SEM CONDUCTOR | NGOT | NSPECTI NG METHOD AND APPARATUS, AND

LASER PROCESSI NG APPARATUS

BACKGROUND OF THE | NVENTI ON

Field of the Invention

The present invention relates to a semicond
ingot inspecting method, a semiconductor ingot insp
apparatus, and a laser processing apparatus.

Description of the Related Art

Various devices such as integrated circuits
and large-scale integrations (LSIs) are formed by f
a functional layer on the front side of a wafer for
silicon or the like and partitioning this functiona
layer into a plurality of regions along a plurality
crossing division lines. The division lines of the
are processed by a processing apparatus such as a c
apparatus and a laser processing apparatus to there
divide the wafer into a plurality of individual dev
chips corresponding to the devices. The device chi
obtained are widely used in various electronic equi
such as mobile phones and personal computers. Furt
power devices or optical devices such as light emit
diodes (LEDs) and laser diodes (LDs) are formed by
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formed of a hexagonal single crystal such as SiC an
and partitioning this functional layer into a plura
of regions along a plurality of crossing division |

In general, the wafer on which the devices
be formed is produced by slicing an ingot with a wi
Both sides of the wafer obtained above are polished
mirror finish (see Japanese Patent Laid-Open No. 20
94221, for example). This wire saw is configured i
a manner that a single wire such as a piano wire ha
diameter of approximately 100 to 300 um is wound ar
many grooves formed on usually two to four guide ro
to form a plurality of cutting portions spaced in
parallel with a given pitch. The wire is operated
in one direction or opposite directions, thereby sl
the ingot into a plurality of wafers.

However, when the ingot is cut by the wire
both sides of each wafer are polished to obtain the
product, 70% to 80% of the ingot is discarded to ca
problem of poor economy. In particular, a hexagona
single crystal ingot of SiC or GaN, for example, ha
Mohs hardness and it is therefore difficult to cut
ingot with the wire saw. Accordingly, considerable
is required for cutting of the ingot, causing a red

in productivity. That is, there is a problem in
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efficiently producing a wafer in this prior art.
A technique for solving this problem is des cribed

in Japanese Patent Laid-Open No. 2013-49161. This

technique includes the steps of setting the focal p oint
of a laser beam having a transmission wavelength to SiC
inside a hexagonal single crystal ingot, next apply ing
the laser beam to the ingot as scanning the laser b eam on
the ingot to thereby form modified layers and crack sina
separation plane inside the ingot, and next applyin g an
external force to the ingot to thereby break the in got
along the separation plane where the modified layer s and
the cracks are formed, thus separating a wafer from the
ingot.

In this technique, the laser beam (pulsed | aser

beam) is scanned spirally or linearly along the
separation plane so that a first application point of the
laser beam and a second application point of the la ser

beam nearest to the first application point have a

predetermined positional relation with each other. As a
result, the modified layers and the cracks are form ed at
very high density in the separation plane of the in got.

However, in the ingot cutting method described in
Japanese Patent Laid-Open No. 2013-49161 mentioned above,

the laser beam is scanned spirally or linearly on t he



ingot. In the case of linearly scanning the laser
the direction of scanning of the laser beam is not
specified.

In this ingot cutting method, the pitch (sp
between the first application point and the second
application point of the laser beam as mentioned ab
setto 1 to 10 um. In this manner, the pitch of th
application points of the laser beam to be applied
ingot is very small. Accordingly, the laser beam m
applied with a very small pitch, and the improvemen
productivity is not yet sufficient. To solve this
the present applicant has proposed a wafer producin
method which can efficiently produce a wafer from a
hexagonal single crystal ingot as described in Japa

Patent Laid-Open No. 2016-111143, for example.

SUMVARY OF THE | NVENTI ON

According to the wafer producing method des
in Japanese Patent Laid-Open No. 2016-111143, a
separation start point composed of modified layers
cracks can be efficiently formed inside the hexagon
single crystal ingot by applying a laser beam to th
ingot. However, since the separation start point i

formed inside the ingot, it is difficult to detect
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whether or not the separation start point has been
properly formed, from the outside of the ingot befo
separating a wafer from the ingot.

It is therefore an object of the present in
to provide a semiconductor ingot inspecting method
can determine whether or not a separation start poi
composed of modified layers and cracks has been pro
formed inside a semiconductor ingot.

It is another object of the present inventi
provide a semiconductor ingot inspecting apparatus
performing the above semiconductor ingot inspecting
method.

It is a further object of the present inven
provide a laser processing apparatus including the
semiconductor ingot inspecting apparatus.

In accordance with an aspect of the present
invention, there is provided a semiconductor ingot
inspecting method including a separation start poin
forming step of setting the focal point of a laser
having a transmission wavelength to a semiconductor
inside the ingot at a predetermined depth from an u
surface of the ingot, the predetermined depth
corresponding to the thickness of a wafer to be pro

from the ingot, and next applying the laser beam to
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upper surface of the ingot as relatively moving the
point and the ingot to thereby form modified layers
parallel to the upper surface of the ingot and crac
extending from each modified layer, thus forming a
separation start point composed of the modified lay
and the cracks; a light applying step of applying |
from a light source to the upper surface of the ing
after performing the separation start point forming
the light impinging on the upper surface of the ing

a predetermined incidence angle; a projected image
forming step of reflecting the light on the upper s

of the ingot to obtain reflected light after perfor

the light applying step, and then forming a project
image from the reflected light, the projected image
showing the emphasis of asperities generated on the
surface of the ingot due to the formation of the mo
layers and the cracks inside the ingot; an imaging
of detecting the projected image to form a detected
after performing the projected image forming step;
determining step of comparing the detected image wi
preset conditions to determine the condition of the
modified layers and the cracks after performing the
imaging step.

