the laser processing ap
1 according to the first embodiment includes the be
splitter 26 for branching off the reflected beam 21
the laser beam 21, the wavefront measuring unit 28
receiving the reflected beam 212 of the laser beam
branched off by the beam splitter 26, and the calcu
section 101. Therefore, the laser processing appar
according to the first embodiment can calculate the
wavefront data 500, 501, and 502 of the laser beam
the processing spot, i.e., the Zernike coefficients
the wavefront data 500, 501, and 502 of the laser b
that has passed through the whole optical system of
laser processing apparatus 1, and hence can handle
wavefront data 500, 501, and 502 of the laser beam
numerical values. As a result, the laser processin
apparatus 1 is capable of quantitatively measuring
wavefront data 500, 501, and 502 of the laser beam

Further, the laser processing apparatus 1 a
to the first embodiment includes the phase pattern
generating section 102 for calculating back Zernike

coefficients input to a phase pattern to be display
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the display portion 241 so that the Zernike coeffic

of the laser beam 21 acquired by the wavefront meas
unit 28 will become the values of the Zernike
coefficients of the ideal wavefront data 502, on th
basis of the correlation 300 stored in the storage
section 103. Therefore, the laser processing appar
can change the phase pattern to be displayed on the
display portion 241 of the spatial light modulator

the basis of the wavefront data 500 of the reflecte
212, and can provide the laser beam 21 represented
ideal wavefront data 502 at the processing spot. T
laser processing apparatus 1 is advantageous in tha
restrains the differences between laser beams 21 ap
to workpieces 200 on different laser processing
apparatuses 1.

Consequently, the laser processing apparatu
advantageous in that it is able to obtain desired
processed results by restraining the differences be
laser beams 21 applied to workpieces 200 on differe
laser processing apparatuses 1.

In addition, in the laser processing appara
the wavefront measuring unit 28 receives the reflec
beam 212 that passes through the condensing lens 23

is reflected by the reflecting surface 252 of the c
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mirror 25 without being transmitted through the wor

200 and reflected by the reverse side 205. As a

conseqguence, the laser processing apparatus 1 acqui

the wavefront data 500 of the laser beam 21 that ha
passed through the whole optical system of the lase
applying unit 20 and not through, i.e., is prevente
passing through, objects other than the optical sys
the laser beam applying unit 20. As a result, the
processing apparatus 1 is capable of accurately
quantitatively measuring the wavefront data 500 of
laser beam 21 from the laser beam applying unit 20.
The method of adjusting a phase pattern acc
to the first embodiment is advantageous in that sin
Zernike coefficient adjusting step ST4 is repeated
the wavefront data 500 acquired by the wavefront
measuring unit 28 are close enough to the ideal wav

data 502, the method is able to restrain the differ

between laser beams 21 applied to workpieces 200 on

different laser processing apparatuses 1.
Furthermore, the method of adjusting a phas
pattern according to the first embodiment is advant
in that since the method includes Zernike coefficie
back-calculating step ST6 of calculating back Zerni

coefficients input to a phase pattern to be display
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the display portion 241 so that the Zernike coeffic

of the laser beam 21 acquired by the wavefront meas
unit 28 are desired values, it is possible to provi

laser beam 21 represented by the ideal wavefront da
at the processing spot.

[Second embodiment]

A laser processing apparatus and a method o
adjusting a phase pattern according to a second
embodiment of the present invention will be describ
below with reference to FIGS. 10 and 11. FIG. 10
illustrates in perspective, partly in block form, a
configurational example of the laser processing app
according to the second embodiment. FIG. 11 illust
flowchart of a sequence of the method of adjusting
phase pattern according to the second embodiment.
parts illustrated in FIGS. 10 and 11 which are iden
to those according to the first embodiment are deno
identical reference characters, and will not be des
in detail below.

As illustrated in FIG. 10, a laser processi
apparatus, denoted by 1-2, according to the second
embodiment is essentially the same as the laser
processing apparatus 1 according to the first embod

except that a control unit 100 includes a changing
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section 104 and a determining section 105, and Zern
coefficient adjusting step ST4 is carried out by th
changing section 104, i.e., the control unit 100, a
step ST5 is carried out by the determining section
I.e., the control unit 100.

