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Autostereoscopic 2D/3D Switching Display
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Liquid Crystal Lens (MeDLC)
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Dr. Yi-Pai Huang

Institute of Electro-Optical Engineering
National Chiao Tung University

Ahstract

In order to get more_natural 3D sensation from- displays, many researchers and
manufacturers were attracted to invest in-the-developmentof 3D display technology in
recent years. These technologies- make it possible for the users to obtain more
immersive experience by adding the“real depth to the visual content shown on the
display. In the case of non-glasses lenticular lens sheets must be prepared. However,
since most of display applications have majority in displaying 2D image content, the
fixed optical elements used for the 3D modes cause the degradation of the displayed
2D image quality.

To overcome the degradation of 2D image quality under a given 3D displays,
optical paths must be controlled by switching the optical elements to change 2D and
3D modes. In this thesis we designed an optical component that can switched between
2D and 3D images, and estimate the focusing capability to reduce the effect of
crosstalk. So that can enhance the image quality of 3D images.



In the simulation results, an optimized structure was designed to fit the lens-like
distribution. The lens-like distribution has vivid improved compared to that of
conventional double electrode LC lens. In experiment, the lens-like distribution was
achieved as well. The measurement result also indicates that our device is closer to the
ideal lens-like distribution. And the numerical aperture (NA) of our device shows an
improve by a factor of 1.66. Also the voltage requirement is much lower with same
NA. In addition, due to a smaller beam size of proposed design the crosstalk of our
device is lower than that of the conventional double electrode LC lens about 43%. In
conclusion, the 3D displays with proposed method not only smaller beam size and

lower crosstalk, but lower operation voltage.
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Chapter 1

Introduction

1.1 Preface

Display technologies have been developed for over a hundred years as shown in
Fig. 1-1. K.F. Braun invented the cathode ray tube (CRT) in 1897. Thereafter displays
progress changed from black and white to colorful cathode ray tubes (CRTS).
Afterward flat panel was invented and'used widely, because CRTs were bulky. In order
to satisfy human visual pleasure many. researchers have focused on high-definition

televisions (HDTVs). All previous efforl‘ had glwen us more realistic image. However,

the image quality isn’t as geal as the real world due'te two-dimensional images

expression. Thus the techn:rques above are Used for 2D d isplays.

Black & White TV CRT Flat Panel Display HDTV 3D Display
r
1925 1950 1975 1995 2000

Fig. 1-1 History of display technology



The developments of display were motivated by trying to realize the image
appears more natural. The 3D display has caught the most affection. Because of the
complex sensitivity to human vision. In order to get more natural 3D images from
displays, 3D display technologies are expected to be the dominant display of the next

generation.

1.2 Principle of 3D image

The main mechanism for seeing 3D is the viewpoint dependent disparity between
the images seen by each eye. These images will converge in our brain to give a
sensation of depth by a process known as stereopsis [1] [2]. Sense of depth and
motion are independent systems that are-used-to4udge the distance and speed. In real
world there are more than"one depth cue that is-available for us. Majorly speaking
depth cues can be divided into two parts :-visual cue, and eculomotor cue. And for the
visual cue can also be divide into two differentkids: menocular depth cues , binocular

depth cues, as shown in Fig. 1-2 [3}:
__ {[ « Accommodation |
CUES |- Convergence |
Depth |

Binocular _
cues Tl cues - Binocular parallax |
_| Visual
cues || ~(_-Motion parallax )
(-Shading |
Monocular
| cues |7 CRelativesize )
(:Fogging |

[ -Texture gradient
o *Perspective distortion |

Fig. 1-2 Depth cues. [3]



Accommodation

The change of shape performed by the eye lens to focus on an object aids the
brain in determining the object’s distance as shown in Fig. 1-3. But this only effect in

short distance (~3m).

Thick lens — object is near

hin lens — object is near
Fig. 1-3 Accommodation

Convergence

The angle between the lines ofslight.-ofeacheye is larger as an object moves

closer, and that only works-with nearby objects (~20m) as shown in Fig. 1-4.

Fig. 1-4 Convergence

Binocular parallax

Each eye receives slightly different views ofa scene. The two views are used to
determine the ratio of distances between nearby objects. Because according to the
statistics the average distance between each eye is approximately 6.5cm. Thus cause
the imaging on the retinas to have a slightly different. In this case human brain can

combine these images to produce a strong perception of depth as showing in Fig. 1-5.

3



Integrated
image

Left B Right
Eye _al e Eye

. Fig. 1-5 Binocular parallax A
= Y

> -
o -1

Motion parallax ]

Motion parallax is a de_p..th cue t:ha_t fesujtr_\?r_om our motion. As we move, objects
that are closer to us move farther acrc.;ss our field of wview than do objects that are in the
distance. |
Others

Beside motion parallax there are still many other cues that can provide a sense of
depth. And all of those are the basic cues of how human perceive 3D image.

In the real world, human can easily perceive the depth information by using the
cues that mentioned above. However in the display system it cannot produce 3D

information by the occulomotor cues (convergence and accommaodation). Therefore,

in 3D display system have to use beside occulomotor cues.



1.3 3D display technologies

Generally, 3D display can be divided into two parts which are Stereoscopic and
Auto-stereoscopic (with and without glasses) as shown in Fig. 1-6. For different
application can be suitable for different field such as entertainment, personal, medical,

public, military etc.

