Table of Contents

N o151 1 - Uod A (11T i
ADSTract (ENgliSN) ... ii
Table OF CONTENTS ..ot e e e e e e e e %

Figure Caplions ......ooiiiiii i e e e e e e e e e e e e e e X

LiSt Of Tables ... XV
Chapter 1 IntroducCtion.............cooiiiiiiiiiii e e, 1
1.1 Information Display Technology........ccccooviiiiiiii el L
1.2 Liquid Crystal DIiSplays. .. ... ....ou ot e 1
1.3 Backlight Systems in Transmissive and Transflective LCDs.......................5
1.4 Non-absorbing Devices in Transmissive and Transflective LCDs.................. 7
1.5 Motivation of this Thesis. i e i i e 8
1.6 Organization of this ThesiS: it e i et e 9
1.7 RETEreNnCeS. .. .coov e i e Bt e et e e e et e e e e e n e aen e 10
Chapter 2 Principles of LCD. Illumination Systems................... 12
2.1 Working Principle of Lightguide Plate................cccoviiiiiiiiiin e 12
2.1.1 Optical Design of Lightguide by the Configuration of Light Sources...... 14
2.1.2 Optical Design of Lightguide by Type of Lightguides........................15
2.1.3 Optical Design of Lightguide by Shapes of Micro-structures................ 16

2.2 Brightness Enhancement Film (BEF).........ccoooiiiiiiiii e 20

2.3 DIffUSEr FIIMS ...t e e e e a0 22
2.4 Polarized Light Propagation in Birefringent Media...................c.coo i, 23
2.5 Reflector POlarizer..........oo v e e a2 28
2.6 Concerned Issues for LCD Backlight.............cccooieviiiiiiiii 31
2.7 Simulated ProCEAUIES. .. ...t et et et e e e e 33
2.8 SUMMIAIY L ettt e e e e e e e e e et e e e e e e 38
2.9 RETEIBNCES. ...ttt et e e e e e et e e e e e e 2239



Chapter 3 Fabrication Technologies
and Measurement Instruments..................oooeeen e 41
3.1 INtrodUCTION. .. .cee et e e e e e e e e A
3.2 Diamond Knife Micro-machining Technology.............cooviii i innine 42
3.3 Embossing/Extrusion Technology...........ccoovviiiiiiiiii e 43
3.4 Injection Molding Technology..........cccvviviiiiii i 40
3.5 Measurement INSIrUMENTS. .. ...ouiu i e e e e e eee 46
3.0 SUMMIAIY ...ttt e e e e et e e e et et e et e e e e eae e ene 48
3.7 RETEIENCES. ... e et et e e W48

Chapter 4 Polarized Backlights Using Sub-wavelength Grating......49

4.1 Principle of Polarized Backlights Using Sub-wavelength Grating...............49
4.1.1 Theory of the Sub-wavelength Grating.............cccoooiiiiiiii i, 50
4.2 SIMUIBLION. .. .t e e e e e e 53
o N =Y  To o PPN s L
4.2.2 TRICKNESS. .. ..vie i i e e i F i b e e e e e e e e 57
4.3 Double-Layered Sub-Wavelength Grating......«......c..cccvoeieveineceineennnn. 59
4.3.1 Material of Dielectric Layer... .. e eee00.00
4.4 Fabrication TeChnologies. .. ... o e e 64
4.4.1 Electron Beam Lithography (EBL) Technology...............................04
4.4.2 Double-Layered Structure by Using Tri-Level Resist System...............64
4.4.3 Double-Layered Structure by Using
Inductive Coupled Plasma-Reactive lon Etching (ICP-RIE)................67
4.5 MeasUremMENT SYSTEIM ... ...ttt et e e e e e e 70
4.6 SUMIMAIY ... ot ettt et et e e e e et e e et e e e ae et e e e e e e e ees 74
4.7 RETEIBNCES. ..ottt e e e e e e e e e e e e e [

