oot otdogdo
oogod

Detection of Low-Contrast Defects on Optical Sheets

01500

OO0 0O
Osamu HIROSE



Abstract

The purpose of my research is to develop the automatic inspection technique for the low-contrast defects
on optical sheets. Optical sheets are indispensable materials for liquid crystal display (LCD). Automatic
inspection of low-contrast defects is very difficult for applying as the current technology. Within the display
market, insistence for high-resolution and large-sized display increases rapidly. Therefore, it requires that
the two categories of defects must be detected. First is the point defect, which is similar in size to the
display pixel (about 204 m minimum). In many cases, the point defect has high enough contrast, making it
practical to apply the current commercial inspection equipments. Second is the low-contrast defect that can
be recognized under a broader view. In contrast to the first, the automatic inspection of the low-contrast
defect is very difficult for the following reasons. i) It is difficult to design the optimum observation system,
because the mechanism of defect generation cannot be clarified. ii) Inspection standard is not quantitative.
This paper describes development of the automatic inspection technique for the slight convexo-concave
defects and the color shading defects. These are the two most serious types of defects among the
low-contrast ones.

The paper is composed of the following chapters.

Chapter 1 is the introduction of background of the research and review of the previous studies.

In chapter 2, a detection method for slight convexo-concave defects by using patterned illumination is
proposed. The characteristic of the defects and problems on typical inspection equipments are explained in
detail. The principle of the defect detection and the corresponding image processing algorithm is described.
The successful detection results are shown.

In chapter 3, the validation of the proposed method by using ray-tracing simulation is estimated, in order
to disclose the detection limit. Detection sensitivities for various defect shapes are estimated based on
computer graphics images generated by the simulation. Then a selection method of illumination pattern size
is introduced.

Chapter 4 gives an estimation method of effective area in the patterned illumination that contributes to the
defect observation, which evolve the technique in Chapter 3. Chapter 4 also shows a design method of the
optical system, covering illumination pattern and optical alignment.

In chapter 5, a quantitative evaluation of the color shading defects on the anti-reflection coating is
described. The mechanism that the defects are caused by local disturbance of coating thickness is disclosed.
Therefore, the correlation between coating thickness and the defects are described. Then limit of thickness
change for non-defective area is indicated.

In chapter 6, an inspection method of color shading defect based on the quantitative evaluation described
in chapter 5 is proposed. Variation of defect appearance with coating thickness and observation angle is
given. Then, an inspection standard to judge the quality of anti-reflection coating, which is based on
MacAdam's ellipsoid, is proposed.

In Chapter 7, a new method of the sensory inspection for shading defect is proposed. This method is based
on the frequency distribution of fluctuation of defect features. The method is applied on two different types
of shading defect, one is the color shading on the anti-reflection films, another is the shading defect on the
grid structure films. The results are much in accord with visual inspection by human operators.

Chapter 8 summarizes the conclusion of this study and gives a look into the future trends on the inspection
technique of the optical sheets.
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Fig.1.1 Construction of typical Liquid Crystal Display (LCD)
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Fig 1.2 Construction of typical Polarizing film

Table 1.1 Categories of optical film defects
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Fig.1.3 Construction of typical defect detection system
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(b) Characteristics of optical sheet inspection

Fig.1.4 Categories of image processing applications and characteristics of the
optical sheet inspection
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Operators pick an optical film up by hands The defects will be visible faintly under
and move it to search the defects. the best observation condition.

Fig.1.5 Procedure of visual inspection

Type of Analysis of Optical system Feature OK/NG
shading defect phenomenon  (Observation method) ~ measurement determination

Defect A =3 Phenomenon A :>< System A -- Method A
Defect B =3 Phenomenon B :>< System B “ Method B

Defect C =4 Phenomenon C :>< System C —;@—» Method C

: : : ]

(a) Typical development procedure
An optical phenomenon caused by defect is analyzed for each subject. Optimum observation
method, feature measurement and OK/NG determination are developed for each defect.