The changing section 104 changes any one of
Zernike coefficients of the wavefront data 500 acqu
by the wavefront measuring unit 28. The determinin
section 105 determines whether or not the wavefront
500 measured by the wavefront measuring unit 28 are
enough to the ideal wavefront data 502. The functi
the changing section 104 and the determining sectio
are realized by the arithmetic processing apparatus
the arithmetic processing apparatus performs arithm
processing operations according to computer program
stored in the storage apparatus.

The phase pattern generating section 102 of
control unit 100 of the laser processing apparatus
according to the second embodiment generates a phas
pattern having Zernike coefficients that are of
predetermined values and displays the generated pha
pattern on the display portion 241 of the spatial |
modulator 24, as with the first embodiment. The ph

pattern generating section 102 accepts the predeter
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values of the Zernike coefficients input from the i
unit, and when accepting the values of all the Zern
coefficients, the phase pattern generating section
generates a phase pattern having the Zernike coeffi
that are of the accepted values. Then, the phase p
generating section 102 displays the generated phase
pattern on the display portion 241. Furthermore, i
changing section 104 changes the value of an arbitr
one of the Zernike coefficients, the phase pattern
generating section 102 according to the second embo
generates a phase pattern including the Zernike
coefficient of the changed value and displays the
generated phase pattern on the display portion 241.

Zernike coefficient adjusting step ST4 of t
method of adjusting a phase pattern according to th
second embodiment includes Zernike coefficient sele
step ST41 and Zernike coefficient changing step ST4
illustrated in FIG. 11. Zernike coefficient select
step ST41 is a step in which the changing section 1
selects an arbitrary one of the Zernike coefficient
the wavefront data 500 acquired by the wavefront
measuring unit 28.

According to the second embodiment, in Zern

coefficient selecting step ST41, the changing secti
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selects, as an arbitrary Zernike coefficient, the Z
coefficient whose difference from the values of the
Zernike coefficients of the ideal wavefront data 50
the largest among the Zernike coefficients, calcula
the calculating section 101, of the wavefront data
acquired by the wavefront measuring unit 28. In Ze
coefficient selecting step ST41, the changing secti
may not necessarily select the Zernike coefficient
the largest difference as an arbitrary Zernike
coefficient. According to the present invention, t
changing section 104 may select the Zernike coeffic
that has the largest effect on processing as an arb
Zernike coefficient.

Zernike coefficient changing step ST42 is a
which the changing section 140 changes the value of
selected arbitrary Zernike coefficient. According
second embodiment, in Zernike coefficient changing
ST42, the changing section 104 changes the value of
selected arbitrary Zernike coefficient to the value
Zernike coefficient of the ideal wavefront data 502
Zernike coefficient changing step ST42, then, the p
pattern generating section 102 of the control unit
generates a phase pattern including the value of th

changed Zernike coefficient and displays the genera
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phase pattern on the display portion 241.

In Zernike coefficient changing step ST42,
wavefront measuring unit 28 receives the reflected
212 of the laser beam 21 whose optical characterist
have been adjusted by the phase pattern having the
Zernike coefficients of the values changed by the
wavefront measuring unit 28, and acquires the wavef
data 500 of the received reflected beam 212 of the
beam 21. In Zernike coefficient changing step ST42
calculating section 101 calculates the values of th
respective Zernike coefficients of the wavefront da
500, and the control unit 100 displays the values o
respective Zernike coefficients of the acquired wav
data 500 on the display unit 110.

