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APPARATUS AND METHOD FOR THREE DIMENSIONAL INSPECTION O,
WAFER SAW MARKS

CROSS REFERENCE TO RELATED APPLICATIONS

[001]  This patent application claims priority of US provisional pagnt application No,
61/368,543 filed July 30, 2010, the application is incorporated heyfin by reference.

FIELD OF THE INVENTIO

[002]  The present invention relates to an apparatugffor the three dimensional inspection

of saw marks on at least one surface of a wafer.

[003]  The invention relates as well to a ethod for determining saw marks on at least

one surface of a wafer.

BACKGROUND OF THE INVENTION

[004]  Silicon wafers are ySed to manufacture photovoltaic cells. Each silicon wafer is
cut from an ingot with a ghecialized saw. The surface of the wafers needs to be inspected
for various defects. Opfe type of defect is caused by the process of sawing-off the wafer
from the silicon indot. Saw grooves or saw marks are local, elongated, 3-dimensional
the normally flat surface of the wafer. Each saw mark is extended and
formed in th€ sliding direction of the saw and parallel to said solar cell wafer in the surface
of said sfflar cell wafer. In case of a cylindrical shaped ingot the saw marks run in the same
direcgfon as the saw is operated. In case of a cubical ingot the saw marks are almost parallel
ne edge of the wafer. The length of the saw marks may vary between a few centimeters
and the entire width of the wafer. Additionally, also the width and depth of the saw marks
may vary. The form and status of a saw mark in a solar cell wafer influences the quality of

the solar cell wafer.
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[005]  Japanese patent application JP 2010-181328 A discloses a test equipment for a
solar cell wafer surface which inspects a formation state of a saw mark in the swrface of t
solar cell wafer. The solar cell wafer being subject of examination is conveyed by a
conveyor in a direction parallel to the longitudinal direction of a saw mark formedf the
5  surface. The test equipment is provided with a floodlight, a camera and a comppfter. The

floodlight is arranged at an oblique direction to the surface and is adapted fof lighting a
sub-division to the surface of said solar cell wafer. The lightning directigh perpendicularly
intersects the longitudinal direction of the saw mark. The floodlight j#a halogen lamp, a
fluorescent lamp, etc., for example. A diffusion plate is used to diffuse the light for

10 irradiating said solar cell wafer. The camera generates data of fie picture of the surface of
said solar cell wafer. The imaging direction (optical axis djection) of said camera may be

an oblique direction to the surface of said solar cell wafgh.

[006]  Japanese patent application JP 2008-134/96 A discloses a technology wherein the
picture of the surface of the solar cell wafer hgf dispersion in the light and darkness

15  according to the grain boundary which exigh in the solar cell wafer. In the picture of the
surface of a solar cell wafer, the brightgfss of the image of said saw mark is relatively low.
Therefore, the image of said saw mg#k cannot be exactly identified as a candidate of a

defect.

[007]  Japanese patent gffplication JP 2005-345290 A discloses a technology, whereby a
20  pixel of a predetermine# number with high brightness is extracted from a division picture.
In many cases, the gfoblem is that an image of a saw mark cannot be exactly extracted from
a picture of the gffrface of a solar cell wafer as a candidate for a defect. Therefore, it is
difficult to sefup a predetermined region centering on said pixel which distinguishes one

image of gfid saw mark at a time.

25 [00 The Japanese patent application JP 2000-046743 A applies inspection light to a
afer where recesses and projections in a specific direction are formed in parallel from a

specific direction. A plurality of LEDs is arranged in semi-circular shape, a lighting

direction is controlled by a lighting-controlling device. The lighting-controlling device sets

a lighting direction in the initial state of a wafer on a turntable and successively adjusts the
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lighting direction for an angle based on a rotary angle signal from the encoder of the
turntable. Cameras pick up the image of the edge part of the wafer every time when the
turntable stops at a specific angle. An image-processing device picks up an image fro

cameras and detects a defect by image processing.

[009] The German patent application DE 10 2009 010 837 A1 discloses g/method for
inspecting existence of sawing grooves on wafers utilized for manufacturifig solar cells.
The method involves projecting a light line on a wafer by a laser light fource, and
transporting the wafer on a transport device. The wafer is inspecteg/during continuous
transport of the wafer, where the wafer is arranged on the transpbrt device such that sawing
grooves are aligned at a right-angle to a transportation direcon. A partial region of the

wafer is examined such that images of the partial region fre recorded using a surface

camera,

[0010] The prior art methods show drawback#. The manual methods are slow and do not
inspect all solar cell wafers. As a result thergis an insufficient detection of the defect (saw

mark). Furthermore, many prior art methéds are less accurate and less repeatable.

[0011] Some of the prior art mejfiods only inspect part of the solar cell wafer, whereas
saw grooves or saw marks can e present anywhere on the wafer. Particularly, also the

deepest part of the saw groghe can be anywhere on the wafer, too. As a consequence, the
prior art methods may npss a groove completely or underestimate its depth. This also

results in an insufficint detection of the defect.

ordepfto provide a sufficient detection these methods require operators knowing the
djfection in which the previous sawing process occurred. All wafers need to be placed in
the same orientation onto the moving belt. As a consequence, the inspection process is

slower, more error-prone, and less flexible.
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e projecting a first pattern of lines of a first orientation onto the at least one surface of the
wafer;

e capturing a first set of first images of the surface of the wafer, wherein for each i
of the first pattern of lines the lines are shifted a definite distance perpendicul
orientation of the first pattern of lines;

e projecting a second pattern of lines of a second orientation onto the surfe of the
wafer;

e capturing a second set of second images of the surface of the wafgf, wherein for each
image of the second pattern of lines the lines are shifted a defjfite distance
perpendicular to the second orientation of the second patteyh of lines;

» generating a combined first image from the set of first hages and generating a

combined second image from the set of second imag€s, and thereby computing an

improved set of first images from the combined #rst image and an improved set of
second images from the combined second i

e detecting grooves in at least one of the imgfroved set of first images and in at least one
of the improved set of second images;

* measuring a depth of a detected grgfve in at least one image of the improved set of first

images or improved set of secopll images;

o averaging the depth of the ggboves across the images of the improved set of first images
and the images of the imghroved set of second images; and

¢ documenting the depyfl and the location and the orientation of the detected grooves on

the surface of the yfafer.

[0017] In casgfa second pattern of lines is projected in a second orientation onto the
surface of thf wafer. A second set of second images of the surface of the wafer is captured,
wherein J0r each image of the second pattern of lines the lines are shifted a definite
distanyfe perpendicular to the second orientation of the second pattern of lines. The first
pgfern of lines may be identical to second pattern of lines. The only difference is that the

irst pattern of lines is not parallel to the second pattern of lines.
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light bundle between the first and second line projectors respectively and the surface of the
wafer. This arrangement of the first and second line projectors is advantageous if there is
no information available about the orientation of the saw grooves or saw marks on th

surface of the wafer.

5 [0020] A further embodiment of the invention enables to simultaneously c#pture the

front side and the back side of the wafer. The inventive apparatus comprig€s two cameras.
Each camera defines a field of view and being arranged perpendiculaifo a plane of the
front side of the wafer and the back side of the wafer. The field of fiew of the two cameras
is designed such that the entire front side and the entire back sig€ respectively of the wafer

10 is captured. At least one first line projector providing a lighy/bundle which is centered
about a central beam axis, wherein the first line projectop/is arranged such that the central
beam axis is arranged at an acute angle with regard tg/the plane and the front side
respectively of the wafer. At least one second lingfrojector providing a light bundle which
is centered about a central beam axis, whereinhe second line projector is arranged such

15  that the central beam axis is arranged at an #cute angle with regard to the plane and the
back side of the wafer respectively. A liffe shifter is positioned in the light bundle between

each line projector and the surface ojthe wafer.