J  Stereoscopic
(With glasses)

i
3D Display S
Technology
B Auto-stereoscopic | <\Volumetric
Without gl “Multi-olane
(Withou g;;sses) _MEIE__!.EE?__ _~Spatial-multiplexed |
o | *Multiplexed-2D { ; :
| B W | +Time-multiplexed _J

3D displays which require glsss o pro |ed ifferent views for the leftand right
eye also make ensure image are seen by correct eye. For example: shutter glasses
divide the image into odd and even images. And if odd images are for the right eye
than simultaneously the left eye is covered and vice versa. This method allowed
humans to perceive 3D images. However, these glasses are costly and viewers need to

wear a device.



1.3.2 Auto-stereoscopic

For the auto-stereoscopic that are viewers don’t need to wear any devices and
can perceive 3D images with the naked eye. There are various kinds of technologies
that can produce 3D images, such as the holographic type [4], volumetric type [5],
multi-plane type, and multiplexed-2D type. The previous three techniques produce 3D
images directly as seen in the real world. But they have drawbacks such as: the
holographic type is hard to produce on a large scale, the volumetric type is too bulky,
and the multi-plane type has an alignment issue and can only view the image from a
single front angle of the display.

For the past few years the ma'st popular-method adopted by researchers is
providing different images to:both eyes froem.different viewing angles using the same
display system. This is because the human brain can:integrate images from both eyes
to become a stereoscopic.dmage. This is-also known as the “multiplexed-2D type”,

and can be divided into twosparts: spatial- multiplexed and‘time- multiplexed.

1.3.3 Multiplexed-2D type displays

The general idea of spatial-multiplexed and time-multiplexed is as shown in Fig.
1-7. The spatial-multiplexed is to divide the image into left and right image then
project the image to both eyes individually. But the time-multiplexed is to provide the
left and right image sequentially. These multiplexed systems all require optical
component and liquid crystal displays (LCDs) to project the image to left and right

eye.



reflect the light to certain«di

3D image can be perceived.

Spatial-multiplexed Time-multiplexed

i\

L® ®R
m® Right-eye image

% | eft-eye image _
Time Time

Fig. 1-7 General idea of the spatial and time multiplexed type.

Display

There are many kinds of ime-multiplexed have been

proposed [6] [7] [8]. One .idea is use the principle of al-internal reflection (TIR) to

sources sequentially can make the. o t_ rtain direction. Therefore the

LCD

Lamp 1 Lamp 2

Fig. 1-8 3D display based on sequentially switching backlight with focusing foil.
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As for the spatial-multiplexed type there also have many methods such as
parallax barrier or lenticular array lens. Those are used to project the left and right
image to different direction. And are currently the most mature 3D display
technologies, and the basic principles of the resulting autostereoscopic displays are

illustrated in the following section.

Parallax barrier

Parallax barrier [10],[11] is to use a simple series of opaque vertical lines to
block the light from certain sub-pixel to viewer’s left and right eyes as shown in Fig.
1-9. By optimizing the barrier geometry, adjusting the viewing window position and
angles is possible. The main disadvantage is that the barrier reduces the brightness of

the display.

Parallax.Barrier

Fig. 1-9 Spatial multiplexed displays: parallax barrier.



Lenticular lens array

Lenticular lens [12],[13] use lenslets attached to the display with high accuracy.
These lenses separate the image into left and right image as shown in Fig. 1-10. The
main advantage of lenticular array lens is high brightness. But the disadvantage is

reduction of resolution in one direction.

Lenticular lens array

Fig. 1-10 Spatial multiplexed-displays: lenticular array lens.

To overcome the problem of reduction” of ‘resolution in one direction, Philips
proposed an approach using slanted lenticular lens [14],[15] to make the resolution
loss is shared between horizontal and wvertical (rather than unaffected vertical

resolution and very low horizontal resolution) as shown in Fig. 1-11.

However, the issue of reduction of resolution still exists, Philips’s design just

makes the resolution become not too severe.
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1.3.4 2D/3D switching metlh@dw e

The ability to switch bet\;véen.ZD and 3D ima'ge's éives significant advantages to

users who need both display type. Most use?s prefer to have the ability to switch

between 2D and 3D modes, because they do not want to have two displays on their
desk.

Ifa 3D autosteroscopic display is used to show 2D information, a distorted effect
is often seen, particularly for text. This because each eye is still viewing a subset of
pixels even if the data is no longer providing a stereo image pair. So, “turn off” the 3D
function while viewing 2D image is desirable. There are a number of techniques that
are able to perform this exchange. Current technology for 2D/3D switching includes

active parallax barriers [16] and polarization activated micro lenses [17][19][20][21].

10



Active Parallax barrier

A series of barrier that is able to block the light, thus will give some freedom of
switching between 2D and 3D as show in Fig. 1-12. When turning off the voltage the
barrier has no function therefore can transmit the light completely. When turning on
the voltage the whole device will act as a spatial-multiplexed parallax barrier type.
However the light is absorbed by barrier patterns. Thus, the drawback of barrier is ow

brightness when displaying 3D images.

SWITCHLCD STANDARDLCD

\ \
[ | \

GLASS

\

1 “ 7 S
B RIGHT
E s EYE
¥ — 1 HS
=11
BACKLIGHT | [=¥t = LEE{FET
//_
TRANSPARENT / | ( )
PATTERNED \
ELECTRODE P
BARRIER
BARRIER
,-4/ENABLED
] RIGHT
ﬁ IR EYE
T I I B e R O LEEJ:ET
P
PIXELS

POLARIZER

Fig. 1-12 2D/3D switching using Active Parallax Barrier.
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Active Micro Lens

The use of an LCD equipped with lenticular lenses is a viable route to achieve
multiview 3D displays. By using an active switchable LC lenticular lens, we can have
a display that shows natural 3D images as well as high-resolution 2D [22]. Among
various types of 3D displays, switching methods can be divided in to two categories
such as the control of transmittance and the control of light direction, The former
controls the transmittance of stripe barrier patterns using liquid crystal cell of parallax
matrix. But because the light is absorbed by barrier patterns, its low brightness is a
serious limitation in 3D modes.