Chapter 5 Polarized Backlights Using Selective Internal Reflection

AL MICIO-gFO0VES. ...t ettt e et e e e 76
5.1 Principle of Polarized Backlights Using Selective T.I.R...........................76
5.2 Theory of Selective T.I.R at MiCro-grooves.............ccovvveevenenineennnennn 07
5.3 SIMUIALION. ..o 79

Vi



5.3.1 Index-mismatching of the Coating Layer..................ccoevvvevennenen....80
5.3.2 Influence of Vertex Angles of MiCro-grooves............ooovvviiiiinnnnnnns 82
5.3.3 Influence of Various Substrates..................ccoi i i eenn.....86
5.4 FaDIICALION. .. ...ttt e e e et e e e e e e e ea e 2208
5.5 MEBASUIEMENT. .. ...t et et e e e e e en e 89
5.5, L UNITOIMItY ... e e e e e 92
5.5.2.Gain of EffICIENCY ... ...ttt e e e e 93
5.6 DISCUSSION. .. ettt et ettt e e e et e et e e e et e et e e e 94
5.6.1 Broadening Angular Distribution...................cccciiiiiiiiici e 94
5.6.2 Backward Polarized light Emission.............cccocov i i .. ... 96
A1V 11101 T= 2 PP 98
5.8 RETErENCES. ... et e e e e 98

Chapter 6 Directional Backlights for

Time-multiplexed 3D Displays.............ccoeevviiennn .. 99

(T T oo [0 Tod 1 o] o TP e U PRSP 99
6.1.1 Lenticular Plate. .....c ... i af e e 100
6.1.2 Integral Imaging... ... . o 102
6.1.3 Parallax Barrier. .. ... .. ... e e 102
8.2 TROIY ... e e 108
6.3 SIMUIALION. .. .. e e e e 113
6.4 FaDIICAtION. .. ... ettt e e e e e e e a0 115
6.5 MEASUIEMENT. .. ...ttt e e e e e e 11T
6.6 CONCEIMEA ISSUBS. .. .. et ittt et et e et e e e e e e e e e e 119
6.7 IMPUISE DIIVING ... .ottt e e e e e e e e e e 124
6.8 CONCIUSION... ...ttt e e e a0 120
6.9 RETEIENCES. ... et e e e e e e e e e ee 0. 126

Chapter 7 Conclusions and Future WOrks...............ccoeeiveeenn e, 128

7.1.1 Sub-wavelength Grating for Polarization Conversion....................... 129
7.1.2 Selective T.I.R at Micro grooves for Polarization Conversion............. 130

7.1.3 Directional Backlights for Time-multiplexed 3D Displays................. 131

vii



T2 FULUIE WWOTKS. ..o e e e e e e e e e e e e ees 132
7.2.1 High Efficiency Color Sequential LCD Illumination Systems

7.2.2 High Efficiency Tandem LCD Illumination Systems for LCD-TVs...... 134
B (=] T (=] T =S 1o

Appendix — Color Demo Photographs ..........cccoovoiiiiiiiiiinne, 136
AppendiX —AWardS..........ccovit ittt i e i e, 138

Publication List

viii



Figure Captions

Fig. 1-1.

Fig. 1-2.

Fig. 1-3.

Fig. 1-4.

Fig. 2-1.

Fig. 2-2.

Fig. 2-3.

Fig. 2-4.

Fig. 2-5.
Fig. 2-6.
Fig. 2-7.

Fig. 2-8.

Fig. 2-9.