[0021] Moving means may b€ provided for enabling a relative rotation between the wafer
and the at least one line profector. The relative rotation is such that the acute angle of the at
20  least line projector withfegard to the plane of the wafer is maintained. With the moving
means it is possible g project a second pattern of a plurality of lines in a second orientation
onto the surface gf the wafer. Preferably, the lines of the first pattern of lines are
perpendicular/o the lines of the second pattern of lines. According to one embodiment, the
moving mghns rotates the wafer so that the first pattern of lines and the second pattern of
25  lines cgfl be projected one after the other onto the surface of the wafer. Another possibility
is thAt the line projector is pivoted with respect to the surface of the wafer. In a first
entation the line projector projects a first pattern of lines and in a second orientation the
line projector projects a second pattern of lines onto the surface of the wafer. The frame
grabber and the image processor synchronize the image capture of the first pattern of lines

and the second pattern of lines projected onto the surfaces of the wafer, the position of the
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line projectors enclose an angle of 90° with respect to the X- and Y-directions of a
Cartesian coordinate system. The respective central beam axis of each line projector
encloses an angle of 18° with the plane of the wafer (horizontal plane). The camera is
looking down vertically and three images are captured by the camera. The first set

images is captured whilst the first line projector is illuminated. A motor tilts a 2m thick
glass plate in front of each line projector. The tilt angles are -4.44°, 0° and 4/44° relative to
the respective perpendicular central beam axis of the respective line shiftfr. For each tilt
angle an image is captured. The captured images are combined in ordg to remove
unwanted artifacts. Image processing methods look for and measy€ saw marks or saw

grooves in each set of the three images.

[0029] According to a preferred embodiment of a metfd of the present invention the
orientation of the saw marks is known a priori, for ex#mple from a preceding inspection
step. At least one camera and at least two line projctors are needed in order to detect saw
marks/grooves on a wafer. Each line projector fan project a pattern of a plurality of lines
onto a front side or a back side of the wafej/ind thereby covering at least a portion of the
surface of the front side or the back side/bf the wafer. The patterns of lines of the line
projectors are under an angle with regbect to each other, that means the patterns of lines of
the line projectors are not paralleybut of different orientations. In a preferred embodiment
consisting of two line projectofs the two patterns of lines of the line projectors are
approximately perpendiculdr to each other. Additionally at least one of the patterns of lines
is oriented at an angle y/ith respect to the saw marks. In a preferred embodiment the lines
of one projector areSriented approximately perpendicular to the saw marks. The a priori
information aboyf the orientation of the saw marks is used to select the line projector that
projects the lyfie pattern that is closest to perpendicular to the saw marks. This line project
is used dy/ing image capture to project line patterns. A first set of first images of the
surfacg/of the wafer is captured, wherein for each image of the first pattern of lines the
ling€ 1s shifted a definite distance perpendicular to the orientation of the first pattern of
nes. A combined first image from the set of first images is generated, and thereby
computing an improved set of first images from the combined first image. Grooves are

detected in at least one of the improved set of first images. Finally an averaging and
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documenting step is carried out. (The advantage of this embodiment is that throughput can

be higher because image capture time is minimized).

[0030] Finally, the apparatus reports the position and depth of the deepest saw m#ks
detected. The saw grooves or saw marks are measured in pixels by estimating th€ position
5 of each line on either side of the saw groove by means of curve fitting. The ¢fiferences
between the two sides are computed by averaging over a certain distance £long the groove.
A calibration model is used to translate depth measured in pixel to degh expressed in
actual distance units. The calibration model takes into account the ferspective and other

distortion caused by the line projectors and the camera.

10 BRIEF DESCRIPTION OF THE DRAWINGS

f0031] The nature and mode of operation of the pfesent invention will now be more fully
described in the following detailed description gf the invention taken with the

accompanying drawing figures, in which

[0032] Figurel  shows a part of £saw groove which has a step-like shape and the

15 image 1s taken with a confocal micfoscope;

[0033] Figure2  shows/ schematic side view of an embodiment of an apparatus for
three dimensional inspecyon of wafer saw marks, wherein at least one line projector is

used;

[0034] Figur shows a schematic side view of another embodiment of the apparatus

20  for the threeAimensional inspection of wafer saw marks, wherein means for carrying out a

035] Figure4  shows a schematic side view of the apparatus for the three
dimensional inspection of wafer saw marks, wherein according to this embodiment the
front side and the back side of the wafer are inspected simultaneously by at least two line

projectors;
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projector according to Fig. 7B, and the glass plate in the second illumination light bundle,

the glass plate being tilted in the counter clockwise direction; and

[0044] Figure 10  shows a schematic flow chart of the inventive method to deteft saw

marks oriented in both directions on the surface of a wafer.

DETAILED DESCRIPTION OF THE INVENTION

[0045] Same reference numerals refer to same elements throughofft the various figures.
Furthermore, only reference numerals necessary for the descriptyfn of the respective figure
are shown in the figures. The shown embodiments represent #nly examples of how the
apparatus and method according to the invention can be dfsigned. This should not be

regarded as limiting the invention.

[0046] Fig. 1 shows a partial view of a saw ggfove 2 on the front side 3F of a wafer 4
(see Fig. 2), wherein the saw groove 2 has a fep-like shape. Silicon wafers used to
manufacture photovoltaic cells need to bg/inspected for various defects. One type of defect
is caused by the process of sawing-offfhe wafer from a silicon ingot (not shown). The form
of the silicon ingot can be a cuboig/or a cylinder. Consequently, wafer 4 is round or
rectangular, respectively. Saw gfooves 2 or saw marks are local, elongated and 3-
dimensional departures frogfthe normally flat front side 3F or back side 3b of wafer 4. In
case wafer 4 is rectangulfl the saw grooves 2 run almost parallel to the edge of wafer 4, in
the same direction as#he saw, and their length can vary between a few centimeters and the

entire width of wgfer 4. The width of saw grooves 2 and their depth can also vary.

[0047] F
1 for th
The

2 shows a schematic side view of an embodiment of the inventive apparatus
ree dimensional inspection of saw marks 2 on at least one surface 3 of wafer 4.
rface 3 of wafer 4 is the front side 3F or the back side 3B of wafer 4. Surface 3 of
whfter 4 is imaged by a camera 6 defining a field of view 7 and being arranged
perpendicular to a plane P of wafer 4. The optical system 15 of camera 6 is designed such
that next to defining the field of view 7 also the entire surface 3 of wafer 4 is captured by a

sensor (not shown) of camera 6. The sensor can be an area sensor or can work according to
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[0058] The embodiments of the apparatus 1 disclosed in Figs. 2 to 4 are exemplary
embodiments and should not be considered as a limitation of the invention. A skilled
person in the art would consider as well an apparatus 1 with a first line projector 8, a
second line projector 8, a third line projector 83 (not shown) and a fourth line projgftor 84
(not shown). In this embodiment the first line projector 8, and the third line progector 8 are
arranged such that they project the respective pattern 20 of lines 22 at 0° ang/90° degrees
respectively onto the front side 3F of wafer 4. The second line projector #; and the fourth
line projector 84 are arranged such that they project the respective pagfrn 20 of lines 22 at
0° and 90° degrees respectively onto the back side 3B of wafer 4. i order to speed up
image capture it is possible to use different wavebands for eac}fline projector 81, 8,, 83 or
84. At least one color sensitive camera or a camera with filtg#'s is required to capture the

images.

[0059] In a further embodiment (not shown) a fjfst line projector 8; and a second line
projector 8, are arranged such that they projecyfhe respective pattern 20 of lines 22 at 0°

and 90° degrees respectively onto the front £ide 3F of wafer 4.

[0060] The wafers 4 to be inspectegrest on a belt (not shown) which transports the

wafers 4 into the inspection positjn, i. e., into the field of view 7 of the camera 6. It is
possible to inspect the front sigk 3F of the wafer 4. As disclosed in Fig. 4 the front side 3F
and the back side 3B of thefvafer 4 can be inspected simultaneously while the wafer 4 is

held by a vacuum pick-pp gear (not shown) or any equivalent.

[0061] Fig. 5 shOws a schematic top view of a wafer 4 used for solar cells, wherein wafer
4 has the shapgfof a rectangle. As mentioned above, wafer 4 is sawed-off from a silicon
ingot. Sincgthe form of the silicon ingot is a cuboid, the wafer 4 is rectangular. The saw

marks J/0on the front side 3F of wafer 4 are oriented along a direction 35 of the saw.

[Q062] Fig. 6 shows a schematic view of an image 40 of the wafer 4 according to Fig. 5.
Wafer 4 is registered by pixels 60,, of an image sensor of camera 6, wherein the field of
view 7 of camera 6 captures the entire surface, here the front side 3F, of wafer 4. The

image sensor of camera 6 with the plurality of pixels 60, is oriented with wafer 4 so that
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skilled person in the art that the amount of images 40 taken per set is not limited to three

images 40.