On the other hand, for the latter case of controlling optical path, lens-switching
methods are introduced such.as polarization activated microlens [23], active LC
lenticular lens [17],[18], and the electric-field driven LCens (ELC lens) [19]. In the
case of polarization activated microlens, anisotropic- lens and polarization switching
cell are used together to control the direction.of polarized-light as shown in Fig. 1-13
(@). In the case of active LClenticular lens, concave lens patterns are formed inside
switching LC cell and refractive index difference between LC and the geometrical
concave shape controls the direction of incident light as shown in Fig. 1-13 (b).
However, these designs are not compatible with current liquid crystal displays (LCDs)
production infrastructure. Also, complete lesn-off state is difficult to achieve dues to a
residual index mismatching around the interface between concave structure and liquid
crystal molecules. In the case of ELC lens, the 2D/3D switching using the lens effect
solely caused by LC director distribution under controlled non-uniform electric filed

distribution.

12



@)

Concave

(©

Fig. 1-13 Basic concepts of lens switching method reported previously. In case of (a),
it is caused by the polarization switching of LC under anisotropic lens [23].
(b), the on/off switching is driven by the change of LC convex lens under
the concave structure [17]. (c) the on/off switching is driven by electric field

of electrode. [19]
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1.4 Motivation and Objective

Display developments were driven by giving us more realistic image. Especially
the 3D display has attracted the most interest. People want to see an image as natural as
possible. However, 3D displays still encounter many issues that needed to be
improved. The reduction of brightness of 3D display applying parallax barrier has less
light efficiency than that of lenticular lens. However the lenticular lens 3D display
still losses the resolution. The resolution loss depends on how many views the display
can provide. Additionally, with using the lenticular lens is hard to switch between 2D
and 3D images. Therefore, some methods of 2D/3D switching applying liquid crystal
lens were proposed. However, theystill faced svith issues of mismatching of LC
alignment at the interface oficoncave lens,as well as incompatible with current LC
display production process. The [first problem, caused’' the image in project to the
wrong direction and caused crosstalk.

In order to improvesthe mentioned- issues, the “Multi-Electrically Driven
Cylindrical Liquid Crystal {MeDLC) Lens_for.2D/3D switching display was
proposed in this dissertation, utilizing non-uniform electric fields by multi-electrodes
to yield 2D/3D switchable images. Compared with prior switching LC-Lens for 3D
display, MeDLC lens are simpler and more competitive, which can avoid LC
alignment issue. The phenomenon of crosstalk is less evident than that of conventional
LC lens. Furthermore, the number of views can be increased by increasing the lens’s

pitch.

14



In this research thesis, we will focus on designing the MeDLC structure for the
TV application, and to fit with the lens-like distribution. In this case, we can make
sure our design can project the image to the right direction and therefore result in a

smaller crosstalk phenomenon. Final is to achieve a workable switching.

1.5 Organization

This thesis is organized as following: The principle of liquid crystal, the focusing
formula, and the principle of conventional 2D/3D switching method is presented in
Chapter 2. Additionally, this chapter 'also’ shews the crosstalk phenomenon. In
Chapter 3, the fabrication precess of the-MebBLE will be introduced in detail, and the
major instruments used to“measure the MeDLC images. The design and simulation
result of MeDLC and discussion will be shown in Chapter 4. Next the experimental
result and summary will be presented ini Chapter 5. Finally, the conclusions and

future work of this thesis will be given in Chapter6.

15



Chapter 2

Principle of Liquid Crystal Lens

First, this chapter covers the principles of how the refractive index changes when
liquid crystal faced different direction. Second, principle of lens and GRIN lens, and
the focal length proof of a cylindrical lenticular lens will be discussed. Third, in order
to design a 2D/3D switching display, the conventional double electrode LC lens and,
the principles of conventional 2D/3D switching method are introduced. Finally, a brief

summary will be given.

2.1 Introduction to liquid crystal

Liquid crystal can bedivided into-twe-greups: positive dielectric anisotropy and
negative dielectric anisotropy. “For positive dielectric anisotropy is that if the

component along the optical axis is greater than the component perpendicular to the

axis (¢, > ¢, ). These molecules align parallel to an applied field. If the reverse is true

(¢, <e,), than it is said to be negative dielectric anisotropy and the molecules will

align perpendicular to an applied field. Either case can be apply for create a liquid

crystal lens [24].
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2.1.1 Liquid crystal orientation to match the index of refraction

Liquid crystals are characterized by an orientation order of their constituent rod
like molecules. In nematic LC this orientation order has uniaxial symmetry, the axis of
symmetry being parallel to a unit vector d called the director. Since the orientation of
liquid crystal can be change when applying curtain voltage. This change will affect
the direction of light when passing thru the liquid crystal layer because of the change

of the refractive index in liquid crystal.

Referto Fig. 2-1  assume light propagate in the z direction and polarized in x

direction. When the indicatrix isqnot rotated .the light will be affected by the

refractionn_ . However when'the indicatrix is rotated atan angle 0 the same light will

be affected by both n, andn:'. The slice of the indicatrix can be expressed as Eq.2-1.