(&

Optical Feature
Selection system measurement OK/NG

of inspection method Method A determination
Defect Method B j/%

(b) Ideal development procedure
Optimum optical system and feature measurement method can be selected easily and the
multi-purpose determination method is applicable for any kind of defect feature.

Fig.1.6 Development of the inspection system for shading defect
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(a) Typical cross sections
left : convex defect, right : concave defect
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(b) An example of 3-D measurement of a compound defect

Fig.2.1 Shapes of defects
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Area sensor
—~
N

ol

View of
area sensor

Reflection A
image
Optical fil

(a) Observation method

Reflection image
of light source

Defect Camera view line Defect

|

.~

(b) Flat surface (c) Curled surface

Intensity

Fig.2.2 Observation of a defect in a sheet of film
Each lower figure shows intensity profile on a dashed line in the upper image.

Light source Line . Area
Light source sensor

(stripe) senso@ (checker)

1 - 150pixels
n NN N N 15mm

(a) Stripe observed by line sensor (b) Checker observed by area sensor

Fig.2.3 Observation of stripe and checker patterns
A defect is observed blurrily.
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Zone a : Flat Zone b : Curl Zone c : Defect

Fig.2.4 Characteristic intensity profiles in a stripe image

Threshalds.

!

¥

{a) Original image (b)) Histogram of image {a) {c) 1st extracted im,ngt 1.
ﬂ Sobel operation _

Thresholds. B
i' Binarize &
P

—> F

(9) 2mal extracted image (h) Defect detection

{d) Sobel operated image (¢) Histogram of image (d} () 1st extraction image

Fig.2.5 Image processing steps
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Thresholdl Threshold2
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- | Histogram
e - of original image
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* _ "‘\ALM
1 1 |
0 50 100 150 200 250
Intensity
(a) p-tile method
Thresholdl Threshold2
Y
>
[&] -
c
[<3]
=)
= L
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L L
e e e B : . Average frequency of
0 50 100 _150 200 250 intermediate intensity
Intensity
(b) Threshold determination based on histogram of image
Fig.2.6 Threshold determination
Lllumination Image
ox CCD line sensor processor

Patterned
mask

or area sensor

A

Monitor

000

Fig.2.7 Configuration of experimental system
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Table 2.1 Results of defect inspection

saraglfgclilo. nggc?f Appearance Result
Al strong A o
A2 medium A o
A3 strong A o
A4 medium A o
A5 strong A o
A6 medium A o
A7 weak B X
A8 weak B X
A9 weak B X
Al0 medium A o

(a) Sample Al (b) Sample A7
(appearance "A") (appearance "B")

Fig.2.8 Examples of sobel operated images
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detection

1st extractied

operated

Original

image

Table 2.2 Results of defect inspection

Sample

#

Al

A2

A3

A4

AS

A6

A7

A8

A9
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Frequency

0 50 100 150 200 250
Intensity

(a) Under uniform intensity illumination

Frequency

250

50 100 150 200
Intensity

(b) Under illumination with shading

Fig.2.9 Histograms of original image

Table2.3 Executing time of image processing for each frame image

Process Executing time [ms]
Sobel operation 4
1st extraction 13
2nd extraction 18
dilation/erosion 5
feature extraction 4
total 44

O Image size : 512x 480pixels
00 Frame rate : 33ms
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Image processor

Light source Line sensor
(stripe) (5000pixels) C]

Line direction Film

Fig.2.10 Prototype in-line inspection system

01 2 3) (4
MemoryA . (5, R

o K
‘‘‘‘‘‘‘

o

2 D@ p@ e .
Memory B @) (3) ¢ ) """" 0 Q) e T

. »
time

(1) Start image capture to memory A

(2) Start image processing to memory B

(3) Output inspection result

(4) Wait status for image capture completion

(5) Counterchange pointers for memory A and B
return to (1)

Fig.2.11 Parallel operation flow

Table2.4 Executing time of image processing with prototype in-line system

Process Executing time [ms]
Sobel operation 55
1st extraction 83
2nd extraction 83
dilation/erosion 98
feature extraction 40
total 359