In accordance with another aspect of the pr
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invention, there is provided a hexagonal single cry
ingot inspecting method including a preparing step
preparing a hexagonal single crystal ingot having a
surface, a second surface opposite to the first sur

a c-axis extending from the first surface to the se
surface, and a c-plane perpendicular to the c-axis;
separation start point forming step of setting the
point of a laser beam having a transmission wavelen
the ingot inside the ingot at a predetermined depth
the first surface of the ingot after performing the
preparing step, the predetermined depth correspondi
the thickness of a wafer to be produced from the in
and next applying the laser beam to the first surfa
the ingot as relatively moving the focal point and
ingot to thereby form modified layers parallel to t
first surface of the ingot and cracks extending fro
modified layer along the c-plane, thus forming a
separation start point composed of the modified lay
and the cracks; a light applying step of applying |
from a light source to the first surface of the ing
after performing the separation start point forming
the light impinging on the first surface of the ing

a predetermined incidence angle; a projected image

forming step of reflecting the light on the first s
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of the ingot to obtain reflected light after perfor

the light applying step, and then forming a project
image from the reflected light, the projected image
showing the emphasis of asperities generated on the
surface of the ingot due to the formation of the mo
layers and the cracks inside the ingot; an imaging

of detecting the projected image to form a detected
after performing the projected image forming step;
determining step of comparing the detected image wi
preset conditions to determine the condition of the
modified layers and the cracks after performing the
imaging step.

Preferably, the hexagonal single crystal in
selected from an SiC single crystal ingot and a GaN
single crystal ingot.

In accordance with a further aspect of the
invention, there is provided an inspecting apparatu
inspecting a hexagonal single crystal ingot having
first surface, a second surface opposite to the fir
surface, a c-axis extending from the first surface
second surface, and a c-plane perpendicular to the
the ingot being previously processed by applying a
beam having a transmission wavelength to the ingot,
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layers inside the ingot and cracks extending from e
modified layer along the c-plane, thus forming a
separation start point composed of the modified lay
and the cracks, whereby asperities corresponding to
modified layers and the cracks are generated on the
surface of the ingot, the inspecting apparatus incl

a holding table for holding the ingot in the condit
where the first surface of the ingot is exposed; a
source for applying light to the first surface of t

ingot held on the holding table, the light impingin

the first surface of the ingot at a predetermined
incidence angle; imaging means for detecting a proj
image to form a detected image, the projected image
formed by reflecting the light on the first surface

the ingot at a reflection angle corresponding to th
predetermined incidence angle, the projected image
showing the emphasis of the asperities generated on
first surface of the ingot due to the formation of
separation start point inside the ingot; and determ
means for comparing the detected image with preset
conditions to determine the condition of the modifi
layers and the cracks. Preferably, the inspecting
apparatus further includes a screen for forming the
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concave surface of a concave mirror.

In accordance with a still further aspect o
present invention, there is provided an inspecting
apparatus for inspecting a hexagonal single crystal
having a first surface, a second surface opposite t
first surface, a c-axis extending from the first su
to the second surface, and a c-plane perpendicular
c-axis, the ingot being previously processed by app
a laser beam having a transmission wavelength to th
ingot, to the first surface of the ingot to thereby
modified layers inside the ingot and cracks extendi
from each modified layer along the c-plane, thus fo
a separation start point composed of the modified |
and the cracks, whereby asperities corresponding to
modified layers and the cracks are generated on the
surface of the ingot, the inspecting apparatus incl
a holding table for holding the ingot in the condit
where the first surface of the ingot is exposed; a
light source for emitting light; a first concave mi
for reflecting the light emitted from the point lig
source to convert the light into parallel light and
applying the parallel light to the first surface of
ingot, the parallel light impinging on the first su

of the ingot at a predetermined incidence angle; a
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concave mirror having a projection surface for form ing a
projected image, the projected image being formed b y
reflecting the parallel light on the first surface of the
ingot at a reflection angle corresponding to the

predetermined incidence angle, the projected image

showing the emphasis of the asperities generated on the
first surface of the ingot due to the formation of the
separation start point inside the ingot; imaging me ans

for detecting the projected image formed on the

projection surface of the second concave mirror to

thereby form a detected image; and determining mean s for
comparing the detected image with preset conditions to
determine the condition of the modified layers and the
cracks.

In accordance with a still further aspect o f the
present invention, there is provided a laser proces sing
apparatus including a chuck table for holding a hex agonal
single crystal ingot having a first surface, a seco nd
surface opposite to the first surface, a c-axis ext ending
from the first surface to the second surface, and a Cc-
plane perpendicular to the c-axis; laser beam apply ing
means for applying a laser beam having a transmissi on
wavelength to the ingot, to the first surface of th e
ingot held on the chuck table to thereby form modif ied

11



layers inside the ingot and cracks extending from e
modified layer along the c-plane, thus forming a
separation start point composed of the modified lay
and the cracks, whereby asperities corresponding to
modified layers and the cracks are generated on the
surface of the ingot; a light source for applying |
to the first surface of the ingot held on the chuck
the light impinging on the first surface of the ing
a predetermined incidence angle; imaging means for
detecting a projected image to form a detected imag
projected image being formed by reflecting the ligh
the first surface of the ingot at a reflection ang|
corresponding to the predetermined incidence angle,
projected image showing the emphasis of the asperit
generated on the first surface of the ingot due to
formation of the separation start point inside the
determining means for comparing the detected image
preset conditions to determine the condition of the
modified layers and the cracks; and control means f
essentially controlling the laser beam applying mea
the imaging means, and the determining means.
According to the present invention, the lig
emitted from the light source is applied to the upp

surface (first surface) of the semiconductor ingot
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hexagonal single crystal ingot at a predetermined
incidence angle (also including O degrees, i.e., th
optical path of the incident light is parallel to t
normal to the upper surface). The light applied to
upper surface of the ingot is reflected to be proje
onto the screen. As a result, a projected image is
on the screen from the reflected light, in which th
projected image shows the emphasis of asperities
generated on the upper surface of the ingot due to
formation of the separation start point inside the
Accordingly, by detecting this projected image, the
condition of the separation start point composed of
modified layers and the cracks can be easily determ
That is, it can be easily determined whether or not
modified layers and the cracks have been properly f
inside the ingot.