[0067] Fig. 10 shows a schematic flow chart of the inventive method to detect sayf marks
2 on the surface 3 of a water 4. As shown in Figs. 7A, 7B, 8A, 8B, 9A, and 9B /Tirst line
projector 8; and a second line projector 8, are arranged to illuminate the fron#side 3F of
wafer 4, The first line projector 8; and the second line projector 8, are pogftioned such that
their respective central beam axes 9 are perpendicular to each other. Ipftially, first line
projector 8; projects a first pattern 20 of lines 22 of a first orientatigh (parallel to the X-
direction) onto the at least one surface 3 of wafer 4. A first rawnage 51, a second raw
image 52 and a third raw image 53 are captured, wherein foyfach raw image 514, 524, 53,
of the first pattern 20 of lines 22 the lines 22 are shifted g/definite distance perpendicular to
the orientation of the first pattern 20 of lines 22. The fame is done with a second set of raw
images 515, 523, 53 of a second pattern 20 of lingf22, wherein the lines 22 are oriented

parallel to the Y-direction.

[0068] After the raw images 51;, 521, /31 and 515, 525, 53, of each set are captured, the
multiple raw images 511, 521, 53; ang/512, 525, 53, in each orientation are combined to
improve the quality of each imagg/and to remove unwanted artifacts. A reference image
541, 54, is computed, wherein fhe pixel values of the first reference image 54, are
maximum pixel values of th first set of raw images 511, 52, 53;. Analogously, a second
reference image 54, is gfmputed, wherein the pixel values of the second reference image
54, are maximum pipel values of the second set of raw images 51,, 525, 53,. In the next
step each image of the first set of raw images 514, 52, 53, and each image of the second
set of raw img#es 515, 52,, 53, is divided by the first reference image 54, and the second
reference yhage 54, respectively. The first set of raw images 511, 524, 53; and the second
set of 1w images 515, 525, 53, are numerically rescaled which is done by multiplying them
withfa constant value in order to obtain the same range of values (for example 0 — 255) as

e original images have.

[0069] In the next process step, candidate grooves (saw grooves 2) are detected in all

improved images. Assuming, without any loss generality, that the projected lines are
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approximately horizontal in the image, the groove detection is achieved by a variety of
steps. Firstly, a detection of a location of the projected lines 22 is carried out in each
column of pixels 60, . Secondly, each line 22 is tracked horizontally and local deviatjfns
from a straight line are computed. Thirdly, a Hough transformation is carried out
positions of a straight line where the local deviation is above a threshold. Fourtfly, peaks
are searched in the Hough transformation, which correspond to the positionAnd orientation

of detected grooves 2.

[0070] According to a further embodiment of the invention the jfw images #1, #2 and #3

are combined into one single image of improved quality. That j/ done by a process known
as “phase shift extraction” that compares the intensity of thg/three images 51, 521, 53; at
each pixel location. The combined image is known as a/phase image”. The grooves are
detected and measured in the phase image. The natup€ of the phase image is such that
phase jumps (from —pi to +pi or from -+pi to —pi) pAust be taken into account (“‘unwrapped”)

when line fits and deviations are computed.

[00711 In next step, the depths of the gtected grooves 2 in all improved images are
measured. For each candidate groove/Z detected, a high and low point of a groove profile is
computed along each direction of 4 detected groove 2. The computation starts from the
tracked line positions. The high points and low points are tracked across adjacent directions
or lines. A local depth of dffected grooves 2 is estimated by means of curve fittings
through line positions nfar the high and low points. An average depth of the grooves is
estimated in pixels gffer a certain length along the groove 2 by means of a moving average.

Finally, the deptl/of the groove 2 is translated from pixels to microns by means of pre-

avejflged depth profile computed in three dimensions over the improved set of first images
1, 921, 531 and set of second images 512, 522, 53,. At the end, the location and depth of
the grooves 2 are reported. A file is written, from which file the location and the depth of
the grooves 2 can be retrieved by a line engineer. The location and the depth of the deepest

saw groove 2 on the surface 3 of wafer 4 is retrievable from the file as well.
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REFERENCE NUMERALS:
1 apparatus
2 saw mark; saw groove
3 surface
5 3B back side of wafer

3F front side of wafer
4 wafer
5 light bundle
6, 61, 62 camera

0 7 field of view
8 line projector
81 first line projector
8 second line projector
83 third line projector

15 8 forth line projector
9 central beam axis
10 light source
11 motor
12 line shifter

20 12G glass plate
14 frame grabber
15 optical fystem
16 imgde processor

tterned glass plates
propagation direction
pattern
lines
exit lens
condenser lense; condenser system
first glass plate

second glass plate
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WHAT IS CLAIMED IS:

1. Apparatus for three dimensional inspection of saw marks on at least on, ;
a wafer comprising:

* at Jeast one camera defining a field of view and being arrange
5 of the wafer, wherein the field of view is designed such th ’. least a portion of

a surface of the wafer is captured;

* at least one line projector providing a light bundle ¢gntered about a central beam
axis, wherein the at least one line projector is ;,,‘,:—7'* ged such that the central
beam axis is arranged at an acute angle with to the plane of the wafer,
10 and wherein the at least one line projecto f ’. provided with light from at least
one light source and is adapted to a pattern of a plurality of lines onto a

front side and/or a back side of the fafer and thereby covering at least a portion

15

20 2.

# Apparatus of claim 2, wherein the lines of the first pattern of lines are perpendicular

to the lines of the second pattern of lines.
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4. Apparatus of claim 1, wherein the at least one line shifter is a glass plate and
connected to a motor for rotating the glass plate so that the first or secon

lines is shifted on the surface of the wafer.

5. Apparatus of claim 1, wherein the at least one line shifter has a pjurality of glass

plates, each glass plate being arranged at a different angle in gipositioner, the
positioner being drivable by a motor in order to bring a glgss plate of a different tilt
angle into the light bundle so that the first or second pagtern of lines is shifted on the

surface of the wafer.

6. Apparatus of claim 1, wherein each of the at ] st one line projectors has two

patterned glass plates with a pattern of lin effarranged between an exit lens and a
condenser system, wherein a first glass has a variable-pitch Ronchi ruling in
order to compensate for a perspectivgieffect and to project the uniform pattern of
lines onto the surface of the wafegand the second glass plate has a variable

transmittance pattern to compeffSate for a perspective effect and to project the

pattern of lines of uniform r onto the surface of the wafer.

7. Apparatus of claim 1, #herein the at least one light source is directly attached to the

least gffe line projector via a light guide.

10. paratus of claim 9, wherein the at least one light source comprises LEDs.

;,l_f'f‘f Apparatus of claim 1, wherein the least one camera is communicatively connected

: to the frame grabber and the image processor so that a motion of the at least one
line shifter, a switching of the at least one light source and a capture of an image of
the surface of the wafer at different positions of the pattern of lines on the surface of

the wafer are synchronized by the frame grabber.
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12.  Method for determining saw marks on at least one surface of a wafer, compri

the steps of:

5 [
'
10 .
*
15
.
[ ]
20
.
[ 3
25 13.

27

projecting a first pattern of lines of a first orientation onto the at Ie
surface of the wafer wherein an orientation of the saw marks is nown,
capturing a first set of first images of the surface of the wafeggwherein for each
image of the first pattern of lines the lines are shifted a definite distance

perpendicular to the orientation of the first pattern of |

projecting a second pattern of lines of a second oriegitation onto the surface of

the wafer

capturing a second set of second images of thé'surface of the wafer, wherein for
each image of the second pattern of lines lf¢ lines are shifted a definite distance
perpendicular to the second orientationgst the second pattern of lines;
generating a combined first image fi®in the set of first images and generating a
combined second image from thefSet of second images, and thereby computing
an improved set of first imagg§trom the combined first image and an improved

set of second images fromghe combined second image;

detecting grooves in at J@ast one of the improved set of first images and in at

least one of the imprgved set of second images;

measuring a deptlpof a detected groove in each image of the improved set of

first images and’in each image of the improved set of second images;

averaging th depth of each groove across the images of the improved set of
first or the images of the improved set of second images; and
docurgenting the depth and the location and the orientation of the detected

grofves on the surface of the wafer.

according to claim 12, wherein the combined first image and the combined

‘ Fecond image is achieved by:

computing a first reference image, wherein the pixel values of the first reference
image are maximum pixel values of the first set of images and computing a
second reference image, wherein the pixel values of the second reference image

are maximum pixel values of the second set of images;
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14.

15.

16.

28

¢ dividing each image of the first set of images and each image of the seco
of images be the respective reference image; and

* numerically rescaling the first set of images and the second set of i

Method according to claim 12, wherein the detection of the grovesgm at least one

image of the improved set of first images and the improved set gf second images is
achieved by: V
¢ detecting a location of the projected lines in each colugin of pixels;
e tracking the detected lines along a specific directi (
* computing local deviations from a straight line gJong the specific direction;

* carrying out a Hough transformation with pog#tions of a straight line where the

local deviation is above a threshold; and

* finding peaks in the Hough transformagion, which correspond to position and

orientation of detected grooves.