O Image size : 4960x 960pixels
O Line scan : 2000 scan per second
O Capture time : 480ms
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Patterned
Z)

Specular image
of patterned
illumination

Fig.3.1 Illustrating the definition of the optical system for the defect detection
with patterned illumination

H' H\ AO| A
| (Aperture) F-number =f/d
) \
)

f (Focal length)
Fig.3.2 F-number and aperture

Height p m 1".1} N

Position y' mm

S 2 Position x mm
10,0 O 3.0

(a) 3-D shape of a compound defect

Height y m

oL i
0123 45%6 7 8910 0302010123
Position y' mm Position x mm

(b) Cross section diagrams
Solid lines show the measured values.
Dashed lines show the approximated Gaussian curves.

Fig.3.3 An example of 3-D measurement of a convexo-concave defect
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Height gy m

Height gy m

(a) Convex (b) Convexo-concave

Fig.3.4 Exsamples of defect model
c=15mm,A=50pum

Intensity

0 50 100

(a) Simulation

Intensity

0 50 100
Position (pixel)
(b) Experimental result

Fig.3.5 Comparison between simulation and experimental results
Defect model : Concave defect, o =1.0mm, A =0 10.0p m
Period of pattern (Stripe pair width) : 2.0 mm
Each left figure shows observation of defect.
Each right plot is intensity profile on a horizontal cross section A-A' or B-B'.
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i) Concave defect with A=[] 3.0y m i) Concave defect with A=[J 3.0y m
ii) Concave defect with A= 5.0y m ii) Concave defect with A= 5.0y m
iii) Concave defect with A=00 7.0y m iii) Concave defect with A=] 7.0y m
(a) Concave defect withg = 1.0 mm (b) Concave defect withog = 3.0 mm

Fig.3.6 Variations of the defect image with the defect height (simulation results)
Stripe pair width : 0.5mm
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Defect height A pm
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intensity

Fig.3.7 Variations of the blurring area with defect height (simulation results)
Stripe pair width : 0.5mm
Defect model : Concave defect witho = 3.0 mm

0 510



A defect exists .
in this area. A A
- Z
=}
c
(6]
=
0 50 100 150
Position (pixel)
(a) Under the 2.0 mm width stripe pair
In this case the defect is not observed.
B Defect B,
2
7
[
(6]
=
0 50 100 150

Position (pixel)

(b) Under the 0.5mm width stripe pair
A defect is observed blurrily.

Fig.3.8 \Variations of the defect image and intensity profile with the stripe
pair width of patterned illumination (experimental results)
Concave defect, o 0 0.5 mm

c=05mm,A= 050y m

Defect model og=20mm,A= 020.0py m

12.0 {
10.0 : D = Wblurring / Wstripe
o 8.0 : \INqurrling
‘? i T LA !
Z 6.0} ’ P
k7 5 80%
s 40 :
20 f------——----"=________
0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Stripe pair width Wsripe mm

Fig.3.9 Plots of the sensitivities in function of stripe pair width
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10
Height of defect
A,pm
A —-2
> —-5
s 5| — -1
[%2)
3
(%2]
0
0 100 200 300 400 500 600
Distance between film and illumination L ,, mm
(a) Defect model :0 = 0.5 mm, Stripe pair width : Wgripe =0.5 mm
50
Height of defect
40 Apm
—4
[a)
> 30T —-10
£ —-20
S 20
) I
10
: R e U, 11|

0 100 200 300 400 500 600
Distance between film and illumination L ,, mm

(b) Defect model :0 = 2.0 mm, Stripe pair width : Wsyipe =0. 5 mm

10
Height of defect

A;jpm

A —-4

> —-10

2 5 — 20

[%2)

5

(92]

. VRN

0 100 200 300 400 500 600
Distance between film and illumination L ,, mm

(c) Defect model :0 =2.0 mm, Stripe pair width : Wgripe =2.0 mm

Fig.3.10 Variations of the sensitivities with illumination distance (simulation results)
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(@) L2 =50mm