The determining section 105 of the control
determines whether or not the values of the respect
Zernike coefficients of the wavefront data 500 calc
by the calculating section 101 are close enough to
desired values, thereby determining whether or not
wavefront data 500 measured by the wavefront measur
unit 28 and calculated by the calculating section 1
close enough to the ideal wavefront data 502 (step
According to the second embodiment, the determining

section 105 calculates the differences between the
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of the respective Zernike coefficients of the wavef
data 500 calculated by the calculating section 101
the values of the respective Zernike coefficients o
ideal wavefront data 502, and if the determining se
105 determines that the sum of the calculated diffe
exceeds a preset predetermined value, the determini
section 105 determines that the wavefront data 500
measured by the wavefront measuring unit 28 are not
enough to the ideal wavefront data 502 (step ST5: N
Control then goes back to Zernike coefficient selec
step ST41. In the laser processing apparatus 1-2
according to the second embodiment, therefore, the
oscillator 22 continues to emit the laser beam 21,
the changing section 104 changes an arbitrary one o
Zernike coefficients and the phase pattern generati
section 102 displays a phase pattern including the
changed Zernike coefficient on the display portion
the spatial light modulator 24, alternately repeate

until the determining section 105 determines that t

wavefront data 500 and 501 measured by the wavefron

measuring unit 28 are close enough to the ideal wav
data 502.
In step ST5, the determining section 105 ma

necessarily determine whether or not the wavefront
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500 are close enough to the ideal wavefront data 50
the basis of the sum of the differences between the
calculated Zernike coefficients of the wavefront da
and the Zernike coefficients of the ideal wavefront
502. According to the present invention, the deter
section 105 may determine whether or not the wavefr
data 500 are close enough to the ideal wavefront da
on the basis of whether or not the difference betwe
ideal value and the actual value of a selected Zern
coefficient is equal to or smaller than a predeterm
value and whether or not the sum of the differences
equal to or smaller than a predetermined value. In
case, if the difference between the ideal value and
actual value of the selected Zernike coefficient is

to or smaller than the predetermined value and if t

of the differences is equal to or smaller than the
predetermined value, then the determining section 1
determines that the wavefront data 501 measured by
wavefront measuring unit 28 are close enough to the
wavefront data 502, and if the difference between t
ideal value and the actual value of the selected Ze
coefficient is in excess of the predetermined value
the sum of the differences is in excess of the

predetermined value, then the determining section 1
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determines that the wavefront data 501 measured by
wavefront measuring unit 28 are not close enough to
ideal wavefront data 502.

According to the second embodiment, if dete
that the sum of the calculated differences is equal
smaller than the preset predetermined value, the
determining section 105 determines that the wavefro
data 501 measured by the wavefront measuring unit 2
close enough to the ideal wavefront data 502 (step
Yes). Control then goes to Zernike coefficient bac
calculating step ST6. According to the second embo
in Zernike coefficient back-calculating step ST6, t
phase pattern generating section 102 of the control
100 selects the Zernike coefficient with the larges
difference with the Zernike coefficient of the idea
wavefront data 502 as a Zernike coefficient whose v
is to be adjusted, and adjusts the value using the
correlation 300 that is illustrated in FIG. 4 by wa
example, in the same manner as with the first embod

The laser processing apparatus 1-2 accordin
second embodiment includes the beam splitter 26, th
wavefront measuring unit 28, and the calculating se
101, as with the first embodiment, and the method o

adjusting a phase pattern according to the second
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embodiment is carried out by the laser processing
apparatus 1-2. Therefore, the laser processing app
1-1 and the method of adjusting a phase pattern acc
to the second embodiment can calculate the wavefron
500, 501, and 502 of the laser beam 21 at the proce
spot, i.e., the Zernike coefficients of the wavefro
data 500, 501, and 502 of the laser beam 21 that ha
passed through the whole optical system of the lase
processing apparatus 1, and hence are capable of
quantitatively measuring the wavefront data 500, 50
502 of the laser beam 21.

Furthermore, in the laser processing appara
according to the second embodiment, the laser oscil
22 continues to emit the laser beam 21, and the cha
section 104 changes an arbitrary one of the Zernike
coefficients and the phase pattern generating secti
displays a phase pattern including the changed Zern
coefficient on the display portion 241 of the spati
light modulator 24, alternately repeatedly until th
determining section 105 determines that the wavefro
data 500 and 501 measured by the wavefront measurin
28 are close enough to the ideal wavefront data 502
Therefore, the laser processing apparatus 1-2 can p

the laser beam 21 represented by the ideal wavefron
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502 at the processing spot. The laser processing
apparatus 1-2 is advantageous in that it restrains
differences between laser beams 21 applied to workp
200 on different laser processing apparatuses 1.
[Modifications]