Method as defined in claim 12, whgrein the measuring of depth of a detected groove

is achieved by:

* computing for each det

fed groove a high and low point of a groove profile

along each direction gf a detected groove;

¢ tracking high poing€ and low points across adjacent directions;

¢ estimatingal depth of detected grooves by means of curve fittings along

line positio

near the high and low points;
* estimating’'in pixels an average depth of the grooves over a certain length along
the grgbve by means of a moving average; and

o tragf ating the depth of the groove from pixels to microns by means of pre-

a

gomputed parameters.

%

Method as defined in claim 12, wherein the averaging of the depth of the grooves is
achieved by averaging a depth profile computed in three dimensions over the

improved first set of images or second set of images.
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17.

18.

Apparatus for three dimensional inspection of saw marks on a surface of a waf:

comprising:

A

29

a camera, defining a field of view and being arranged perpendicular tgf
of the wafer, wherein the field of view is designed such that an e surface of
the wafer is captured;

a first line projector providing a light bundle, centered abouta central beam

axis, wherein the first line projector is arranged such thathe central beam axis

is arranged at an acute angle with regard to the plane gf‘'the wafer, wherein the

first line projector is provided with light from a li source and is adapted to

project a pattern of a plurality of lines in a first gsfentation onto a front side or a

back side of the wafer and thereby covering the complete surface of the front

side or the back side of the wafer;

a second line projector providing a lighgbundle, centered about a central beam

axis, wherein the second line projectdr is arranged such that the central beam

axis is arranged at an acute anglegvith regard to the plane of the wafer, wherein

the second line projector is pro#ided with light from a light source and is

adapted to project a patterngsf a plurality of lines in a second orientation onto

the front side or the baclgtide of the wafer and thereby covering the complete

surface of the front sidé or the back side of the wafer;
a line shifter is pogftioned in each light bundle between the first and second line
projector respevely and the surface of the wafer; and

a frame grab ” and an image processor, wherein image capture of the front side
or the bagi ide of the wafer is synchronized by the frame grabber in

coordj tion with the position of the pattern of lines on the front side or the

side of the wafer.

- of claim 17, wherein the first pattern of plurality of lines is perpendicular

o the second pattern of plurality of lines.

Apparatus of claim 17, wherein the line shifter is a glass plate and connected to a

motor for rotating the glass plate so that the first or second pattern of a plurality of

lines is shifted on the surface of the wafer.
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20.  Apparatus of claim17, wherein the line shifter has a plurality of glass plates and

each glass plate is arranged at a different angle in a positioner which is drivab}@’by a

5
21.

10
22.

15
23,

20

line projector providing a light bundle, centered about a central beam axis,
wherein the line projector such that the central beam axis is arranged at an acute
angle with regard to the plane of the wafer, wherein the line projector is
provided with light from a light source and is adapted to project a first pattern of
a plurality of lines in a first orientation onto surface of the wafer and thereby

covering the complete surface of the wafer;
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24, Apparatus for three dimensional inspection

comprising:

304

31

at least one line shifter 12 is positioned in the light bundle between the line
projector and the surface of the wafer;

moving means for providing a relative rotation between the wafer and t

pattern of lines and the second pattern of lines projectedéonto the surface of the

wafer is synchronized by the frame grabber in coordiftation with the position of

the line shifter in the light bundie and the relativg/rotational position of the

wafer and the line projector.

aw marks on a surface of a wafer
two cameras, each defining a field f view and each being arranged
perpendicular to a plane of the ffont side of the wafer and the back side of the

wafer, wherein the field of vigw of the two cameras is designed such that an

entire front side and the gfitire back side respectively of the wafer is captured;

at least one first line pgojector providing a light bundle, centered about a central

beam axis, whereiggthe first line projector is arranged such that the central beam

axis is at an acyf€ angle with regard to the plane and the front side of the wafer

bjector are provided with light form at least one light source and are adapted

project a pattern of a plurality of lines onto a front side and/or the back side

of the wafer and thereby covering the complete surface of the front side or the
back side of the wafer;
at least one line shifter is positioned in the light bundle between the line

projector and the surface of the wafer; and
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25.

26.

32

¢ aframe grabber and an image processor, wherein image capture of the front si
or the back side of the wafer is synchronized by the frame grabber in
coordination with the position of the pattern of lines on the front side an

back side of the wafer.

Apparatus of claim 24, wherein moving means enable a relative ro

%

the wafer and the line projectors and thereby maintaining the a ' angle of the line

projectors with regard to the plane of the wafer in order to prgject a second pattern

of a plurality of lines in a second orientation onto the sur of the wafer, and the

frame grabber and the image processor synchronize thgfimage capture of the first
pattern of lines and the second pattern of lines pro
wafer, the position of the line shifter in the lightbundle and the relative rotational

position of the wafer and the line projector respect to each other.

Apparatus for three dimensional inspegfion of saw marks on at least one surface of

a wafer comprising:

* at least one camera definingg¥field of view and being arranged to image a plane

of the wafer, wherein thegfleld of view is designed such that an at least a portion

of a surface of the waffr is captured;

* means for loadin wafer so that the saw marks are in a defined orientation in
the field of vie W the camera;

* atleast one Jit } projector providing a light bundle centered about a central beam
axis, the at least one line projector is arranged such that the central
is arranged at an acute angle with regard to the plane of the wafer,
ang herein the at least one line projector is provided with light from at least
g light source and is adapted to project a pattern of a plurality of lines onto a

V front side and/or a back side of the wafer and thereby covering at least a portion

of the surface of the front side or the back side of the wafer;

* at least one line shifter being positioned in the light bundle between the line
projector and the surface of the wafer; and

¢ a frame grabber and an image processor, wherein image capture of the front side

or the back side of the wafer is synchronized by the frame grabber in
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coordination with the position of the pattern of lines on the front side and/gf'the

back side of the wafer.

27.  Method for determining saw marks on at least one surface of a wafer, ¢omprising
the steps of: /
5 ¢ determining an orientation of the saw marks on the wafer;
¢ providing at least one line projector;
* projecting a first pattern of lines of a first orientation gfito the at least one
surface of the wafer, wherein the first pattern of 1inés is oriented at an angle
with respect to the saw marks; 4
10 * capturing a first set of first images of the surfice of the wafer, wherein for each
image of the first pattern of lines the lines&s shifted a definite distance
perpendicular to the orientation of the first pattern of lines;
¢ generating a combined first image f§om the set of first images, and thereby
computing an improved set of figgt images from the combined first image;
15 e detecting grooves in at least gfie of the improved set of first images;
* measuring a depth of a dejgcted groove in each image of the improved set of
first images; 7
s averaging the depth#f each groove across the images of the improved set of
first images; an
20 ¢ documenting ‘_;;ff ’ depth and the location and the orientation of the detected

grooves ongthe surface of the wafer.

28. Metho r/;:i claim 27, wherein moving means are provided for enabling a relative
rotation bet the wafer and the at least one line projector so that the orientation of the
25  saw markgon the wafer is not parallel with the first pattern of lines projected onto the

surfac u the wafer.
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APPARATUS AND METHOD FOR THREE DIMENSIONAL INSPECTION OF
WAFER SAW MARKS

CROSS REFERENCE TO RELATED APPLICATIONS

[001]  This patent application claims priority of US provisional patent application No.
61/369,543 filed July 30, 2010, the application is incorporated herein by reference.

FIELD OF THE INVENTION

[002]  The present invention relates to an apparatus for the three dimensional inspection

of saw marks on at least one surface of a wafer.

[003]  The invention relates as well to a method for determining saw marks on at least

one surface of a wafer,

BACKGROUND OF THE INVENTION

[004]  Silicon wafers are used to manufacture photovoltaic cells. Each silicon wafer is
cut from an ingot with a specialized saw. The surface of the wafers needs to be inspected
for various defects. One type of defect is caused by the process of sawing-off the wafer
from the silicon ingot. Saw grooves or saw marks are local, elongated, 3-dimensional
departures from the normally flat surface of the wafer. Each saw mark is extended and
formed in the sliding direction of the saw and parallel to said solar cell wafer in the surface
of said solar cell wafer. In case of a cylindrical shaped ingot the saw marks run in the same
direction as the saw is operated. In case of a cubical ingot the saw marks are almost parallel
to one edge of the wafer. The length of the saw marks may vary between a few centimeters
and the entire width of the wafer. Additionally, also the width and depth of the saw marks
may vary. The form and status of a saw mark in a solar cell wafer influences the quality of

the solar cell wafer.
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[005]  Japanese patent application JP 2010-181328 A discloses a test equipment for a
solar cell wafer surface which inspects a formation state of a saw mark in the surface of the
solar cell wafer. The solar cell wafer being the subject of examination is conveyed by a
conveyor in a direction parallel to the longitudinal direction of a saw mark formed in the
surface. The test equipment is provided with a floodlight, a camera and a computer. The
floodlight is arranged at an oblique direction to the surface and is adapted for lighting a
sub-division to the surface of said solar cell wafer. The lighting direction perpendicularly
intersects the longitudinal direction of the saw mark. The floodlight is a halogen lamp, a
fluorescent lamp, etc., for example. A diffusion plate is used to diffuse the light for
irradiating said solar cell wafer. The camera generates data of the picture of the surface of
said solar cell wafer. The imaging direction (optical axis direction) of said camera may be

an oblique direction to the surface of said solar cell wafer.