Fig. 2-1 Geometry to calculate change in index of refraction with liquid crystal

molecule orientation.
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2
o Yo (2-1)

nZ~x)+y’ (2-2)

4

Therefore, Eq.2-1 can be written as Eq.2-3.

nZ_yZ yZ
LA LR (2-3)
n; n

Equivalently,

(2-4)

(2-5)

Since the nematic liquid.crystal does not align’uniformly across the cell in the

thickness direction, a more useful form‘canbe‘obtained to solve the n, as Eq.2-6.

n

n, = : - (2-6)
\/1+ sin ° ¢9[(ne2 ~1)]

n

0

This expression gives the index of refraction for light polarized in the x direction
and traveling in the z direction as a function of the angular orientation of the nematic
liquid crystals in the x-z plane. Therefore, can be applied when the LC direction were

no longer perpendicular or parallel to the x direction.
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2.2 Introduction to Gradient Index Optics

Aconventional lens explains how Gradient Index Lens (GRIN lens) is works: An
incoming light ray is first refracted when entering the shaped lens surface this is caused
by an abrupt change in the refractive index from air to the homogeneous material. The
light passes the lens material in a direct way until it emerges through the exit surface of
the lens where it is refracted again because of an abrupt index change from the lens

material to air, as shown in Fig. 2-2.

Fixed focal length

Fig. 2-2 Conventional lens

GRIN is short for graded-index or gradient index which can refers to an optical
element in which the refractive index varies. More specifically (from the Photonics
Dictionary) a GRIN lens is a lens whose material refractive index varies continuously
as a function of spatial coordinates in the medium. Also, a graded- index fiber describes
an optical fiber having a core refractive index that decreases almost parabolically and
radially outward toward the cladding as shown in Fig. 2-3. However the focal length of

GRIN s fixed [26][27].
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Fig. 2-3 GRIN Lens

Fig. 2-4, shows the geometry of the focused GRIN lens. First we assume f >r and

a center refractive index value of the center larger than the edge. And as the known

formula, v=c/n, where c,n and yvare tr

Fig. 2-4 The geometry of the focused GRIN Lens.
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A ray that traverses the lens on the optical axis passes along an optical path

length (OPL) of (oPL ), =n(r’) . d  whereas for a ray traversing at a height

r' = —, overlooking the slight bending of ray path, (opL ), ~ n(r")d . Since a planer

r
2
wave front must be bend into a spherical wave fronts, the OPLs from one to the other,

along any route must be equal as followed,

R = (r)? + f? (2-7)
and
nd+ f=n,d+R (2-8)

By substitution of Eq.2-7 and Eg:2-8can get,

r’ —[(n, —n,)d]’
2(n, —n,)d

f = (2-9)

Where n, - n, in the reftactive index difference between.center and the edge (An),

if And canbe neglect, at last.we can‘get the focusing formula as Eq.2-10.

2
r

f = 2 (2-10)
By substitution, we can get,
An=—" (2-11)
2.d-f
where An canequal as a parabolic function with a constant «
An=a-r’ (2-12)
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As the result, if the index of refraction drops off parabolically from its high along
the central axis, the GRIN lens would focus at point F. However, GRIN lens can only
be operated as a lens with fixed focal length. Hence, the application of LC lens
became more useful. The LC lens can be acted as both GRIN lens with variable focal
length and normal layer with certain refractive index by controlling the direction of
LC direction. In this case, the ability of switching between 2D and 3D images can be

achieved, which will be demonstrated detailly in next section.

2.3 Conventional LC lens

For a conventional liquid crystallens-[28]}. where the focal length is defined in
Eq. 2-10. The LC direction can be controlled by the applied voltages between two
parallel electrodes, owning to the fringing field effect as.shown in Fig. 2-5. Passing
through this lens, light encounters different refractive indexes so that the changes of
phase retardation work as a lens, and refracts light to.different angle. However, when
applying a low operation voltage the electric field cannot affect the liquid crystal near
the center efficiently and its equivalence lens results in a small numerical aperture
(large focal length) as shown in Fig. 2-6 (a). So that the lens has to place in a long
distance and cause a large volume of display which is not suitable for the market place.
Although a high operation voltage can cause a higher numerical aperture. However
due to this high voltage the LC directory near the edge of the LC cell will show no
distinct difference. Therefore, the equivalence lens can result in a multi focal length
lens as shown in Fig. 2-6 (b). Which will result in a large beam size and therefore
cause a high crosstalk phenomenon as shown in Fig. 2-7 (a) and Fig. 2-8 (a). For a

comparison, an ideal lens which with smaller bean size will result in a small crosstalk
22



phenomenon as shown in Fig. 2-7 (b) and Fig. 2-8 (b).
This method not only solves the issue of mismatching of LC alignment, but also LC
lens production incompatibility. Nevertheless, this method has a drawback of high

operation voltage large beam size and result in high crosstalk.

Rubbing
direction

Fig. 2-5 Structure of the traditional LC cylindrical lens

(@) Top view and (b) Side view.
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Fig. 2-8 The crosstalk of (a).equivalence lens'of doubleelectrode LC lens when

applying large operation voltage (b) ideal lens

2.4 LC lens with 2D/3D switching

Among various types of 3D displays, switching methods can be divided into two
categories such as the controls of transmittance and the control of light direction. For
the latter case of controlling optical path, lens switching methods are introduced such

as active LC lenticular lens and polarization activated microlens.
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2.4.1 Active LC Lenticular lens

In the case of active LC lenticular lens as shown in Fig. 2-9. A fixed concave lens

patterns were formed inside the cell and the LC were placed between the concave lens

and bottom substrate, which only the refractive index of n, is the same as the

concave lens. If the light from the underlying LCD display is polarized perpendicular
to the plane of the drawing, it encounters a refractive index transition from high to
low within the cell, resulting in a net lens-action to form a 3D image.