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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BRI EF DESCRI PTI ON OF THE DRAW NGS

FIG. 1 is a perspective view of a laser pro
apparatus suitable for use in performing the inspec
method of the present invention;

FIG. 2 is a block diagram of a laser beam
generating unit;

FIG. 3A is a perspective view of a hexagona
crystal ingot;

FIG. 3B is an elevational view of the ingot
in FIG. 3A;

FIG. 4 is a perspective view for illustrati
separation start point forming step;

FIG. 5 is a plan view of the ingot shown in
3A;

FIG. 6 is a schematic sectional view for
illustrating a modified layer forming step;

FIG. 7 is a schematic plan view for illustr
the modified layer forming step;

FIG. 8 is a schematic illustration of an in
apparatus according to a preferred embodiment of th
present invention;

FIG. 9 is a schematic illustration of an in
apparatus according to another preferred embodiment

the present invention;
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FIG. 10 is a schematic illustration of an
inspecting apparatus according to still another pre
embodiment of the present invention;

FIG. 11 is a plan view showing a projected
the case that modified layers have been properly fo
inside the ingot; and

FIG. 12 is a plan view showing a projected
the case that modified layers have not been properl

formed inside the ingot.
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DETAI LED DESCRI PTI ON OF THE PREFERRED ENMBODI MENTS

Preferred embodiments of the present invent
now be described in detail with reference to the dr
Referring to FIG. 1, there is shown a perspective v
a laser processing apparatus 2 suitable for use in
performing the inspecting method of the present inv
The laser processing apparatus 2 includes a station
base 4 and a first slide block 6 mounted on the
stationary base 4 so as to be movable in the X dire
The first slide block 6 is moved in a feeding direc
or in the X direction along a pair of guide rails 1
feeding mechanism 12 composed of a ball screw 8 and
pulse motor 10.

A second slide block 16 is mounted on the f
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slide block 6 so as to be movable in the Y directio
second slide block 16 is moved in an indexing direc
or in the Y direction along a pair of guide rails 2
an indexing mechanism 22 composed of a ball screw 1
a pulse motor 20. A support table (holding table o
table) 26 is mounted on the second slide block 16.
support table 26 is movable in the X direction and
direction by the feeding mechanism 12 and the index
mechanism 22 and also rotatable by a motor stored i
second slide block 16.

A column 28 is provided on the stationary b
as to project upward therefrom. A laser beam apply
mechanism (laser beam applying means) 30 is mounted
the column 28. The laser beam applying mechanism 3
composed of a casing 32, a laser beam generating un
(see FIG. 2) stored in the casing 32, and focusing
(laser head) 36 mounted on the front end of the cas
An imaging unit 38 having a microscope and a camera
also mounted on the front end of the casing 32 so a
be aligned with the focusing means 36 in the X dire

As shown in FIG. 2, the laser beam generati
34 includes a laser oscillator 40 such as YAG laser
YVO4 laser for generating a pulsed laser beam, repe

frequency setting means 42 for setting the repetiti
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frequency of the pulsed laser beam to be generated
laser oscillator 40, pulse width adjusting means 44
adjusting the pulse width of the pulsed laser beam
generated by the laser oscillator 40, and power adj
means 46 for adjusting the power of the pulsed lase
generated by the laser oscillator 40. Although esp
not shown, the laser oscillator 40 has a Brewster w
so that the laser beam generated from the laser
oscillator 40 is a laser beam of linearly polarized
After the power of the pulsed laser beam is adjuste
predetermined power by the power adjusting means 46
the laser beam generating unit 34, the pulsed laser
is reflected by a mirror 48 included in the focusin
means 36 and next focused by a focusing lens 50 inc
in the focusing means 36. The focusing lens 50 is
positioned so that the pulsed laser beam is focused
inside a hexagonal single crystal ingot 11 as a wor
fixed to the support table 26.

There will now be described a workpiece
particularly suitable in performing the inspecting
of the present invention. The inspecting method of
present invention is especially applicable to the ¢
inspecting whether or not a separation start point

been properly formed inside a hexagonal single crys

17

by the
for

to be
usting
r beam

ecially

indow,

light.
dtoa
of

beam

luded

kpiece

method
the

ase of
has

tal



ingot, in which the separation start point is compo
modified layers and cracks formed inside the ingot
applying a laser beam to the ingot. However, the
inspecting method of the present invention is also
applicable to the case of inspecting whether or not
a separation start point has been formed inside a
semiconductor ingot such as a silicon ingot and a
compound semiconductor ingot.