A laser processing apparatus according to a
modification of the first and second embodiments of
present invention will be described below with refe
to FIG. 12. FIG. 12 illustrates in perspective the
processing apparatus according to the modification
first and second embodiments. Those parts illustra
FIG. 12 which are identical to those according to t
first embodiment are denoted by identical reference
characters, and will not be described in detail bel

As illustrated in FIG. 12, a laser processi
apparatus, denoted by 1-1, according to the modific
is essentially the same as the laser processing app
1 according to the first embodiment except that the
concave mirror 25 is disposed in a predetermined po
on the second movable plate 16, and the condensing
23 of the laser beam applying unit 20 faces the
reflecting surface 252 of the concave mirror 25 on
second movable plate 16 in the Z-axis directions in

preparing step ST1.
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The laser processing apparatus 1-1 accordin
modification includes the beam splitter 26, the wav
measuring unit 28, the calculating section 101, and
phase pattern generating section 102. Therefore, t
laser processing apparatus 1-1 is capable of
quantitatively measuring the wavefront data 500, 50
502 of the laser beam 21, changing the phase patter
be displayed on the display portion 241 of the spat
light modulator 24 on the basis of the wavefront da
500, 501 and 502 of the reflected beam 212, providi
laser beam 21 represented by the ideal wavefront da

at the processing spot, and restraining the differe

between laser beams 21 applied to workpieces 200 on

different laser processing apparatuses 1. Conseque
the laser processing apparatus 1-1 is advantageous
that it can restrain the differences between laser

21 applied to workpieces 200 on different laser
processing apparatuses 1, obtaining desired process
results, as with the first embodiment. The laser
processing apparatus 1-1 according to the modificat
the present invention illustrated in FIG. 12 may al
the control unit 100 to include the changing sectio
and the determining section 105, as with the second

embodiment.
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The present invention is not limited to the
embodiments. In other words, various changes and
modifications may be made without departing from th
scope of the invention. For example, the laser pro
apparatuses 1 and 1-1 and the method of adjusting a
pattern according to the present invention may repe
Zernike coefficient back-calculating step ST6 a plu
of times while changing Zernike coefficients whose
are to be calculated back and may repeat Zernike
coefficient back-calculating step ST6 a plurality o
times without carrying out Zernike coefficient adju
step ST4. Moreover, according to the present inven
the method of adjusting a phase pattern carried out
the laser processing apparatus 1 according to the f
embodiment may have Zernike coefficient adjusting s
ST4 and step ST5 carried out in the same manner as
the second embodiment.

The present invention is not limited to the
of the above described preferred embodiments. The
of the invention is defined by the appended claims
all changes and modifications as fall within the
equivalence of the scope of the claims are therefor

be embraced by the invention.
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VWHAT IS CLAIMED | S:
1. A laser processing apparatus comprising
a chuck table for holding a workpiece there
a laser beam applying unit for applying a |
beam to the workpiece held on the chuck table; and
a control unit,
wherein the laser beam applying unit includ
a laser oscillator for oscillating
a condensing lens for converging th
beam emitted from the laser oscillator,
a concave mirror positioned to have
point at a focused spot of the condensing lens and
a spherical reflecting surface for reflecting the |
beam,
a beam splitter for transmitting
therethrough the laser beam emitted from the laser
oscillator toward the condensing lens and branching
reflected beam of the laser beam converged by the
condensing lens and reflected by the reflecting sur
of the concave mirror, and
a wavefront measuring unit for rece
reflected beam reflected by the reflecting surface
concave mirror and branched off by the beam splitte