Ifa voltage is applied over the cell, the extra-ordinary axis of the LC is aligned
parallel to the lens axis, which is in the plane of the drawing. Therefore, the light
encounters the lower refractive_index corresponding to the ordinary axis of the LC.
Since the ordinary refractive: index maiches the refractive index of the concave lens,

the lens is effectively switChed off. In this case-2D images can be perceived.

... &1/

~_— lens :%
+ I RA" LC mmml ()
coclecdooyeos mrmmram

Mmoo DT

Fig. 2-9 Principle of active LC lenticular lens

2.4.2 Polarization activated microlens

For the polarization activated microlens as shown in Fig. 2-10. The light was
polarized, and the light direction was changed after encounter with different refractive
in the micro lens. The ability of switching between 2D and 3D images can be achieved

by applying voltage to the polarization switch layer.
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Polariser

Polarisation
Switch

Fig. 2-10 Principle of polarization switch LC lens

However these two methods have some disadvantages, suchas mismatchingof LC

alignment at the interface of cg well‘as incompatible with current LC
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2.4.3 Electric-field driven LC lens (ELC lens)

Fig. 2-11 shows the basic concept of electric-field driven LC lens for one lens
pitch. At the voltage off state, incident light passes through ELC lens cell without
change of propagation direction. At the voltage on state, local electric fields are
formed. The electric field at the part of lens edge is much stronger than electric field
at center of lens. This non uniform distribution of electric field cause non uniform of
tilt angle of LC director and the refractive index changes accordingly. Therefore, a
phase difference was achieved and cause the change of propagation direction of the
light. In this case, a 3D image can be perceived.

2D mode 3D mode

s

® Ao ®

Al fe e i f |
é 7/Pixels\ g

IOOOTITIOTIOTTn 0 [T

Fig. 2-11 Concept of electric-field‘driven LC lens at (a) lens off state for a 2D mode

(b) lens on state for a 3D mode.

For a short summary the conventional double electrode LC lens have the
drawback high operation voltage, large beam size and result in a high crosstalk of 3D
display. And the methods of Active LC Lenticular Lens and Polarization activated
microlens have the issue of mismatching of LC alignment and incompatible of LCD

current production.
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2.5 Crosstalk phenomenon of LC-lens on 3D displays.

Inour opinion the use ofan LCD equipped with lenticular lenses is a viable route
to achieve multi-view 3D display. By using a switchable LC lenticular lens, we can
have a display that shows natural 3D images as well as high-resolution 2D material.
And thus the most dominating characteristic affecting on the perceived stereo image
quality in 3D displays is the 3D crosstalk. The crosstalk affects not only to how easily
the image can be fused and how smooth the transition between adjacent views is, but
also to the overall image quality, being in the worst case a source of visual discomfort.
3D crosstalk can be defined as the leakage of the left eye image data to the right eye.
This also indicating the images for'each eyes. must be well project. As for the
application of using lens to. provide 3B.as shownsin Fig. 2-12. The crosstalk
phenomenon can be minimized when the image can be projected to the exact eyes,
under the condition of the-hayving high focusing ability of.the lens. Ifa LC lens with
low focusing ability than the left-eye“image data will leak to the right—eye and vice
versa, therefore these wrong image-signal can causé high crosstalk phenomenon. And

the crosstalk value definition is as shown in Eq.2-13 [19].

Backlight o

LCD pixels

Lenticular lens

1 5
2 3 4
-
Right |
eye

Fig. 2-12 Examples of 3D displays working principle of lenticular lens.
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2.6 Summary

Some important principle of liquid crystal and the conventional LC lens have
been discussed briefly in this chapter. We present the fundamental theory of refractive
index difference when liquid crystal was no longer parallel or perpendicular to the
light direction. This can give us the idea of how to let the incoming light to project to
different direction. Followed by thegbasic focusing principle of a cylindrical lens can
show the formula of focal length. Third,the. conventional LC lens was discussed.
These give us the idea of how to operate the liquid crystallens. Finally, the definition
of crosstalk for 3D images.was illustrated:

From prior reports, active 'LC=lens! plays an important role in 3D-display
technology not only it can be used in 2D/3D..images switching but also can be
combined with a head tracking device. In this case a high resolution and wide viewing
angle 3D images can be perceived.

In this thesis, these fundamental work principles are employed for designing the
new LC lens for enhance the mismatching of LC alignment, production process,

effective aperture, and the crosstalk phenomenon.
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Chapter 3

Fabrication and measurement Instruments

3.1 Introduction

The process to fabricate LC lens were described in this chapter. The commercial
available indium-tin oxide (ITO) glass which thickness is 550 x,m and the resistance
is 20Q/0 was cleaned by standard process in advance. After that, the semiconductor
process including spin coating, lithography.and etching was utilized in order to obtain
the desired pattern. Followed by:the spin coating and rubbing techniques to make the
alignment layer. Next, the top and bottoniglass was-assembled which the cell gap was
controlled about 60 xm by spacers and fill.in the-LC. Finally, wires for various

voltage driving will be connected to.each-electrode:

3.2 Fabrication process

This part will describe the cell fabrication process which includes spin coating,
lithography, wet etching, rubbing, assembling. The detailed fabrication steps are listed
below and as shown in Fig. 3-1. Also the ITO patterning is shown schematically in Fig.