Referring to FIG. 3A, there is shown a pers
view of the hexagonal single crystal ingot 11 as a
workpiece to be processed. FIG. 3B is an elevation
of the hexagonal single crystal ingot 11 shown in F
The hexagonal single crystal ingot (which will be
hereinafter referred to also simply as ingot) 11 is
selected from an SiC single crystal ingot and a GaN
single crystal ingot. The ingot 11 has a first sur
(upper surface) 11a and a second surface (lower sur
11b opposite to the first surface 11a. The first s
11a of the ingot 11 is previously polished to a mir
finish because the laser beam is applied to the fir
surface 11a.

The ingot 11 has a first orientation flat 1
second orientation flat 15 perpendicular to the fir

orientation flat 13. The length of the first orien
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flat 13 is set longer than the length of the second

orientation flat 15. The ingot 11 has a c-axis 19

inclined by an off angle o toward the second orientation

flat 15 with respect to a normal 17 to the upper su rface
11a and also has a c-plane 21 perpendicular to the c-axis
19. The c-plane 21 is inclined by the off angle o with
respect to the upper surface 11a. In general, in t he

hexagonal single crystal ingot 11, the direction
perpendicular to the direction of extension of the
shorter second orientation flat 15 is the direction of

inclination of the c-axis.

The c-plane 21 is set in the ingot 11 innum erably
at the molecular level of the ingot 11. In this pr eferred
embodiment, the off angle o is set to 4 degrees. However,
the off angle o is not limited to 4 degrees in the
present invention. For example, the off angle o may be

freely set in the range of 1 to 6 degrees in

manufacturing the ingot 11.

Referring again to FIG. 1, a column 52 is f ixed to
the left side of the stationary base 4. The column 52 is
formed with a vertically elongated opening 53, and a
pressing mechanism 54 for separating a wafer from t he
ingot 11 is vertically movably mounted to the colum n 52

SO as to project from the opening 53.

19



A light source 58 for applying light to the
of the ingot 11 supported on the support table 26 i
provided near the focusing means 36 in a working po
where the support table 26 supporting the ingot 11
thereon is set below the focusing means 36. That i
light source 58 is set at the working position near
column 52. Examples of the light source 58 include
incandescent lamp and an LED. However, the light s
58 is not limited in kind, position, etc. Further,
light to be applied to the ingot 11 may be parallel
(collimated beam) or nonparallel light. In the cas
the light to be applied to the ingot 11 is parallel
the light emitted from the light source 58 may be
converted into parallel light by using an optical
component such as a lens and a concave mirror. Pre
a point light source having a small light emission
is used as the light source 58.

Further, a screen 56 is provided above the
table 26 set in the working position near the colum
The screen 26 is provided, so as to form a projecte
image by receiving reflected light from the upper s
11a of the ingot 11 supported on the support table
which the reflected light is obtained by the reflec

of the light applied from the light source 58 to th
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upper surface 11a of the ingot 11. The screen 56 m
arranged in any condition, provided that the whole
ingot 11 can be projected onto the screen 56. Furt
imaging unit (imaging means) 60 is provided so as t
opposed to the screen 56. This imaging unit 60 fun
to detect the projected image formed on the screen
thereby forming a detected image. This imaging uni
a digital camera configured by combining an imaging

device such as charge-coupled device (CCD) and

complementary metal oxide semiconductor (CMOS) and

optical element such as lens. The imaging unit 60
the detected image formed by detecting the projecte
image to any external equipment.

The imaging unit 60 may be selected from a
still camera for forming a still image and a digita
video camera for forming a video image. Although n
shown in FIG. 1, a determining unit (determining me
is connected to the imaging unit 60. The determini
functions to compare the detected image output from
imaging unit 60 with preset conditions and then det
the condition of the separation start point compose
the modified layers and the cracks formed inside th
ingot 11.

There will now be described with reference
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4 to 7 a method of forming the separation start poi
composed of the modified layers and the cracks insi
ingot 11 by applying a laser beam to the ingot 11,
laser beam having a transmission wavelength to the
11. As shown in FIG. 4, the ingot 11 is fixed to t
upper surface of the support table 26 by using a wa
adhesive in the condition where the second orientat
flat 15 of the ingot 11 becomes parallel to the X
direction.

In other words, as shown in FIG. 5, the dir
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of formation of the off angle o is shown by an arrow Y1.

That is, the direction of the arrow Y1 is the direc
where the intersection 19a between the c-axis 19 an
upper surface 11a of the ingot 11 is present with r
to the normal 17 to the upper surface 11a. Further
direction perpendicular to the direction of the arr

Is shown by an arrow A. Then, the ingot 11 is fixe
the support table 26 in the condition where the dir
of the arrow A becomes parallel to the X direction.
Accordingly, the laser beam is scanned in the direc
of the arrow A perpendicular to the direction of th
arrow Y1, or the direction of formation of the off

a. In other words, the direction of the arrow A

perpendicular to the direction of the arrow Y1 wher

22

tion

d the
espect
, the
ow Y1
dto

ection

tion

angle

e the



off angle o is formed is defined as the feeding direction

of the support table 26.

In properly forming the separation start po
composed of the modified layers and the cracks insi
ingot 11, it is important that the scanning directi
the laser beam to be applied from the focusing mean
is set to the direction of the arrow A perpendicula
the direction of the arrow Y1 where the off angle
the ingot 11 is formed. That is, by setting the sc
direction of the laser beam to the direction of the
A as mentioned above, the cracks propagating from e
modified layer formed inside the ingot 11 by the la
beam extend very long along the c-plane 21.