Liquid crystal cell and module layout................coiiii i, 2

Schematics of a Twisted Nematic (TN) liquid crystal display cell. Incident
light is transmissive and absorbed, respectively, by switching off and on the
O =] | 3

Schematics comparison of LCD types with respective to illuminating light
source. (a) reflective (b) transflective and (c) transmissive LCDs............. 4

Schematics of conventional LCD backlight systems.................c.ccoeeene 6

. Transmissive LCDs with backlight system and the light efficiency after light

passes through each component of the LCDS.........ccovoviiiiiiiiiiiiieenn, 6

Total internal reflection of incident light in the lightguide with PMMA
0 0151 =L R

Schematics of (a) single edge-lighted and+(b) dual edge-lighted
[IghtQUIdES. .. ... e i i e e e e 14

Schematics of (a) rectangular type and (b) wedged type lightguides......... 16

Schematics of the micro-reflector array. () Incident light on the optical
surface of the MR element is reflected. (b) Array of the MR elements on the

bottom surface of the lightguide...............coooiiii 17
Schematics of lightguide with micro-grooves on the bottom surface......... 18
Schematics of lightguide with micro-pyramids on the bottom surface....... 19
The operation of Brightness Enhancement Film (BEF)........................20

Schematics of lightguide with dual patterned surfaces. On the bottom surface,
printed dots/ micro structures are covered. On the top surface, micro-grooves
are line in Y direction. Only one sheet of BEF, which is line in X direction,

IS8 1570 <o %4

The structure of diffuser film.........oooii o283

Fig. 2-10. Transformation of a new coordinate axes sets of a polarization ellipse.....25

Fig. 2-11. The operation of BEF and DBEF-.............c.ccoiiiiiiiiie e e 29



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-12. Schematics of the operation of reflective cholesteric reflective

[010] Fo T 7 £ PP 0

2-13. Uniformity of backlights measured by (a) 9-points and (b) 13-points for the

mobile size and the notebook size of LCDs, respectively...................31

2-14. (a) Measured angular profiles, (b) measured angular cross section, (c)

simulated angular profiles, and (d) simulated angular cross section of

Nichiawhite lIght LEDS.........cooiii i e, 34
2-15. Optical devices of backlights built in the simulation model.................. 35
2-16. Illustration of Monte Carlo ray tracing in the lightguide.....................36
2-17. lustrations of (a) brightness and (b) angular profiles........................ 36

2-18. (a) Detector array in the backlight model and (b) gradient distributions of

3-1.

3-2.

3-3.

3-4.

4-1.

4-2.

4-3.

4-4.

4-5.

lightguide Patterns. ... e e 37

(@) Schematics of diamond knife:micro-machine and (b) Sharp edge of
diamond KNife. ... ..l . swms s e oiobe e e iene e eeenee e 42

Schematics of the fabrication process-of embossing optical foils............44

Schematics of injection-molding'machine. Fhe left and right parts of mold
are shown. The stamp plateis attachedan the left side of mold............. 45

Schematics of measurement setup of ELDIM EZContrast 160R............47

Schematics of polarized backlights using sub-wavelength grating.
P-polarized light is transmitted while s-polarized light is reflected.
S-polarized light is then converted into p-polarized light by passing through
the quarter wave plate twiCe..........cocvvvieiie i eeen. 0 49

Schematic structure of double-layered sub-wavelength grating.............. 51

Function of slot structures. The guided rays with oblique incidence were
coupled out by the side walls of slot structures. The density of slot structures
controlled uniformity on the outcoupling plane.................................52

Illuminance profile of the integrated lightguide. The maximum and
minimum values of illuminance are 43000 and 34000 lux, respectively.
Consequently, 80% of uniformity was then achieved..........................53

Simulated results of p-polarized light transmission efficiency versus



wavelength of incident light with various periods of the sub-wavelength
01 LU Lo PPN - Lo

Fig. 4-6. Simulated results of s-polarized light reflection efficiency versus wavelength
of incident light with various periods of the sub-wavelength grating....... 56

Fig. 4-7 Simulated results of p-polarized light transmission efficiency versus
wavelength of incident light with various thicknesses of metallic layer....57

Fig. 4-8 Simulated results of s ray reflection efficiency versus wavelength of incident
light with various thicknesses of metallic layer.................................58

Fig. 4-9 Simulated results of p-polarized light transmission efficiency versus
wavelength of incident light with various materials of dielectric layer.....60

Fig. 4-10 Simulated results of s-polarized light reflection efficiency versus
wavelength of incident light with various materials of dielectric layer.....61