acquiring wavefront data representing a spatial pha
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distribution of the laser beam, and
wherein the control unit changes a phase pa
be displayed on a display portion of a spatial ligh
modulator disposed between the laser oscillator and
condensing lens on a basis of the wavefront data me
by the wavefront measuring unit.
2. The laser processing apparatus accordin
claim 1, wherein the concave mirror is disposed in
peripheral edge portion of the chuck table.
3. The laser processing apparatus accordin
claim 1,
wherein the control unit includes
a calculating section for approxima
a Zernike polynomial, the wavefront data measured b
wavefront measuring unit and representing the spati
phase distribution of the laser beam and for calcul
Zernike coefficients thereof,
a phase pattern generating section
generating a phase pattern having predetermined Zer
coefficients and displaying the generated phase pat
on the display portion of the spatial light modulat
and
a storage section for storing in ad

correlation between Zernike coefficients input to t
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phase pattern and Zernike coefficients of the laser
measured by the wavefront measuring unit when the p
pattern to which the Zernike coefficients are input
displayed on the display portion of the spatial lig
modulator, and

the phase pattern generating section calcul
back Zernike coefficients input to the phase patter
be displayed on the display portion so that the Zer
coefficients of the laser beam measured by the wave
measuring unit are desired values, on a basis of a
of the correlation stored in the storage section.

4. The laser processing apparatus accordin
claim 1,

wherein the control unit includes

a calculating section for approxima
a Zernike polynomial, the wavefront data measured b
wavefront measuring unit and representing the spati
phase distribution of the laser beam and for calcul
Zernike coefficients thereof,
a phase pattern generating section

generating a phase pattern having predetermined Zer
coefficients and displaying the generated phase pat
on the display portion of the spatial light modulat

a changing section for changing an
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one of the Zernike coefficients of the wavefront da
measured by the wavefront measuring unit, and

a determining section for determini
whether or not the wavefront data measured by the
wavefront measuring unit are close enough to ideal
wavefront data, and

wherein the laser oscillator continues to e
laser beam, and the changing section changes an arb
one of the Zernike coefficients and the phase patte
generating section displays a phase pattern includi
changed Zernike coefficient on the display portion
spatial light modulator, alternately repeatedly unt
determining section determines that the wavefront d
measured by the wavefront measuring unit are close
to the ideal wavefront data.

5. A method of adjusting a phase pattern t
displayed on a display portion of a laser processin
apparatus including a laser beam applying unit for
applying a laser beam to a workpiece held on a chuc
table,

the laser beam applying unit including

a laser oscillator for oscillating
a condensing lens for converging th

beam emitted from the laser oscillator,
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a concave mirror positioned to have
point at a focused spot of the condensing lens and
a spherical reflecting surface for reflecting the |
beam,

a beam splitter for transmitting
therethrough the laser beam emitted from the laser
oscillator toward the condensing lens and branching
reflected beam of the laser beam converged by the
condensing lens and reflected by the reflecting sur
of the concave mirror,

a wavefront measuring unit for rece
reflected beam reflected by the reflecting surface
concave mirror and branched off by the beam splitte
acquiring wavefront data representing a spatial pha
distribution of the laser beam, and

a spatial light modulator disposed
the laser oscillator and the condensing lens and ha
display portion for adjusting optical characteristi
the laser beam emitted from the laser oscillator,

the method of adjusting the phase pattern
comprising:
a Zernike coefficient input step of display

phase pattern having predetermined Zernike coeffici

on the display portion of the spatial light modulat
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a laser beam applying step of emitting the
beam from the laser oscillator and acquiring wavefr
data thereof by the wavefront measuring unit; and

a Zernike coefficient adjusting step of cha

arbitrary one of the Zernike coefficients of the

wavefront data measured by the wavefront measuring

and displaying a phase pattern including the change
Zernike coefficient on the display portion of the s
light modulator,

wherein the Zernike coefficient adjusting s
repeated until the wavefront data measured by the
wavefront measuring unit are close enough to ideal
wavefront data.

6. The method according to claim 5, furthe
comprising:

a Zernike coefficient back-calculating step
calculating back Zernike coefficients input to the
pattern to be displayed on the display portion so t
the Zernike coefficients of the laser beam measured
the wavefront measuring unit are desired values, on
basis of a table of a correlation between Zernike
coefficients input to the phase pattern and Zernike
coefficients of the laser beam measured by the wave

measuring unit when the phase pattern to which the
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Zernike coefficients are input is displayed on the

display portion of the spatial light modulator.
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