In this preferred embodiment, a separation
point forming step is first performed in such a man
that the focal point of the laser beam having a
transmission wavelength (e.g., 1064 nm) to the hexa
single crystal ingot 11 fixed to the support table
set inside the ingot 11 at a predetermined depth fr
first surface (upper surface) 11a, the predetermine
depth corresponding to the thickness of a wafer to
produced, and the laser beam is next applied to the
surface 11a as relatively moving the focal point an

ingot 11 to thereby form a plurality of modified la

23

int
de the
on of
s 36
rto

o of
anning

arrow

ach

ser

start

ner

gonal
26 is

om the

be

upper
d the

yers



23 parallel to the upper surface 11a and cracks 25

propagating from each modified layer 23 along the ¢ -plane
21, thus forming the separation start point compose d of
the modified layers 23 and the cracks 25 inside the ingot
11.

This separation start point forming step in cludes a
modified layer forming step of relatively moving th e
focal point of the laser beam in the direction of t he
arrow A (i.e., in the X direction) perpendicular to the
direction of the arrow Y1 where the c-axis 19 is in clined
by the off angle o with respect to the normal 17 to the
upper surface 11a and the off angle o is formed between
the c-plane 21 and the upper surface 11a, thereby f orming
the modified layer 23 inside the ingot 11 along a | ine
extending in the X direction and the cracks 25
propagating from the modified layer 23 along the c- plane
21, and also includes an indexing step of relativel y
moving the focal point in the direction of formatio n of
the off angle a, i.e., in the Y direction to thereby
index the focal point by a predetermined amount as shown
in FIG. 7.

As shown in FIGS. 6 and 7, each modified la yer 23
is linearly formed so as to extend in the X directi on, so
that the cracks 25 propagate from each modified lay er 23

24



in opposite directions along the c-plane 21. In th
preferred embodiment, the separation start point fo
step further includes an index amount setting step
measuring the width of the cracks 25 formed on one
of each modified layer 23 along the c-plane 21 and
setting the index amount of the focal point accordi
the width measured above. More specifically, as sh
FIG. 6, letting W1 denote the width of the cracks 2
formed on one side of each modified layer 23 so as
propagate from each modified layer 23 along the c-p
21, the index amount W2 of the focal point is set i
range of W1 to 2W1.

For example, the separation start point for
step is performed under the following laser process
conditions.

Light source: Nd:YAG pulsed laser

Wavelength: 1064 nm

Repetition frequency: 80 kHz

Average power: 3.2 W

Pulse width: 4 ns

Spot diameter: 10 um

Numerical aperture (NA) of the focusing len

Index amount: 400 um

In the laser processing conditions mentione
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the width W1 of the cracks 25 propagating from each
modified layer 23 along the c-plane 21 in one direc
as viewed in FIG. 6 is set to approximately 250 um,
the index amount W2 is set to 400 um. However, the
average power of the laser beam is not limited to 3
When the average power of the laser beam was set to
4.5 W, good results were obtained in the preferred
embodiment. In the case that the average power was
2 W, the width W1 of the cracks 25 was approximatel
um. In the case that the average power was set to
the width W1 of the cracks 25 was approximately 350

In the case that the average power is less
or greater than 4.5 W, the modified layers 23 canno
well formed inside the ingot 11. Accordingly, the
power of the laser beam to be applied is preferably
in the range of 2 to 4.5 W. For example, the avera
power of the laser beam to be applied to the ingot
set to 3.2 W in this preferred embodiment. As show
FIG. 6, the depth D1 of the focal point from the up
surface 11a in forming the modified layers 23 was s
500 pm.

In this manner, the focal point of the lase
is sequentially indexed to form the plural modified

layers 23 at the depth D1 in the whole area of the
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11 and the cracks 25 extending from each modified | ayer

23 along the c-plane 21, thereby forming the separa tion
start point inside the ingot 11. Thus, the separat ion
start point composed of the modified layers 23 and the
cracks 25 is formed inside the ingot 11, so that it IS

difficult to visually check whether or not this

separation start point has been properly formed.

The inspecting method of the present invent ionis a
method of inspecting whether or not the separation start
point has been properly formed inside the ingot 11. A
preferred embodiment of the inspecting method of th e
present invention will now be described in detail w ith
reference to FIGS. 8 to 12. The inspecting method of the
present invention is based on the principle of magi Cc
mirror. The upper surface 11a of the ingot 11 is a mirror
surface. That is, before applying the laser beam t o the
ingot 11 to form the modified layers 23 inside the ingot

11, the upper surface 11a of the ingot 11 is a flat

surface.

However, by applying the laser beam to the ingot 11
to form the modified layers 23 inside the ingot 11 in the
above separation start point forming step, the ingo t11
is expanded in the vicinity of the focal point of t he
laser beam, so that minute projections that cannot be
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visually recognized are formed on the upper surface
at positions corresponding to the modified layers 2
That is, a minute projection is formed on the upper
surface 11a with the same timing as that of formati
each modified layer 23 inside the ingot 11. Furthe
cracks 25 are formed as microscopic projections hav
submicron size smaller than that of each modified |
23, so that the influence of the cracks 25 upon the
condition of the upper surface 11ais little. Howe
there is a case that the cracks generated in a regi
continuous to each modified layer cause a slight
projection on the upper surface 11a.

The inspecting method of the present invent
includes the steps of applying light to the upper s
11a of the ingot 11 perpendicularly or obliquely to
upper surface 11a (light applying step), next formi
projected image as the emphasis of asperities gener
on the upper surface 11a of the ingot 11 due to the
formation of the separation start point inside the
11 (projected image forming step), next detecting t
projected image to form a detected image by using t
imaging unit 60 (imaging step), and finally determi
whether or not the modified layers 23 have been pro

formed inside the ingot 11 according to this detect
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image (determining step).