Fig. 4-11 Comparison of p-polarized light transmission efficiency between single
layer and double layer... ... .ol oo e enn.. 02

Fig. 4-12 Comparison of s-polarized light.reflectionefficiency between single layer

and double layer... ... i 62
Fig. 4-13 Flow of fabricating sub-wavelengthrgrating with double-layer structure by
using tri-level resist SySteMii.........cctituieiiiiiiii i i i e ien e l...06
Fig. 4-14 Schematic diagram of high-density-plasma ICP-RIE system............... 67

Fig. 4-15 Flow of fabricating sub-wavelength grating with double layer by using
ICP-RIE PrOCESS. ... .t et ee e e 209

Fig. 4-16 (a) Top view and (b) cross section of the fabricated sub-wavelength
0] LU0 PP 70

Fig. 4-17 Schematic diagram of the experimental setup for the characterization of the
fabricated sub-wavelength grating............ccccovii i, 70

Fig. 4-18. Comparison of experimental and simulated results of the sub-wavelength
0 LU0 Y 41

Fig. 5-1. Schematics of polarized backlight. Birefringent layer with micro grooves
filled with index-matching layer was aimed to extract the s-polarized light at
the interface. Additionally, p-polarized light was trapped in the polymethyl
methacrylate (PMMA\) lightguide to be recycled..............c.cooeiiienni. 76

Xi



Fig. 5-2. lllustration of outcoupled s-polarized light due to selective T.I.R at the
interface for different half top angles relative to the critical angle 6.3 4 Of the
anisotropic layer with respect to air:(a) <0cz4 (b) p=0c34 (C) P>0c34... ... 78

Fig. 5-3. Schematics of simulated polarized backlight model built by ASAP......... 79

Fig. 5-4. lllustration of contrast ratio at different refractive index of index-matching
layer. Contrast ratio achieves maximum at perfectly matched refractive
index n=1.53 for PET foil, whereas n=1.56 for PEN foil...................... 80

Fig. 5-5. lllustration of outcoupled s-polarized light due to selective T.I.R at interface
of grooves in anisotropiC layer....... ..o, 81

Fig. 5-6. Angular distribution of S-polarized light versus vertex angle of grooves in
PET foil. The bars represent the amount of angular ranges at FWHM....... 82

Fig. 5-7. Angular distribution of S-polarized light versus vertex angle of grooves in
PEN TOIL. ..ot e e e ee22. 83

Fig. 5-8. (a) Angular distributions and.(b) Inclined angular cross-sections of extracted
s-polarized light at perfectly matched-index for PEN and PET foils......... 85

Fig. 5-9. Angular distributions of S=polarized-light'with (a) PMMA substrate (b) PC
substrate while groove-angle=50"and perfectly index-matched in PEN

TOIlS. . 86
Fig. 5-10. Fabrication process of polarized'backlights................ccooooiii i, 88
Fig. 5-11 Measurement set up of polarized backlight.........................o. 00089

Fig. 5-12. Measured angular profiles of (a) s-polarized light (b) p-polarized light and
(c) Contrast ratio of s-polarized to p-polarized light............................90

Fig. 5-13. Luminance profiles of (a) S-polarized light and (b) P-polarized light. A
polarizer was rotated to observe S-polarized and P-polarized light,
FESPECIVEIY ...t 90

Fig. 5-14. For PEN foil adhered on the substrate of PMMA, luminous intensity versus
position from light source for polarized backlight with PEN foil. Curves
with square, round, and triangle marks illustrate luminous intensity of
s-polarized light with no reflectors, diffuse end reflector only, and both back
and end reflectors, respectively..........ccooeviiiicic 291

Fig. 5-15. Measurement set up of flux by (a) clear PMMA (b) polarized backlight with
both back and end reflectors............ccooviii 92

Xii



Fig. 5-16. Schematics of combined grooves with various angles in the birefringent
Ol a0 94