3-4.
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Fig. 3-1 Fabrication steps.
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I. Glass cleaning
The detailed sequence is as follow:

Step 1: Place the glasses on the Teflon carrier, and put them into a container with
acetone as shown in Fig. 3-2. Ultrasonic vibrates 20 minutes to remove the
organic contamination on the glass.

Step 2: Rinsed by DI water 1 minute.

Step 3: Rubbing the glass with hand by detergent.

Step 4: Place the glasses on the Teflon carrier, and put them into a container with DI
water as shown in Fig. 3-2. Ultrasonic vibrates 40 minutes to remove the
remained particle and deterge_pt ?n_th(_a_ qlalss.

Step 5: Use N, purge to drym'é_iﬁ'b glasses; Plébé'_mem into a glass container with
™ = B Lk

a cover. aF EHAITN N
- K e o I, e
Step 6: Put the glass conta_inqr into an oven with 110°C for 30 minutes.
sl . e 47
.I = I' ::-...-.l-

Fig. 3-2 Schematic picture of stepl and step 4.
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Il. ITO patterning
The detailed sequence is as follow and also can refer to Fig. 3-4.

Step 1: For the display application, the glass is widely used as a substrate. In the
fabrication, the 1TO glass of about 0.55 mm thick was chosen. Before the
lithography process, I TO glass was cleaned by step I.

Step 2: Put the glasses on the metal holder and put into the HMDS oven. The purpose
is to eliminate the surplus steam and HMDS can improve the adhesion
between organic photoresist and the glass, to let the phototresist can be

uniformly coating on the substrate.

Step 3: Apositive photoresist was applied and coated on substrate.

Step 4: Soft bake for one and a_h&l_ﬁ_'r'ni'rﬁlies,"tb eliminate most of the solvent of the
photoresist, to enharlcp: the adhesion. ; =3 } 5

Step 5: Expose the 1TO glas,.s wifh_QITﬁvaIeEI'_(%W.IIfght source through shadow
mask for 40 second. Consequentl ,_-}J;ng,péfté’rn on-the mask was transformed

to the positive photoresist after developing. The MASK is as shown in Fig.
33 = L Y

Step 6: After exposure and"c_iqi:/eloﬁ."@m, the substrate \'l:véé etched. And check by OM

K5

to see if there is anyHr@Ren_Iine. = i.:‘T'

i

Step 7: Remove the photoresist by dcetone, | 1

Electrode width=116um
<>

(d)

Slit width=116um
1

Fig. 3-3 (a) The MASK pattern (b)(c)(d) is the pattern after etching.
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ITO

Photoresist
ITO

Photoresist
ITO

Photoresist
ITO

ITO

Fig. 3-4 Flow of fabricating ITO electrodes.
(@) ITO glass,
(b) spin-coating Positive photoresist uponthe ITO surface,
(c) using lithography technique to obtain the latent image,
(d) etching to produce the desired ITO pattern, and
(e) eliminating the remaining photomask by acetone.
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I1l. Coating, Rubbing & Assembling

Step 1: Cleaning the patterned and bottom glass with the steps discussed previous.

Step 2: Put the glasses into the O-zone machine for 20 minutes, to eliminate the
organic on the glasses, this step can make the coating more efficiently.

Step 3: Coating the solvent to make the Pl adhesion more efficiently.

Step 4: Coating the PI.

Step 5: Put the glass container into an oven with 220°C for 60 minutes.

Step 6: Rubbing the glasses and make the mark of the rubbing direction.

Step 7: Stick the plastic spacer on the bottom glass.

Step 8: Put the bottom glass on the top of the patterned glass and fixed with a tape.

Fig. 3-5 Prototype of MeDLC
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3.3 Measurement system

After the fabrication of MeDLC structure. The optical properties of the devices
were measured by CCD; the setup is as shown in Fig. 3-6 and Fig. 3-7. First, the
bright and dark lines can be recorded by the camera with cross polarizer. These lines
were caused by the phase difference, and the profile of refractive index difference can
be reconstructed, than the ideal curve and simulation result can be compared to check

for the trend and performance of the MeDLC.

Polarization Polarization

N.D.

filter Diaphragm MeDLC
Beam
Spander

«—>
Phase

. difference A 4
r (mm) |—|

Fig. 3-7 Experiment setup
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The method of tuning the voltage to an optimized value was shown as Fig. 3-8.
First we transfer the An profile into x axis only as show in Fig. 3-8(b). Each dot
represents a phase difference in 2 which also means the position when two bright or
dark lines occur. Final is tried to find an optimized value of voltage that consist with
these lines. Eventually, we can get an optimized value of operation voltage and a

lens- like distribution.

u-ey2q

(a)

r (mm)

(b) 0f coQOOOQOO O O e} O 000000000 4

Fig. 3-8 (a) Ideal curve (b) equivalent position of An in the x direction

Finally, the beam size can be checked by setting the polarizer to be parallel to the
electrode direction of MeDLC, as shown in Fig. 3-9. The LC direction can be
controlled by the voltage. Thus the MeDLC will be able to act as a GRIN lens and be
focused at certain point. Through this way the focal length and beam size can be

found.
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In our experiment, the MeDLC were measured by these two methods. And the

results will be given in chapters.