140
120
100

80

60 1\

40 ¢ Defect
20

Intensity

0 50 100 150
Position[Pixel]
(b) L2 =70mm
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Position[Pixel]
(c) L2 =90mm

140
120
100 |
80
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(d)L2=110mm

Fig.3.11 Experimental results involving variations of defect observation
image and intensity profile with illumination distance
defect: o0 0.5 mm
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(e) L2 =130mm
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SS8L

(h) L2=190mm
Fig.3.11 Experimental results involving variations of defect observation image

and intensity profile with illumination distance (continued)
defect: o0 0.5 mm
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(d) L2 =110mm

Fig.3.12 Experimental results involving variations of defect observation image
and intensity profile with illumination distance
defect: o0 2.0 mm

0 56 0O



140
120
100
80
60
40
20

Intensity

S
Defect

0 50 100 150
Position[Pixel]
(&) L2=130mm

140

120

100
80
60 : :
40 Defect
20

Intensity

0 50 100 150
Position[Pixel]
(f) L2 =150mm

140
120
100
80
60

40 | Defect
20 ‘

Intensity

0 50 100 150
Position[Pixel]
(@ L2=170mm

140
120 |
100
80 |
60 |
40 Defect
20

Intensity

0 50 100 150
Position[Pixel]
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Fig.3.12 Experimental results involving variations of defect observation image
and intensity profile with illumination distance (continued)
defect: o O 2.0 mm
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illumination
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7

Film S

(a) Alignment of the optical system and (b) Two-dimensional display
definition of the coordinate system

Fig.4.1 llustrating the definition of the optical system for the defect detection with
patterned illumination

Patterned

illumination
Ray

Surface of film

(a) Flat surface (b) Defective surface

Fig.4.2 Increase of the range of reflection angle
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X
/1 Uo (The ray reflected on flat surface)

u (The ray reflected on defective surface)

A o

Defective /
N surface

\
Film surface™

Projection of ug ’

A

Projection of u

¢

0

(b) Projection to x-z" plane (c) Projection to y"-z" plane

Fig.4.3 Definition of the reflection angleg andy
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¢ degree ¢ degree
(a) Two-dimensional distribution (b) Projection to ¢ axis

Fig.4.4 Example of “Reaching Range of the Ray”
Defect model : Convex defect, o =2000 y m, A =20y m
Observation angle : 0 degree
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Fig.4.5

x 10°

5
4
> o =500, A=20
s 3
5 o =1000, A=20
I 2
. o =2000, A=20
0 o =3000, A=20
m
-0.50 0.00 0.50 H
¢ degree
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(b) Logarithmic scale description

Examples of “Reaching Range of the Ray” for several defect models

x 10*
2
g 1 55
A 22
N £ 3
0 g 2 . -
30 -20 -10 00 10 20 3.0
@ degree

Fig.4.6 Overlapping with Reaching Range and illumination pattern

Overlapping zones are indicated by hatching.
Defect model : Convex defect, o0 =2000 p m, A=20u m
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(a) o= SOOL,I m,(b) o= 2000“ m,

A=20um | JKD
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o T

2 [ 2 0 2
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‘ b J
0.0 5.0 10.0 15.0 2 0

Period of stripe pattern degree ¢ degree

2

Fig.4.7 Variations of the overlapping area with period of stripe pattern
Each plot shows different defect model.
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0 T 277

Position of defect against the stripe pattern

Fig.4.8 Variations of the overlapping area with relative position of defect
against the stripe pattern
Defect model : Convex defect, o0 =2000 p m, A=20u m
Scale of horizontal axis is defined expediently.
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(@) Convex defect ; o =500pum, A =20um, Pattern period ; 0.5degree
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(b) Convex defect ; g =500um, A =20um, Pattern period ; 10.0degree
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(c) Convex defect ; g =2000um, A =20um, Pattern period ; 1.0degree
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Fig.4.9 \Variations of the observation of defects involving various types of RRR
Each upper left plot shows RRR and illumination pattern. Lower left plot shows
integration curve. Each image (CG) shows observation of defect.
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(d) Convex defect ; g =5000um, A =20um, Pattern period ; 2.0degree