[006]  Japanese patent application JP 2008-134196 A discloses a technology wherein the
picture of the surface of the solar cell wafer has dispersion in the light and darkness
according to the grain boundary which exists in the solar cell wafer. In the picture of the
surface of a solar cell wafer, the brightness of the image of said saw mark is relatively low.
Therefore, the image of said saw mark cannot be exactly identified as a candidate of a

defect.

[007]  Japanese patent application JP 2005-345290 A discloses a technology, whereby a
pixel of a predetermined number with high brightness is extracted from a division picture.
In many cases, the problem is that an image of a saw mark cannot be exactly extracted from
a picture of the surface of a solar cell wafer as a candidate for a defect. Therefore, it is
difficult to set up a predetermined region centering on said pixel which distinguishes one

image of said saw mark at a time.

[008]  The Japanese patent application JP 2000-046743 A applies inspection light to a
wafer where recesses and projections in a specific direction are formed in parallel from a
specific direction. A plurality of LEDs is arranged in a semi-circular shape, and a lighting
direction is controlled by a lighting-controlling device. The lighting-controlling device sets

a lighting direction in the initial state of a wafer on a turntable and successively adjusts the
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lighting direction for an angle based on a rotary angle signal from the encoder of the
turntable. Cameras pick up the image of the edge part of the wafer every time the turntable
stops at a specific angle. An image-processing device picks up an image from the cameras

and detects a defect by image processing.

[009] The German patent application DE 10 2009 010 837 A1 discloses a method for
inspecting for the existence of sawing grooves on wafers utilized for manufacturing solar
cells. The method involves projecting a light line on a wafer by a laser light source, and
transporting the wafer on a transport device. The wafer is inspected during continuous
transport of the wafer, where the wafer is arranged on the transport device such that sawing
grooves are aligned at a right-angle to a transportation direction. A partial region of the
wafer is examined such that images of the partial region are recorded using a surface

camera.

[0010] The prior art methods show drawbacks. The manual methods are slow and do not
inspect all solar cell wafers. As a result there is an insufficient detection of the defect (saw

mark). Furthermore, many prior art methods are less accurate and less repeatable.

[00111 Some of the prior art methods only inspect part of the solar cell wafer, whereas
saw grooves or saw marks can be present anywhere on the wafer. Particularly, also the
deepest part of the saw groove can be anywhere on the wafer, too. As a consequence, the
prior art methods may miss a groove completely or underestimate its depth. This also

results in an insufficient detection of the defect.

[0012] There are some prior art methods which inspect the solar cell wafers in one
direction only. However, the wafers are on a moving belt, and consequently, grooves
perpendicular to the direction of transport of the belt can be detected and measured. In
order to provide a sufficient detection these methods require operators knowing the
direction in which the previous sawing process occurred. All wafers need to be placed in
the same orientation onto the moving belt. As a consequence, the inspection process is

slower, more error-prone, and less flexible.
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e projecting a first pattern of lines of a first orientation onto the at least one surface of the
wafer;

e capturing a first set of first images of the surface of the wafer, wherein for each image
of the first pattern of lines the lines are shifted a definite distance perpendicular to the
orientation of the first pattern of lines;

o projecting a second pattern of lines of a second orientation onto the surface of the
wafer;

¢ capturing a second set of second images of the surface of the wafer, wherein for each
image of the second pattern of lines the lines are shifted a definite distance
perpendicular to the second orientation of the second pattern of lines;

e generating a combined first image from the set of first images and generating a
combined second image from the set of second images, and thereby computing an
improved set of first images from the combined first image and an improved set of
second images from the combined second image;

¢ detecting grooves in at least one of the improved set of first images and in at least one
of the improved set of second images;

e measuring a depth of a detected groove in at least one image of the improved set of first
images or improved set of second images;

» averaging the depth of the grooves across the images of the improved set of first images
and the images of the improved set of second images; and

¢ documenting the depth and the location and the orientation of the detected grooves on

the surface of the wafer.

[0017] In case a second pattern of lines is projected in a second orientation onto the
surface of the wafer, a second set of second images of the surface of the wafer is captured
wherein for each image of the second pattern of lines the lines are shifted a definite
distance perpendicular to the second orientation of the second pattern of lines. The first
pattern of lines may be identical to second pattern of lines. The only difference is that the

first pattern of lines is not parallel to the second pattern of lines.
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light bundle between the first and second line projectors respectively and the surface of the
wafer. This arrangement of the first and second line projectors is advantageous if there is
no information available about the orientation of the saw grooves or saw marks on the

surface of the wafer.

[0020] A further embodiment of the invention enables to simultaneously capture the
front side and the back side of the wafer. The inventive apparatus comprises two cameras.
Each camera defines a field of view and is arranged perpendicular to a plane of the front
side of the wafer and the back side of the wafer. The field of view of the two cameras is
designed such that the entire front side and the entire back side respectively of the wafer is
captured. At least one first line projector provides a light bundle which is centered about a
central beam axis, wherein the first line projector is arranged such that the central beam
axis is arranged at an acute angle with regard to the plane and the front side respectively of
the wafer. At least one second line projector provides a light bundle which is centered
about a central beam axis, wherein the second line projector is arranged such that the
central beam axis is arranged at an acute angle with regard to the plane and the back side of
the wafer respectively. A line shifter is positioned in the light bundle between each line

projector and the surface of the wafer.

[0021] Moving means may be provided for enabling a relative rotation between the wafer
and the at least one line projector. The relative rotation is such that the acute angle of the at
least one line projector with regard to the plane of the wafer is maintained. With the
moving means it is possible to project a second pattern of a plurality of lines in a second
orientation onto the surface of the wafer. Preferably, the lines of the first pattern of lines are
perpendicular to the lines of the second pattern of lines. According to one embodiment, the
moving means rotates the wafer so that the first pattern of lines and the second pattern of
lines can be projected one after the other onto the surface of the wafer. Another possibility
is that the line projector is pivoted with respect to the surface of the wafer. In a first
orientation the line projector projects a first pattern of lines and in a second orientation the
line projector projects a second pattern of lines onto the surface of the wafer. The frame
grabber and the image processor synchronize the image capture of the first pattern of lines

and the second pattern of lines projected onto the surfaces of the wafer, the position of the
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line projectors enclose an angle of 90° with respect to the X- and Y-directions of a
Cartesian coordinate system. The respective central beam axis of each line projector
encloses an angle of 18° with the plane of the wafer (horizontal plane). The camera is
looking down vertically and three images are captured by the camera. The first set of
images is captured whilst the first line projector is illuminated. A motor tilts a 2mm thick
glass plate in front of each line projector. The tilt angles are -4.44°, 0° and 4.44° relative to
the respective perpendicular central beam axis of the respective line shifter. For each tilt
angle an image is captured. The captured images are combined in order to remove
unwanted artifacts. Image processing methods look for and measure saw marks or saw

grooves in each set of the three images.

[0029] According to a preferred embodiment of a method of the present invention the
orientation of the saw marks is known a priori, for example from a preceding inspection
step. At least one camera and at least two line projectors are needed in order to detect saw
marks/grooves on a wafer. Each line projector can project a pattern of a plurality of lines
onto a front side or a back side of the wafer and thereby covering at least a portion of the
surface of the front side or the back side of the wafer. The patterns of lines of the line
projectors are under an angle with respect to each other, meaning the patterns of lines of
the line projectors are not parallel but of different orientations. In a preferred embodiment
consisting of two line projectors the two patterns of lines of the line projectors are
approximately perpendicular to each other. Additionally at least one of the patterns of lines
is oriented at an angle with respect to the saw marks. In a preferred embodiment the lines
of one projector are oriented approximately perpendicular to the saw marks. The a priori
information about the orientation of the saw marks is used to select the line projector that
projects the line pattern that is closest to perpendicular to the saw marks. This line project
is used during image capture to project line patterns. A first set of first images of the
surface of the wafer is captured, wherein for each image of the first pattern of lines the
lines are shifted a definite distance perpendicular to the orientation of the first pattern of
lines. A combined first image from the set of first images is generated, and thereby
computing an improved set of first images from the combined first image. Grooves are

detected in at least one of the improved set of first images. Finally an averaging and
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documenting step is carried out. (The advantage of this embodiment is that throughput can

be higher because image capture time is minimized).