N.D. Polarization

filter Diaphragm MeDLC

Spander

Without Focusing
(Vof)

With Focusing
(Von)

=

Fig. 3-9 Experiment setup
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Chapter 4

Design of Multi-Electrically Driven Cylindrical
Liquid Crystal Lens (MeDLC)

This chapter covers the MeDLC structure design and simulation result. First, the
issues of conventional 2D/3D switching and conventional LC lens using double
electrode were discussed. Second, a detail ideal of lens switching will be explained.
Third, the concept of our simulation steps.and simulation result will be illustrated.

Finally, a brief summary will be given.

4.1 Issues of conventional 2D/3D switching-technologies

As mentioned in Chapter 1; among various types of 3D displays, switching
methods can be divided into two categories such@as the control of transmittance and
the control of light direction. The former controls the transmittance of stripe barrier
patterns using liquid crystal cell of parallax matrix. However, due to the light is
absorbed by barrier patterns, its low brightness is a serious limitation in 3D modes.
For the latter case of controlling optical path, lens switching methods were introduced
such as actively switched lens and polarization active lens. However, these two
methods suffer the issues of mismatching of LC alignment and LC lens production

incompatibility.
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Moreover, another method of controlling optical path is using double electrodes
to form a lens function. However, the convention double electrode LC lens suffers the
issues of high operation voltage and large beam size, hence cause serious crosstalk
phenomenon. Therefore, we proposed a novel method using MeDLC to overcome this

issue.

4.2 Introduction to MeDLC

A basic concept of Multi-Electrically Driven Cylindrical Liquid Crystal Lens
(MeDLC) was shown in Fig. 4-1. At the voltage off state, incident light passes through
MeDLC lens cell without change of propagation direction. At the voltage on state,
local electric fields were formed. The electric field at the part of lens edge is much
stronger than electric field at center of lens..This-non uniform distribution of electric
field causes refractive index changes accordingly. Hence, & non uniform distributions
of tilt angle of LC director was .formed. -For the/incident light having linear
polarization with respect to the rubbing direction.of MeDLC lens cell. The wave front
were affected by differently distributed refractive index, thus the propagation
direction were changed. By making repeated patterns, lenticular LC lens array
structure can be obtained. Eventually, the images can be refract to different angle to

form 3D images.
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Fig. 4-1 Concept of Multi-Electrically Driven Cylindrical Liquid Crystal Lens

(MeDLC) (a) lens off state for a.2D:madesand, (b) lens on state for a 3D mode.

4.3 Electrode design of MeDLC

As mentioned in chapter'2, in order-to:achieve a lens-like distribution of LC lens.
The refractive index difference. must be consisted with'the parabolic curve as derived
in Eq.2-12. Before showing the‘simulation result, the simulation flow chart will be

described first.

4.3.1 Simulation Steps

The simulation flow chart was formed in Fig. 4-2. First the double-electrode and
multi-electrode were compared to determine the ideal An curve. If the
double-electrode is better than multi-electrode then can begin fabrication. If not, then
the most suitable electrode number for MeDLC must be found. At first we assume the
electrode width to slit width ratio is 1:1. Under this condition we can found a suitable
number. Third, the electrode number must be checked for suitability. In this step we

use the electrode number which we just obtained, and simulate with different ratio.
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Before the ratio of w_:w_ mustbe checked for suitability. If the ratio is not suitable

then the previous step must be repeated until the result fit all the conditions.
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Fig. 4-2 Simulation flow chart



4.3.2 Simulation result

To investigate LC molecular orientation states in an inhomogeneous electric field
[30], the commercial software DIMOS.2D (Autronic- Melchers GMBH) was used to

calculate the LC director profile distribution. The LC parameters used in the simulation

are as follows: nematic LC E7 (An = 0.22), dielectric constants ¢, =5.2and ¢, =

19.3, splay elastic constant kK, = 11.1pN, bend elastic constant K, = 17.1pN,

extraordinary refractive index ne = 1.7472 and ordinary refractive index no = 1.5271.

The ratio of w_/t (cell thickness t) was chosen as an optimum value which is about
2-3, where the effective area with the parabolic refractive index distribution becomes
maximum [31]. Here we use @'550um glass and lens, width W =150 um . Also an

error function (EF) was defined to judge:the difference between the ideal curve and

simulation curve, as shown in Eg.4-1.

aperture _ size

z (S| - Pi)2

aperturesize

From the result of conventional double electrodes lens, a tardy changing of
An profile was found As the applying voltage over a certain voltage (V=30 volt) the

profile became disorderly as shown in Fig. 4-3, and that will cause aberration. That is
because the slit is too wide in comparison with the lens in small voltage that electric
field cannot affect the LC near the center, but in large voltage, the electric field changes
between electrodes were too severe thus making the profile became disorderly. In order
to keep the parabolic profile and large An, a multi-electrode structure is applied as

shown in Fig. 4-4.
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Fig. 4-3 Simulation result of double electrode LC lens.
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By controlling the voltage to keep the An to be the same for each electrode
number, which also means to keep in the same focal length. From the simulation result
we found that seven electrodes has smaller error function, and the result tended to be
saturated afterward, which the ratio of w_/w_=1:1 as show in Fig. 4-5. And it was
demonstrated that under 7 electrodes the ration of w_/w_=1:1 is the most suitable
ratio as shown in Fig. 4-6. Final, the simulation curve of our design and the cross

section view of MeDLC is shown in Fig. 4-7 and Fig. 4-8. Obviously with this design

the profile is more consistent with the ideal curve.
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4.4 Discussion

3D displays will drastically enhance the viewing experience of future displays
for many applications. Unfortunately, 3D displays generally have a lower resolution
since the pixels are divided into multi view. Therefore, some 3D displays have the
opportunity to switch between 2D and 3D mode such that either natural 3D images or
high-resolution 2D images can be displayed.