Fig. 5-17. For ¢’=90°-270° cross section, angular profiles while the vertex angles of
grooves are 50° and combined 35°, 50° and 60°, respectively................. 94

Fig. 5-18. (a) Refraction of s-polarized light at the micro grooves (b) Measured
angular profiles of s-polarized light from the backside of the lightguide....95

Fig. 5-19. Dependence of relative intensity on various viewing angles for using a
smooth specular reflector and a grooved reflector, respectively.............. 96

Fig. 6-1. Principle of lenticular plate to project two images to the respective

oYL T PP P PR RTPRRP 101
Fig. 6-2. Design of Philips’ slanted lenticular plate...................coceviieenn.. 101
Fig. 6-3. Schematics of 3D integral imaging.............ccoeevviviiievieve e e enn... 102

Fig. 6-4. Schematics of the parallax barrier placed between (a) the LC panel and the
viewer (b) the LC panel and the backlight.........................oo i, 103

Fig. 6-5. Parallax barrier combined with PDLC layer-to achieve 2D/3D
(01010 \VZ<T 6] o] o TR b e L PPN 0

Fig. 6-6. Operation of the PDLC1ayer (a) in the off-state and (b) in the
on-state...........oooooeo.. T X PRI 105

Fig. 6-7. Parallax barrier made by an additional LC plate to achieve 2D/3D
[010] 01V 6] o] PPN 0 [

Fig. 6-8. Parallax barrier made by the polarization modifying layer to achieve 2D/3D
(010) 01V =T £5] o o PR L0 I

Fig. 6-9. Schematics of time-multiplexed 3D displays...........ccccovviviiiiinnennnnn. 108
Fig. 6-10. Operating Principle of the proposed time-multiplexed 3D display....... 109

Fig. 6-11. (a) Schematics of a directional backlight. (b) A large inclined angle of
viewing cone was emitted from a micro-grooved lightguide. An asymmetric
focusing foil was then utilized to redirect light to the eyes.................. 110

Fig. 6-12. Schematics of observer’s relative position and viewing angle to the
AISPIAY ... e e e 112

Fig. 6-13. Schematics of a micro-grooved lightguide and an asymmetrical focusing

Xiii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

foil were built By ASAP. .. ..o

113

6-14. Angular distributions of micro-grooved lightguide only by tuning the vertex
aANgle OF QrOOVE. .. ... i e 114

6-15. Angular distributions of the grooved lightguide in combination with the
asymmetric focusing foil for (a) region 1, (b) region 2 and (c) region 3...115

6-16. Fabricated procedure of the grooved lightguide in combination with the
focusing TOIl......ooe 116

6-17. Schematics of measurement SEtUP........ovveiriririe i e e e e, 117

6-18. Using backlight brightness intensity of 2100cd/m?, angular distributions of
the backlight module with LC panel when (a) left and (b) right side LEDs

SWItChed 0N e

6-19. For ¢ =90° cross-section, the simulated and measured brightness intensity

dependences on viewing angles....................

6-20. Optical response waveforms by overdriving/undershooting methods.....

122

6-21. Rising and falling times measured as the duration between 10% and 90%

ErANSMITEANCE. .. .e e et e s e e ir et e e e e 122
6-22. Schematics of optical structure of OCBLC................co i veennee. 123
6-23. 3D images for (a) left and (b) righteyes..........cccvviviiiiiii i, 124

6-24. Impulse driving implemented by (a) black image data insertion and (b)

blinking blacklight..................cco .

6-25. Demonstrated photographs of a directional backlight with an LCD panel at
the positions of (a) left and (b) righteye..........cooveiii i 125

7-1. Schematics of color sequential backlight with FLC panel....................

7-2. Schematics of tandem lightguides for LCD-TVs

Xiv



List of Tables

Tab. 4.1 Simulation parameters for determining period of metallic layer...............
Tab. 4.2. Simulation parameters for determining thickness of metallic layer..........

Tab. 4.3. Simulation parameters for determining material of dielectric layer..........

XV