[0030] Finally, the apparatus reports the position and depth of the deepest saw marks
detected. The saw grooves or saw marks are measured in pixels by estimating the position
of each line on either side of the saw groove by means of curve fitting. The differences
between the two sides are computed by averaging over a certain distance along the groove.
A calibration model is used to translate depth measured in pixel to depth expressed in
actual distance units. The calibration model takes into account the perspective and other

distortion caused by the line projectors and the camera.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] The nature and mode of operation of the present invention will now be more fully
described in the following detailed description of the invention taken with the

accompanying drawing figures, in which

[0032] Figurel shows a part of a saw groove which has a step-like shape in an image

taken with a confocal microscope;

[0033] Figure2  shows a schematic side view of an embodiment of an apparatus for
three dimensional inspection of wafer saw marks, wherein at least one line projector is

used;

[0034] Figure3 shows a schematic side view of another embodiment of the apparatus
for the three dimensional inspection of wafer saw marks, wherein means for carrying out a
relative rotational motion between the wafer and the single line projector are provided so

that the wafer surface can be illuminated in two different orientations;

[0035] Figure4  shows a schematic side view of the apparatus for the three
dimensional inspection of wafer saw marks, wherein according to this embodiment the
front side and the back side of the wafer are inspected simultaneously by at least two line

projectors;
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projector according to Fig. 7B, and the glass plate in the second illumination light bundle,

the glass plate being tilted in the counter clockwise direction; and

[0044] Figure 10 shows a schematic flow chart of the inventive method to detect saw

marks oriented in both directions on the surface of a wafer.

DETAILED DESCRIPTION OF THE INVENTION

[0045] Same reference numerals refer to same elements throughout the various figures.
Furthermore, only reference numerals necessary for the description of the respective figure
are shown in the figures. The shown embodiments represent only examples of how the
apparatus and method according to the invention can be designed. This should not be

regarded as limiting the invention.

[0046] Fig. 1 shows a partial view of a saw groove 2 on the front side 3F of a wafer 4
(see Fig. 2), wherein the saw groove 2 has a step-like shape. Silicon wafers used to
manufacture photovoltaic cells need to be inspected for various defects. One type of defect
is caused by the process of sawing-off the wafer from a silicon ingot (not shown). The form
of the silicon ingot can be a cuboid or a cylinder. Consequently, wafer 4 is round or
rectangular, respectively. Saw grooves 2 or saw marks are local, elongated and 3-
dimensional departures from the normally flat front side 3F or back side 3B of wafer 4. In
case wafer 4 is rectangular the saw grooves 2 run almost parallel to the edge of wafer 4, in
the same direction as the saw, and their length can vary between a few centimeters and the

entire width of wafer 4. The width of saw grooves 2 and their depth can also vary.

[0047] Fig. 2 shows a schematic side view of an embodiment of the inventive apparatus
1 for the three dimensional inspection of saw marks 2 on at least one surface 3 of wafer 4.
The surface 3 of wafer 4 is the front side 3F or the back side 3B of wafer 4. Surface 3 of
wafer 4 is imaged by a camera 6 defining a field of view 7 and being arranged
perpendicular to a plane P of wafer 4. The optical system 15 of camera 6 is designed such
that next to defining the field of view 7 also the entire surface 3 of wafer 4 is captured by a

sensor (not shown) of camera 6. The sensor can be an area sensor or can work according to
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[0058] The embodiments of the apparatus 1 disclosed in Figs. 2 to 4 are exemplary
embodiments and should not be considered as a limitation of the invention. A skilled
person in the art would consider as well an apparatus 1 with a first line projector 8,, a
second line projector 85, a third line projector 8; (not shown) and a fourth line projector 84
(not shown). In this embodiment the first line projector 8, and the third line projector 83 are
arranged such that they project the respective pattern 20 of lines 22 at 0° and 90° degrees
respectively onto the front side 3F of wafer 4. The second line projector 8, and the fourth
line projector 84 are arranged such that they project the respective pattern 20 of lines 22 at
0° and 90° degrees respectively onto the back side 3B of wafer 4. In order to speed up
image capture it is possible to use different wavebands for each line projector 8y, 82, 83 or
84. At least one color sensitive camera or a camera with filters is required to capture the

images.

[0059] In a further embodiment (not shown) a first line projector 8, and a second line
projector 8, are arranged such that they project the respective pattern 20 of lines 22 at 0°

and 90° degrees respectively onto the front side 3F of wafer 4.

[0060] The wafers 4 to be inspected rest on a belt (not shown) which transports the
wafers 4 into the inspection position, i. e., into the field of view 7 of the camera 6. It is
possible to inspect the front side 3F of the wafer 4. As disclosed in Fig. 4 the front side 3F
and the back side 3B of the wafer 4 can be inspected simultaneously while the wafer 4 is

held by a vacuum pick-up gear (not shown) or any equivalent.

[0061] Fig. S shows a schematic top view of a wafer 4 used for solar cells, wherein wafer
4 has the shape of a rectangle. As mentioned above, wafer 4 is sawed-off from a silicon
ingot. Since the form of the silicon ingot is a cuboid, the wafer 4 is rectangular. The saw

marks 2 on the front side 3F of wafer 4 are oriented along a direction 35 of the saw.

[0062] Fig. 6 shows a schematic view of an image 40 of the wafer 4 according to Fig. 5.
Wafer 4 is registered by pixels 60, , of an image sensor of camera 6, wherein the field of
view 7 of camera 6 captures the entire surface, here the front side 3F, of wafer 4. The

image sensor of camera 6 with the plurality of pixels 60, is oriented with wafer 4 so that
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skilled person in the art that the amount of images 40 taken per set is not limited to three

images 40.

[0067] Fig. 10 shows a schematic flow chart of the inventive method to detect saw marks
2 on the surface 3 of a wafer 4. As shown in Figs. 7A, 7B, 8A, 8B, 9A, and 9B a first line
projector 8, and a second line projector 8, are arranged to illuminate the front side 3F of
wafer 4. The first line projector 8, and the second line projector 8, are positioned such that
their respective central beam axes 9 are perpendicular to each other. Initially, first line
projector 8, projects a first pattern 20 of lines 22 of a first orientation (parallel to the X-
direction) onto the at least one surface 3 of wafer 4. A first raw image 51, a second raw
image 52 and a third raw image 53 are captured, wherein for each raw image 514, 52, 53,
of the first pattern 20 of lines 22 the lines 22 are shifted a definite distance perpendicular to
the orientation of the first pattern 20 of lines 22. The same is done with a second set of raw
images 51,, 525, 53, of a second pattern 20 of lines 22, wherein the lines 22 are oriented

parallel to the Y-direction.

[0068] After the raw images 51, 52y, 53y and 513, 525, 53, of each set are captured, the
multiple raw images 511, 521, 53; and 515, 52,, 53, in each orientation are combined to
improve the quality of each image and to remove unwanted artifacts. A reference image
54,, 54, is computed, wherein the pixel values of the first reference image 54, are
maximum pixel values of the first set of raw images 51,, 521, 53,. Analogously, a second
reference image 54, is computed, wherein the pixel values of the second reference image
54, are maximum pixel values of the second set of raw images 515, 525, 53,. In the next
step each image of the first set of raw images 511, 52, 53| and each image of the second
set of raw images 515, 523, 53, is divided by the first reference image 54, and the second
reference image 54, respectively. The first set of raw images 51,, 52, 53; and the second
set of raw images 51,, 522, 53, are numerically rescaled which is done by multiplying them
with a constant value in order to obtain the same range of values (for example 0 — 255) as

the original images have.

[0069] In the next process step, candidate grooves (saw grooves 2) are detected in all

improved images. Assuming, without any loss of generality, that the projected lines are
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approximately horizontal in the image, the groove detection is achieved by a variety of
steps. Firstly, a detection of a location of the projected lines 22 is carried out in each
column of pixels 60, . Secondly, each line 22 is tracked horizontally and local deviations
from a straight line are computed. Thirdly, a Hough transformation is carried out with
positions of a straight line where the local deviation is above a threshold. Fourthly, peaks
are searched for in the Hough transformation, which correspond to the position and

orientation of detected grooves 2.