Referring to FIG. 8, there is shown a schem atic
illustration of an inspecting apparatus 55 accordin gtoa
preferred embodiment. The inspecting apparatus 55
includes a light source 58 for applying light to th e
upper surface 11a of the ingot 11 fixed to the supp ort
table 26, the light impinging on the upper surface 1la at
a predetermined incidence angle 0, the modified layers 23
and the cracks 25 being previously formed as the
separation start point inside the ingot 11. The
inspecting apparatus 55 further includes a screen 5 6 for
receiving reflected light from the upper surface 11 a of
the ingot 11 to form a projected image, the reflect ed
light being obtained by the reflection of the light
applied from the light source 58 to the upper surfa ce 11a,
the projected image being formed on the screen 56 s 0 as
to emphasize the asperities generated on the upper
surface 11a. The inspecting apparatus 55 further i ncludes
an imaging unit 60 for detecting the projected imag e
formed on the screen 56 to thereby form a detected image
and a determining unit 62 for comparing the detecte d
image with preset conditions and then determining w hether
or not the modified layers 23 and the cracks 25 hav e been

properly formed inside the ingot 11.
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While the ingot 11 is fixed through a wax o
adhesive to the support table 26 in this preferred
embodiment, the support table 26 may be replaced by
chuck table having a suction holding portion as
frequently used in a laser processing apparatus, in
the ingot 11 is held on the suction holding portion
the chuck table under suction.

In performing the inspecting method by usin
inspecting apparatus 55, the support table 26 holdi
ingot 11 in which the modified layers 23 and the cr
25 are previously formed as the separation start po
moved in the X direction by operating the feeding
mechanism 12 until reaching the area where the scre
the light source 58, and the imaging unit 60 are pr
While the screen 56 is located substantially above
ball screw 8 as in FIG. 1, the screen 56 may be loc
so that the projected image can be easily formed fr
reflected light obtained by the reflection of the |
applied from the light source 58 to the upper surfa

As shown in FIG. 8, the screen 56 is arrang
that its projected surface is perpendicular to the
optical path of the reflected light from the surfac
of the ingot 11. With this arrangement, a projecte

with no distortion can be formed on the screen 56.
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Furthermore, by using a camera capable of correctin
distortion by adjusting a depth of field, the proje
image with no distortion can be detected.

After setting the support table 26 supporti
ingot 11 in the area where the screen 56, the light
source 58, and the imaging unit 60 are provided, li
applied from the light source 58 such as LED to the
surface 11a of the ingot 11 in which the modified |
23 and the cracks 25 are previously formed as the
separation start point, the light impinging on the
surface 11a at a predetermined incidence angle
light applied is reflected on the upper surface 11a
the ingot 11 to obtain the reflected light, which i
projected onto the screen 56, so that a projected i
showing the condition of the upper surface 11a of t

ingot 11 is formed on the screen 56. Preferably th

incidence angle o is set in the range of 0 to 60 degrees,

more preferably, in the range of 0 to 30 degrees.
As described above, the formation of the se
start point composed of the modified layers 23 and
cracks 25 inside the ingot 11 causes the formation
minute projections corresponding to the modified la
23 on the upper surface 11a of the ingot 11. Since

cracks 25 are microscopic, the upper surface 11a of
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ingot 11 in the area corresponding to the cracks 25
substantially flat. Accordingly, the light reflect

the upper surface 11a in the area corresponding to
modified layers 23 is scattered or diffused by the
projections formed on the upper surface 11a, so tha
reflected light is projected as a dark image onto t
screen 56. On the other hand, the light reflected

upper surface 11a in the other flat area at a refle

is
ed on
the
minute
t this
he
on the

ction

angle 6 equal to the incidence angle 0 is projected as a

bright image onto the screen 56.

Accordingly, as shown in FIG. 11, the asper
generated on the upper surface 11a of the ingot 11
emphasized to form a projected image 31 on the scre
In this projected image 31, the projections corresp
to the modified layers 23 are emphasized to form da
portions 33. This projected image 31 formed on the
56 is next detected by the imaging unit 60 such as
digital camera to form a detected image correspondi
this projected image 31. The detected image obtain
the imaging unit 60 is next transmitted to the
determining unit 62.

A preset reference value, e.g., the width o
modified layer 23, is previously stored in the

determining unit 62. The determining unit 62 detec
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width of each dark portion 33 in the projected imag
from the detected image by performing image process
the like. Thereafter, the determining unit 62 comp
the width of each dark portion 33 detected above wi
preset reference value previously stored, thereby
determining whether or not each modified layer 23 h
been properly formed. More specifically, when the
of each dark portion 33 is greater than or equal to
reference value, the determining unit 62 determines
each modified layer 23 has been properly formed.
Conversely, when the width of each dark portion 33
less than the reference value, the determining unit
determines that each modified layer 23 has not been
properly formed. In the projected image 31 shown i
11, the width of each dark portion 33 is greater th
equal to the reference value, so that the determini
unit 62 determines that each modified layer 23 has
properly formed.

FIG. 12 shows another example of the projec
image 31 in the case that some of the modified laye
have not been properly formed inside the ingot 11.
case that some of the modified layers 23 have not b
properly formed inside the ingot 11, defective area

35D, 35¢, and 35d are present in the projected imag
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as shown in FIG. 12, in which the width of each dar
portion 33 in all the defective areas 35a to 35d is
than the reference value. When at least one of the
defective areas 35a to 35d is detected in the proje
image 31, the separation start point forming step i
performed again to properly form the modified layer
in the defective areas 35a to 35d. Alternatively,
processing conditions in the separation start point
forming step may be changed so that subsequent faul
processing can be prevented.