Fig.4.9 Variations of the observation of defects involving various types of RRR
(continued)
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Air  ny=1.000293 \///

Layer 1 n;=1.44, d,=80nm

Layer 2 n,=1.72, d,=90nm \M
Substrate n3=1.49 \ \

(a) An example of configuration of anti-reflection coating
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(b) An example of spectral reflectance characteristic

Fig.5.1 Configuration of anti-reflection coating
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Fig.5.2 Reflectance and transmittance between layers
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(a) Single layer (b) Two layers

Fig.5.3 Optical path differences with anti-reflection coating
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Fig.5.4 Chromaticity involving two layer anti-reflection coating
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(b) Chromaticity

Fig.5.5 \Variations of reflectance and chromaticity with first layer thickness
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Fig.5.6 Configuration of experimental system
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(b) Chromaticity distribution

Fig.5.7 Variation of chromaticity distributions with defect
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(a) Variation of chromaticity with first layer’s thickness
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(b) Comparison of chromaticity differences between first and second layer’s

thickness changes

Fig.5.8 Simulation result
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Fig.5.9 Comparison of Equivalent Thickness Variation between defective
and non-defective sample
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(b) Variation of chromaticity distributions with observation angle
Each plot shows chromaticity distribution involving the same defect sample with different
observation angle.

(c) Variation of observed images
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Fig.5.10 \Variation of chromaticity distributions with observation angle
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Fig.5.11 Variation of chromaticity difference with observation angle
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(a) Examples of configuration of anti-reflection coating
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(b) Examples of spectral reflectance

Fig.6.1 Configuration of anti-reflection coating

0 98 0O



0.4

0.2 L

0.0

Yellow

White

“_ Violet

Red

| Chromaticity involving
single layered anti-
reflection with 100 nm
thickness

0.0

Fig.6.2 An example of chromaticity involving the single layered
anti-reflection ( Configuration of coating is indicated by Fig.6.1.)
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Table 6.1 Variation of mean reflectance and color difference with thickness

O-If-r}g;g;erfrsn ref:\gg%aann ce AUV /ALY
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Fig.6.4 Valuation of visibility of color difference by using MacAdam’s
ellipsoid
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Fig.6.6 Variation of spectral reflectance with defect
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Fig.7.2 An example of a pair of CG images
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Fig.7.3 An example of comparative evaluation
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Fluctuation of equivalent thickness

0.00

(a) Experimental method

2.50

Plots show the histograms involving OK samples, which are scored less
than 20 points.

0.00
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—0.3
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Weibull distribution :

me—l

o

f(x)=

(m=3)

exp| ——
a

2.00 2.50

1.50

0.50 1.00

Fluctuation of equivalent thickness nm

(b) Method by distribution functions

Plots by solid lines show the Weibull distribution curves with different coefficient o .

The borderline is configured to cover the distribution curve involving the limit sample.

Fig.7.4 Configuration of the inspection borderline
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FF method inspection : OK Fluctuation of equivalent thickness
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(a) Sample CG #3
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FF method inspection : OK Fluctuation of equivalent thickness
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(b) Sample CG #13
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a 350 | M313
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r 150 t
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50 +
0
Visual inspection point : 10 000 050 1.00 150 2.00 250
FF method inspection : OK Fluctuation of equivalent thickness

(c) Sample CG #22
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0 ‘ .
Visual inspection point : 34 0.00 050 1.00 150 2.00 2.50
FF method inspection : NG Fluctuation of equivalent thickness

Frequency

(d) Sample CG #9

Fig.7.5 Comparison between FF-method and visual inspection by human operator
Defects are be indicated by arrows.
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(f) Sample CG #23