{0070] According to a further embodiment of the invention the raw images #1, #2 and #3
are combined into one single image of improved quality. That is done by a process known
as “phase shift extraction” that compares the intensity of the three images 514, 52, 53, at
each pixel location. The combined image is known as a “phase image”. The grooves are
detected and measured in the phase image. The nature of the phase image is such that
phase jumps (from —pi to +pi or from +pi to —pi) must be taken into account (“uﬂwrapped”)

when line fits and deviations are computed.

[0071] In next step, the depths of the detected grooves 2 in all improved images are
measured. For each candidate groove 2 detected, a high and low point of a groove profile
are computed along each direction of a detected groove 2. The computation starts from the
tracked line positions. The high points and low points are tracked across adjacent directions
or lines. A local depth of detected grooves 2 is estimated by means of curve fittings
through line positions near the high and low points. An average depth of the grooves is
estimated in pixels over a certain length along the groove 2 by means of a moving average.
Finally, the depth of the groove 2 is translated from pixels to microns by means of pre-

computed calibration parameters.

[0072] In a next step, the depth of the grooves 2 is averaged, which is achieved by an
averaged depth profile computed in three dimensions over the improved set of first images
51y, 521, 531 and set of second images 51,, 525, 53,. At the end, the location and depth of
the grooves 2 are reported. A file is written, from which file the location and the depth of
the grooves 2 can be retrieved by a line engineer. The location and the depth of the deepest

saw groove 2 on the surface 3 of wafer 4 is retrievable from the file as well.



10

15

20

25

30

-23 -

REFERENCE NUMERALS:

1 apparatus

2 saw mark; saw groove
3 surface

3B back side of wafer
3F front side of wafer

4 wafer

5 light bundle

6, 61, 62 camera

7 field of view

8 line projector

81 first line projector

8 second line projector
83 third line projector
84 fourth line projector
9 central beam axis

10 light source

11 motor

12 line shifter

12G glass plate

14 frame grabber

15 optical system

16 image processor

18 patterned glass plates
19 propagation direction
20 pattern

22 lines

24 exit lens

26 condenser lenses; condenser system
27 first glass plate

28 second glass plate
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CLAIMS

1. An apparatus for inspection comprising:

at least one camera defining a field of view, wherein the field of view is
configured such that at least a portion of a surface of the wafer is captured;

at least one light source;

at least one line projector configured to provide a light bundle centered about a
central beam axis, wherein the at least one line projector is arranged such that the
central beam axis is oriented at an acute angle with respect to a plane of the wafer,
wherein the at least one light source is configured to provide light to the at least one line
projector, wherein the at least one line projector is configured to project a pattern of a
plurality of lines onto at least one of a front side or a back side of the wafer;

at least one line shifter positioned in the light bundie between the at least one line
projector and the surface of the wafer;

a frame grabber; and

an image processor, wherein image capture of the at least one of the front side
or the back side of the wafer is synchronized by the frame grabber in coordination with
the position of the pattern of lines on the at least one of the front side of the wafer or the
back side of the wafer, wherein the image processor is configured to perform a three-

dimensional inspection of one or more saw marks of the wafer.

2. The apparatus of claim 1, wherein the at least one line projector and the surface
of the wafer are positionable with respect to each other such that the at least one line
projector projects a first and a second pattern of lines onto the surface of the wafer,
wherein the first pattern of lines is oriented at an angle with respect to the second

pattern of lines.

3. The apparatus of claim 2, wherein the lines of the

first pattern of lines are perpendicular to the lines of the second pattern of lines.
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4, The apparatus of claim 1, wherein the at least one line shifter includes a glass
plate connected to a motor for rotating the glass plate such that at ieast one of the first

pattern of lines or the second pattern of lines is shifted on the surface of the wafer.

5. The apparatus of claim 1, wherein the at least one line shifter includes a plurality
of glass plates, at least some of the glass plates being arranged at different angles in a
positioner, the positioner being drivable by a motor in order to position a glass plate of a
different tilt angle into the light bundle such that at least one of the first pattern of lines

or the second pattern of lines is shifted on the surface of the wafer.

6. The apparatus of claim 1, wherein the at least one line projector includes at least
two patterned glass plates with a pattern of lines arranged between an exit lens and a
condenser system, wherein a first glass plate has a variable-pitch Ronchi ruling in order
to compensate for a perspective effect and to project a uniform pattern of lines onto the
surface of the wafer, wherein a second glass plate includes a variable transmittance
pattern to compensate for a perspective effect and to project the uniform pattern of lines
onto the surface of the wafer.

7. The apparatus of claim 1, wherein the at least one light source is directly optically
coupled to the at least one line projector.

8. The apparatus of claim 7, wherein the at least one light source comprises one or
more LEDs.
9. The apparatus of claim 1, wherein the at least one light source is optically

coupled to the at least one line projector via a light guide.

10.  The apparatus of claim 9, wherein the at least one light source comprises one or

more LEDs.
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11. The apparatus of claim 1, wherein the least one camera is communicatively
coupled to the frame grabber and the image processor such that a motion of the at least
one line shifter, a switching of the at least one light source and a capture of an image of
the surface of the wafer at different positions of the pattern of lines on the surface of the
wafer are synchronized by the frame grabber.

12. A method of inspection comprising:

projecting a first pattern of lines of a first orientation onto at least one surface of a
wafer;

capturing a first set of first images of the at least one surface of the wafer,
wherein lines of the first pattern of lines of at least some images of the first pattern of
lines are shifted a definite distance perpendicular to the orientation of the first pattern of
lines;

projecting a second pattern of lines of a second orientation onto the at least one
surface of the wafer;

capturing a second set of second images of the at least one surface of the wafer,
wherein lines of the second pattern of lines of at least some images of the second
pattern of lines are shifted a definite distance perpendicular to the second orientation of
the second pattern of lines;

generating a combined first image from the set of first images;

generating a combined second image from the set of second images;

computing an improved set of first images from the combined first image and an
improved set of second images from the combined second image;

detecting grooves in at least one of the improved set of first images and/or in at
least one of the improved set of second images;

measuring a depth of a detected groove in at least some of the improved set of
first images;

measuring a depth of a detected groove in at least some of the improved set of
second images;

averaging the depth of at least some grooves across the at least some of the
improved set of first images or the at least some of the improved set of second images;
and
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recording the depth, location and the orientation of the detected grooves on the
surface of the wafer to perform a three-dimensional inspection of one or more saw

marks of the wafer.

13.  The method of claim 12, wherein the combined first image and the combined
second image comprises:

computing a first reference image, wherein pixel values of the first reference
image are maximum pixel values of the first set of images;

computing a second reference image, wherein pixel values of the second
reference image are maximum pixel values of the second set of images;

dividing at least some of the first set of images by the first reference image;

dividing at least some of the second set of images by the second reference
image; and

numerically rescaling the first set of images and the second set of images.

14. The method of claim 12, wherein detecting grooves in at least one of the
improved set of first images and/or in at least one of the improved set of second images
comprises:

detecting a location of the projected lines in each column of pixels in at least one
of the improved set of first images and/or in at least one of the improved set of second
images;

tracking the location of the projected lines along a specific direction;

computing one or more local deviations from a straight line along the specific
direction;

carrying out a transformation with positions of a straight line, wherein the one or
more local deviations are above a threshold; and

finding peaks in the transformation corresponding to at least one of position or
orientation of detected grooves.

15.  The method of claim 12, wherein at least one of the measuring a depth of a

detected groove in at least some of the improved set of first images or the measuring a
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depth of a detected groove in at least some of the improved set of second images
comprises:

computing for each detected groove a high and low point of a groove profile
along each direction of a detected groove;

tfracking high points and low points across adjacent directions;

estimating a local depth of detected grooves utilizing one or more curve fittings
along line positions proximate to the high and low points; and

estimating an average depth of the grooves over a length along the groove

utilizing a moving average.

16. The method of claim 12, wherein the averaging the depth of at least some
grooves across the at least some of the improved set of first images or the at least
some of the improved set of second images comprises:

averaging a depth profile computed in three dimensions over at least one of the

improved set of images or the improved set of second images.