In the preferred embodiment shown in FIG. 8
projected image is formed on the screen 56 and this
projected image is next detected by the imaging uni
to form a detected image. However, in performing t
inspecting method of the present invention, the scr
IS not essential. An inspecting apparatus 55A not
the screen 56 according to another preferred embodi
of the present invention will now be described with
reference to FIG. 9. In the inspecting apparatus 5
shown in FIG. 9, light is perpendicularly applied t
upper surface 11a of the ingot 11 held on the holdi
table 26. That is, the light impinges on the upper
surface 11a at right angles thereto, i.e., at an

incidence angle of 0 degrees (i.e., the optical pat
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the incident light is parallel to the normal to the
surface 11a). Further, an imaging unit 60 is locat

as to be opposed to the upper surface 11a of the in
The incident light on the upper surface 11ais refl

at right angles to the upper surface 11a to reach t
imaging unit 60 located above the upper surface 11la
Accordingly, a detected image with no distortion ca
obtained.

As shown in FIG. 9, the inspecting apparatu
includes a light source 58a, a beam splitter 76, an
imaging unit 60. Light emitted from the light sour
is converted into parallel light by a lens 74a. Th
parallel light emerging from the lens 74a enters th
splitter 76. The light thus entering the beam spli
is partially reflected by the beam splitter 76 towa
upper surface 11a of the ingot 11. The light thus
reflected by the beam splitter 76 impinges on the u
surface 11a at right angles thereto and is then ref
on the upper surface 11a toward the beam splitter 7
reflected light from the upper surface 11a is parti
transmitted through the beam splitter 76 and next f
by a lens 74b to the imaging unit 60. The imaging
includes a lens 61 and an imaging device 63. The |

focused to the imaging unit 60 is imaged on the ima
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device 63 by the lens 61 to form a detected image.

Although not shown in FIG. 9, the determini
62 shown in FIG. 8 is connected to the imaging devi
This determining unit 62 compares the detected imag
obtained by the imaging device 63 with the preset
conditions to determine whether or not the modified
layers 23 and the cracks 25 have been properly form
inside the ingot 11. By using the inspecting appar
55A, the distortion in the detected image to be obt
by the imaging unit 60 can be greatly reduced.
Accordingly, it is possible to more accurately eval
the condition of asperities generated on the upper
surface 11a of the ingot 11 due to the formation of
separation start point composed of the modified lay
and the cracks 25 inside the ingot 11.

Referring to FIG. 10, there is shown an ins
apparatus 100 according to still another preferred
embodiment of the present invention. The inspectin
apparatus 100 shown in FIG. 10 includes a holding t
(support table) 26 (not shown in FIG. 10) for holdi
ingot 11 in the condition where the upper surface 1
exposed, a point light source 64 for emitting light
first concave mirror 66 for reflecting the light 65

emitted from the point light source 64 to convert t
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light 65 into parallel light 67, and a second conca
mirror 68 for reflecting reflected light 67a from t
upper surface 11a of the ingot 11 so as to focus it
reflected light 67a being obtained by the reflectio
the parallel light 67 on the upper surface 11a.

The inspecting apparatus 100 further includ
camera 70 located at a position where a projected i
formed on a projection surface (concave surface) 68
the second concave mirror 68 is focused and a perso
computer 72 having a memory for storing preset cond
and a detected image obtained by the camera 70.

According to the inspecting apparatus 100 s
FIG. 10, the concave surface 68a of the second conc
mirror 68 functions as a projection surface for for
projected image. The light focused by the projecti
surface 68a enters the camera 70. Accordingly, the
projected image formed on the projection surface 68
detected by the camera 70, so that a very bright de
image can be obtained. As a modification, the seco
concave mirror 68 may be replaced by a simple scree
located at the position of the second concave mirro
In this case, a detected image obtained by the came
is dark and insufficient in contrast. However, by

highly sensitive camera with low noise, a projected
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formed on the screen can be sufficiently detected.

In the above description, the inspecting me
the present invention is applied to a hexagonal sin
crystal ingot in which the separation start point
composed of the modified layers 23 and the cracks 2
previously formed. However, the applicability of t
inspecting method of the present invention is not |
to such a hexagonal single crystal ingot. For exam
the inspecting method of the present invention is a
applicable to a semiconductor ingot such as a silic
ingot and a compound semiconductor ingot, in which
separation start point composed of modified layers
cracks is previously formed. Also in this case, it
similarly determined whether or not the modified la
have been properly formed inside the semiconductor

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.

38

thod of

gle

5is
he
imited
ple,
Iso

on

and
is
yers
ingot.
details
scope

and

eto



WHAT IS CLAIMED | S

1. A semiconductor ingot inspecting method
comprising:

a separation start point forming step of se
the focal point of a laser beam having a transmissi
wavelength to a semiconductor ingot inside said ing
a predetermined depth from an upper surface of said
said predetermined depth corresponding to the thick
of a wafer to be produced from said ingot, and next
applying said laser beam to said upper surface of s
ingot as relatively moving said focal point and sai
ingot to thereby form modified layers parallel to s
upper surface of said ingot and cracks extending fr
each modified layer, thus forming a separation star
point composed of said modified layers and said cra

a light applying step of applying light fro
light source to said upper surface of said ingot af
performing said separation start point forming step
light impinging on said upper surface of said ingot
predetermined incidence angle;

a projected image forming step of reflectin
light on said upper surface of said ingot to obtain
reflected light after performing said light applyin

and then forming a projected image from said reflec
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light, said projected image showing the emphasis of
asperities generated on said upper surface of said ingot
due to the formation of said modified layers and sa id
cracks inside said ingot;

an imaging step of detecting said projected image
to form a detected image after performing said proj ected

image forming step; and

a determining step of comparing said detect ed image
with preset conditions to determine the condition o f said
modified layers and said cracks after performing sa id
imaging step.