Frequency

Visual inspection point : 25
FF method inspection : NG

400
350
300
250
200
150
100
50
0

0.00

f 122

i 25

050 1.00 150 2.00 250
Fluctuation of equivalent thickness

(g) Sample CG #6
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(h) Sample CG #28

Fig.7.5 Comparison between FF-method and visual inspection by human operator
(continued)
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i

Shading defect

N

Grid structure film

(a) Configuration of grid structure film and shading defect

(b) Defect model

Fig.7.6  Grid structure film and shading defect

Yo Yi
Xo Electric field Xi Electric field
\ 9(%0.0) u(Y)
r= /2% (0x)’ + (yoryi)?
XOW0) P (Xi yl)
Z (Optical axis)
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Screen

Grid structure film

Fig.7.7 Framework of diffraction geometry
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Normalized power

Fig.7.9

Xo

(a) Configuration of grid structure

Tg(xo)
< o
b
c
(b) Intensity profile
Fig.7.8 Electric field on grid structure
0.20
0.15 Envelope curve (sinc®(afy))
0.10 Power profile P(x;) = |G(x)|
0.05
0.00
0 10 20 30

Position x; mm

Power profile of Fourier transform of electric field on grid structure
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Yo

Xo

Fig.7.10 An example model of electric field on grid structure film
(computer-generated image)
Beam characteristic : Gaussian beam (width w = 0.4 mm, in phase)
Grid structure : line width a = 20 m, grid interval b = 195y m

Yi Yi

Xj

(a) Simulation (b) Experimental
g’ ] — Simulation
2 | Experimental result
© ||
Sl
s L
S ﬂ‘ T T T T T T
z
10 20 30 40 50

Position x; mm
(c) Profiles of diffraction patterns

Fig.7.11 Comparisons between simulation and experimental result
( Simulated image (a) is generated by Fourier transform of electric field model in
Fig.7.6.)
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(a) a=25p m in left side H
—— (b) uniform grid (a=20p m)

S =15u m in left sid T,
§_ (c) a=15p m in left side
: /|
N varied fixed
= (20p m)
S
pd
0 10 20 30 40

Position x; mm

Fig.7.12 Variations of envelop curve of diffraction pattern with the
unevenness of grid line width

B ( ]

! \

B 175y 'm  195py m
i interval interval
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Normalized power

| I Y S | S ‘_A_' A
10

0 5 15
Position x; mm

Fig.7.13 Diffraction pattern with the grid interval unevenness
Extraordinat spots are observed between ordinary spots.
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Diffraction
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Fig.7.14 Configuration of experimental system

Main lobe First side lobe

Order of spots
07 08 09 10 11 12 13 14 15 16 17 18

' = B & B

(a) Diffraction pattern of normal grid structure film

(b) Diffraction pattern of line width defective film

Fig.7.15 Variations of diffraction pattern with the existence of grid structure
defects
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Fig.7.16 Variations of diffraction pattern with laser incident position on the grid
structure film
Each pattern is observed under the same film with different incident
position of laser beam.

(a) Fatal defective film (b) Defective film
(©) Limit sample film (d)——— Normal film
2 19
2
. B (b)
c S 17
2 o (@)
o
; 13
~ 0 50 100 150 200 250 300

Position xomm

Fig.7.17 Variations of the center of diffraction pattern involving a normal film
and defective films
The longitudinal axis stands for the center position of the spots which are
comprised of the first side lobe of the diffraction pattern.
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Fluctuation of center

0 50 100 150 200 250 300
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Fig.7.18 Fluctuation of center positions of diffraction pattern
The longitudinal axis stands for the maximum minus the minimum
values of Fig.7.11 within 10 mm width.

(a) Fatal defective film (b} Defective film
(c) Limit sample film (d)J—— Normal film
200 :
. / Border line of normal and defective film
>150 (
o
5 100 |
o B
o r
w 50 -
oL
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Scale of fluctuation of center

Fig.7.19 Frequency distribution of fluctuation
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