17.  An apparatus for inspection comprising:

at least one camera defining a field of view, the at least one camera arranged
substantially perpendicular to a plane of a wafer, wherein the field of view is configured
such that an entire surface of the wafer is captured;

at least one light source;

a first line projector configured to provide a first light bundle centered about a
central beam axis, wherein the first line projector is arranged such that the central beam
axis is oriented at an acute angle with respect to the plane of the wafer, wherein the at
least one light source is configured to provide light to the first line projector, wherein the
first line projector is configured to project a first patiern of a plurality of lines having a
first orientation onto at least one of a front side of the wafer or a back side of the wafer;

a second line projector configured to provide a second light bundle centered
about a central beam axis, wherein the second line projector is arranged such that the
central beam axis is oriented at an acute angle with respect to the plane of the wafer,

wherein the at least one light source is configured to provide light to the second line
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projector, wherein the second line projector is configured to project a second pattern of
a plurality of lines having a second orientation onto at least one of the front side of the
| wafer or the back side of the wafer;

a first line shifter positioned in the first light bundle between the first line projector
and the first surface of the wafer;

a second line shifter positioned in the second light bundle between the second
line projection and the second surface of the wafer;

a frame grabber; and

an image processor, wherein image capture of at least one of the front side of the
wafer or the back side of the wafer is synchronized by the frame grabber in coordination
with the position of at least one of the first pattern of a plurality of lines or the second
pattern of a plurality of lines on at least one of the front side of the wafer or the back
side of the wafer, wherein the image processor is configured to perform a three-

dimensional inspection of one or more saw marks of the wafer.

18. The apparatus of claim 17, wherein the first pattern of plurality of lines is

perpendicular to the second pattern of plurality of lines.

19.  The apparatus of claim 17, wherein at least one of the first line shifter or the
second line shifter includes a glass plate connected to a motor for rotating the glass
plate such that the at least one of the first pattern of a plurality of lines or the second
pattern of a plurality of lines is shifted on at least one of the first surface of the wafer or

the second surface of the wafer.

20.  The apparatus of claim 17, wherein at least one of the first line shifter or the
second line shifter includes a plurality of glass plates, where at least some glass plates
are arranged at different angles in a positioner, the positioner being drivable by a motor
in order to position a glass plate of a different tilt angle into at least one of the first light
bundle of the first line projector or the second light bundle of the second line projector

such that at least one of the first pattern of a plurality of lines of the second pattern of a
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plurality of lines is shifted on at least one of the first surface of the wafer or the second

surface of the wafer in at least one of an X-direction or a Y-direction.

21.  The apparatus of claim 17, wherein at least one of the first line projector or the
second line projector includes two patterned glass plates, each of the two patterned
glass plates having a pattern of lines arranged between an exit lens and a condenser
system, wherein a first glass plate has a variable-pitch Ronchi ruling in order to
compensate for a perspective effect and to project uniform pattern of lines onto at least
one of the first surface of the wafer or at least one of the second surface of the wafer,
wherein the second glass plate has a variable transmittance pattern to compensate for
a perspective effect and to project uniform pattern lines onto at least one of the first

surface of the wafer or at least one of the second surface of the wafer.

22.  The apparatus of claim 17, wherein the at least one camera is communicatively
coupled to the frame grabber and the image processor such that a motion of at least
one of the first line shifter or the second line shifter, a switching of the at least one light
source and a capture of an image of the surface of the wafer produced by the first line
projector and the second line projector are synchronized by the frame grabber.

23.  An apparatus for inspection comprising:

at least one camera defining a field of view, wherein the at least one camera is
arranged perpendicular to a plane of the wafer, wherein the field of view is configured
such that an entire surface of the wafer is captured;

at least one light source;

at least one line projector configured to provide a light bundle centered about a
central beam axis, wherein the at least one line projector is arranged such that the
central beam axis is oriented at an acute angle with respect to the plane of the wafer,
wherein the at least one line projector is configured to project a first pattern of a plurality

of lines with a first orientation onto the surface of the wafer;



32

at least one line shifter positioned in the light bundle between the at least one line
projector and the surface of the wafer;

moving means for providing a relative rotation between the wafer and the at least
one line projector to maintain the acute angle of the line projector with regard to the
plane of the wafer in order to project a second pattern of a plurality of lines with a
second orientation onto the surface of the wafer;

a frame grabber; and

an image processor, wherein image capture of at least one of the first pattern of
lines or the second pattern of lines projected onto the surface of the wafer is
synchronized by the frame grabber in coordination with the position of the at least one
line shifter in the light bundle and the relative rotational position of the wafer and the at
least one line projector, wherein the image processor is configured to perform a three-

dimensional inspection of one or more saw marks of the wafer.

24.  An apparatus for inspection comprising:

at least two cameras, each camera defining a field of view, each camera
arranged perpendicular to a plane of at least one of a front side of the wafer or a back
side of the wafer, wherein the field of view of the at least two cameras is configured
such that at least one of an entire front side of the wafer or an entire back side of the
wafer is captured;

at least one light source;

a first line projector configured to provide a light bundle centered about a central
beam axis, wherein the first line projector is arranged such that the central beam axis is
at an acute angle with respect to the plane and the front side of the wafer;

a second line projector configured to provide a second light bundle centered
about a central beam axis, wherein the second line projector is arranged such that the
central beam axis is at an acute angle with respect to the plane and the back side of the
wafer, wherein the at least one light source is configured to provide light to at least one
of the first line projector or the second line projector, wherein at least one of the first line
projector or the second line project are configured to project a pattern of a plurality of

lines onto at least one of a front side or a back side of the wafer;
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at least one line shifter positioned in at least one of the first light bundle or the
second light bundle between the at least one of the first line projector or the second line
protector and the surface of the wafer;

a frame grabber; and

an image processor, wherein image capture of at ieast one of the front side of the
wafer or the back side of the wafer is synchronized by the frame grabber in coordination
with the position of the pattern of lines on the at least one of a front side or a back side
of the wafer, wherein the image processor is configured to perform a three-dimensional
inspection of one or more saw marks of the wafer.

25. The apparatus of claim 24, wherein the moving means provides a relative
rotation between the wafer and the at least one line projector to maintain the acute
angle of the at least one line projector with respect to the plane of the wafer in order to
project a second pattern of a plurality of lines with a second orientation onto the surface
of the wafer, wherein the frame grabber and the image processor synchronize the
image capture of the first pattern of lines and the second pattern of lines projected onto
the at least one of a front side of the wafer or a back side of the wafer, the position of
the at least one line shifter in the light bundle and the relative rotational position of the
wafer and the first line projector and second line projector with respect to each other.

26.  An apparatus for inspection wafer comprising:

at least one camera defining a field of view, wherein the field of view is
configured such that at least a portion of a surface of a wafer is captured, wherein the
wafer and camera are arranged such that one or more saw marks of the wafer have a
defined orientation in the field of view of the camera;

at least one light source;

at least one line projector configured fo provide a light bundle centered about a
central beam axis, wherein the at least one line projector is arranged such that the
central beam axis is oriented at an acute angle with respect to a plane of the wafer,
wherein the at least one light source is configured to provide light to the at least one line
projector, wherein the at least one line projector is configured to project a pattern of a
plurality of lines onto at least one of a front side of the wafer or a back side of the wafer;

at least one line shifter positioned in the light bundle between the at least one line

projector and the surface of the wafer;
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a frame grabber; and

an image processor, wherein image capture of the at least one of the front side of
the wafer or the back side of the wafer is synchronized by the frame grabber in
coordination with the position of the pattern of lines on the at least one of the front side
of the wafer or the back side of the wafer, wherein the image processor is configured to

perform a three-dimensional inspection of the one or more saw marks of the wafer.

27. A method of inspection comprising:

determining an orientation of one or more saw marks on a wafer;

providing at least one line projector;

projecting a first pattern of lines of a first orientation onto at least one surface of
the wafer, wherein the first pattern of lines is oriented at an angle with respect to the
one or more saw marks;

capturing a set of first images of the at least one surface of the wafer, wherein
one of more lines of the first pattern of lines of at least some images are shifted a
definite distance perpendicular to the orientation of the first pattern of lines;

generating a combined first image from the set of first images;

computing an improved set of first images from the combined first image;

detecting grooves in at least one of the improved set of first images;

measuring a depth of a detected groove in at least some of the improved set of
first images;

averaging the depth of at least some grooves across the at least some of the
improved set of first images; and

recording at least one of the depth, location or the orientation of the detected
grooves on the at least one surface of the wafer to perform a three-dimensional

inspection of one or more saw marks of the wafer.

28.  The method of claim 27, further comprising:
performing a rotation between the wafer and the at least one line projector such
that the orientation of the one or more saw marks on the wafer is non-parallel with the

first pattern of lines.