2. A hexagonal single crystal ingot inspec ting

method comprising:

a preparing step of preparing a hexagonal s ingle
crystal ingot having a first surface, a second surf ace
opposite to said first surface, a c-axis extending from
said first surface to said second surface, and a c- plane

perpendicular to said c-axis;
a separation start point forming step of se tting
the focal point of a laser beam having a transmissi on

wavelength to said ingot inside said ingot at a

predetermined depth from said first surface of said ingot
after performing said preparing step, said predeter mined
depth corresponding to the thickness of a wafer to be

40



produced from said ingot, and next applying said la
beam to said first surface of said ingot as relativ
moving said focal point and said ingot to thereby f
modified layers parallel to said first surface of s
ingot and cracks extending from each modified layer
said c-plane, thus forming a separation start point
composed of said modified layers and said cracks;

a light applying step of applying light fro
light source to said first surface of said ingot af
performing said separation start point forming step
light impinging on said first surface of said ingot
predetermined incidence angle;

a projected image forming step of reflectin
light on said first surface of said ingot to obtain
reflected light after performing said light applyin
and then forming a projected image from said reflec
light, said projected image showing the emphasis of
asperities generated on said first surface of said
due to the formation of said modified layers and sa
cracks inside said ingot;

an imaging step of detecting said projected
to form a detected image after performing said proj
image forming step; and

a determining step of comparing said detect
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with preset conditions to determine the condition o f said

modified layers and said cracks after performing sa id
imaging step.
3. The hexagonal single crystal ingot insp ecting

method according to claim 2, wherein said hexagonal
single crystal ingot is selected from an SiC single

crystal ingot and a GaN single crystal ingot.

4. An inspecting apparatus for inspecting a
hexagonal single crystal ingot having a first surfa ce, a
second surface opposite to said first surface, a c- axis
extending from said first surface to said second su rface,
and a c-plane perpendicular to said c-axis, said in got

being previously processed by applying a laser beam

having a transmission wavelength to said ingot, to said
first surface of said ingot to thereby form modifie d
layers inside said ingot and cracks extending from each

modified layer along said c-plane, thus forming a

separation start point composed of said modified la yers
and said cracks, whereby asperities corresponding t o said
modified layers and said cracks are generated on sa id
first surface of said ingot, said inspecting appara tus
comprising:

a holding table for holding said ingot in t he

condition where said first surface of said ingot is
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exposed,;

a light source for applying light to said f
surface of said ingot held on said holding table, s
light impinging on said first surface of said ingot
predetermined incidence angle;

imaging means for detecting a projected ima
form a detected image, said projected image being f
by reflecting said light on said first surface of s
ingot at a reflection angle corresponding to said
predetermined incidence angle, said projected image
showing the emphasis of said asperities generated o
first surface of said ingot due to the formation of
separation start point inside said ingot; and

determining means for comparing said detect
with preset conditions to determine the condition o
modified layers and said cracks.

5. An inspecting apparatus for inspecting
hexagonal single crystal ingot having a first surfa
second surface opposite to said first surface, a c-
extending from said first surface to said second su
and a c-plane perpendicular to said c-axis, said in
being previously processed by applying a laser beam
having a transmission wavelength to said ingot, to

first surface of said ingot to thereby form modifie
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layers inside said ingot and cracks extending from
modified layer along said c-plane, thus forming a
separation start point composed of said modified la
and said cracks, whereby asperities corresponding t
modified layers and said cracks are generated on sa
first surface of said ingot, said inspecting appara
comprising:

a holding table for holding said ingot in t
condition where said first surface of said ingot is
exposed,;

a point light source for emitting light;

a first concave mirror for reflecting said
emitted from said point light source to convert sai
light into parallel light and then applying said pa
light to said first surface of said ingot, said par
light impinging on said first surface of said ingot
predetermined incidence angle;

a second concave mirror having a projection
for forming a projected image, said projected image
formed by reflecting said parallel light on said fi
surface of said ingot at a reflection angle corresp
to said predetermined incidence angle, said project
image showing the emphasis of said asperities gener

on said first surface of said ingot due to the form
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of said separation start point inside said ingot;

imaging means for detecting said projected
formed on said projection surface of said second co
mirror to thereby form a detected image; and

determining means for comparing said detect
with preset conditions to determine the condition o
modified layers and said cracks.

6. A laser processing apparatus comprising

a chuck table for holding a hexagonal singl
crystal ingot having a first surface, a second surf
opposite to said first surface, a c-axis extending
said first surface to said second surface, and a c-
perpendicular to said c-axis;

laser beam applying means for applying a la
having a transmission wavelength to said ingot, to
first surface of said ingot held on said chuck tabl
thereby form modified layers inside said ingot and
extending from each modified layer along said c-pla
thus forming a separation start point composed of s
modified layers and said cracks, whereby asperities
corresponding to said modified layers and said crac
generated on said first surface of said ingot;

a light source for applying light to said f

surface of said ingot held on said chuck table, sai
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light impinging on said first surface of said ingot
predetermined incidence angle;

imaging means for detecting a projected ima
form a detected image, said projected image being f
by reflecting said light on said first surface of s
ingot at a reflection angle corresponding to said
predetermined incidence angle, said projected image
showing the emphasis of said asperities generated o
first surface of said ingot due to the formation of
separation start point inside said ingot;

determining means for comparing said detect
with preset conditions to determine the condition o
modified layers and said cracks; and

control means for essentially controlling s
laser beam applying means, said imaging means, and

determining means.
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