Our task is to design a 2D/3D switchable display using liquid crystal lens with
low crosstalk. Tab. 4-1 is the comparison of conventional LC lens and our novel
design. The conventional liquid crystal lens suffers the issues of tardy changing ofAn .
Hence can cause high crosstalks phenomenon. Therefore, the application of
Multi- Electrically Driven Cylindrical Liguid-Crystal Lens (MeDLC) became more

serviceable.
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Tab. 4-1 Comparison of proposed and conventional methods.

NCTU Proposed Conventional
Method Method
Design
An value O A
Crosstalk Asnid O
O:High  A:Low » I |'| .

- e i ]

45 Summary = P

L g

In this section, a mult:i:-eléc_tr_.o.de LC With-c_lo's'e-r lens-like distribution was
investigated. The LC cell shows ind ividual ché'réct(.eristics; that is, the refractive index
distribution in conventional double electrode LC lens shows not easy to control the
profile of An, in comparison with that of multi-electrode. Hence a simple structure

with no LC alignment issue, smoother An curve and lower crosstalk phenomenon

can be realized by MeDLC.

The MeDLC can be easily fabricated by semiconductor process. By using these

well-developed fabrication processes, the designed MeDLC can be produced. The

detail experimental results will be shown in next chapter.
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Chapter 5

Measurement Results and Discussion

5.1 Introduction

The objective of the measurement is to investigate the phase difference in LC
layer and the beam size. According to the simulation result presented in Chapter 4,
and the experimental result in this chapter, our design shows great performance than

conventional one. Finally, the compa_ilgq.r}.q.fl.cjrosstalk of MeDLC and conventional
"-.

LC lens will be shown in this ¢l r *'-P-'-_;-*
;,?Ep‘é R
o 1,
EA=5\
1ot | i 2% Y
=: II.I-:-- - L -l'-_-‘:-._-:-:::-ﬁ | _.". Iﬂ
A A il =
=
5.2 Measurement resdlt§ and discussion -
. ML i
The measurement resultszgﬁ‘-he categorized "fo three parts: refractive index

.a"':-:._. 1]1':'5-
profile reconstruction, beam size and crosstalk phenomenon. The optical

performance of our device can be judged with these three parts. First, our MeDLC

prototype were shown in Fig. 5-1

-
Top glass
electrode
I----------/
o ¢ 0 ¢ 0 0 0 @
LC eoee00e @
divect coeoeeeoee OPacer
irector P
L | Ay
Side view ’\ g P e B
Bottom glass : i :
L } ’

Fig. 5-1 MeDLC prototype
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5.2.1 Phase profile reconstruction

From the experiment setup of crossed polarizer we can capture a series of bright
and dark lines. These were caused by the phase difference in LC layer, and An
profile can be reconstructed by calculating the spacing between the lines. Eventually,

consistency with the ideal lens-like distribution will be verified, as shown in Fig. 3-7.

Refer to Fig. 5-2, shows the conventional LC lens with double electrode. We can
see that the An curve doesn’t change much with further increasing the voltage. And
the curve is in a difference to the ideal curve. Therefore we can judge that the beam
size of the conventional lens isqlarge’ andvecan be expected a high crosstalk

phenomenon, which will be further illustrated:

0.12 - 174V
0 1 —_—— atﬂ riV
. TZV y
3 0.08 \ —Ideal /
S 006 N\ P
- s
a \ N, r /
0.04 o ;
m N . \ ‘..'2' ';éé e -
0.02 ~ 7 -
0 L
0.75 0.25 0.25 0.75

r (mm)

Fig. 5-2 Experimental result of double-electrode unit.
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The result of seven electrodes and the ratio of w_:w_=1:1 were shown in Fig.
5-3. First, with our design not only the full effective aperture was kept but also the
curve was very consisting with the lens-like distribution. Second, is to check the
suitability of the electrode number with ratio w_:w_=1:1 as shown in Fig. 5-4.
From the result seven electrodes still has the lowest error function (EF). Final, the
ratio of w_:w_=1:1 was yet found to be the most suitable ratio, as shown in Fig.
5-5. The sequence of optimized electrode value from outer electrode to center
electrode is: 30v~8.6v~ 9.7v~ Ov. These measurement results were consisting with the
simulation result and imply that to achieve a better performance of lens we must apply
MeDLC. To be double confirmed of our. design, the beam size will be illustrated at

next section.

0.12
===MeDLC
0.1 = =TIdeal 4
LA . . “h
0.08 - _\\ \ Simulation ;, '
(= WY :’ !
I \ 1
= 0.06 A L
= \\ Ik\" ! ’
= 0.04 W, 4
: \\‘\\. J'f’
\:‘ J
0.02 % 7
\\\ .
0 T Q-h = ‘.-" T 1
-0.75 -0.25 0.25 0.75
r (mm)

Fig. 5-3 Experimental result of MeDLC unit.
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5.2.2 Beam Size

The beam size image of the laser can be captured by CCD with polarizer parallel
to the electrode direction, as shown in Fig. 3-9. The beam size was judged by the full
width at half maximum (FWHM). Referring to Fig. 5-6 (a) and (b) shows the
normalized intensity of conventional double electrode LC lens and the MeDLC Lens
with both focal length about 3.3cm. A very sharp light peak point to the center was
seen in Fig. 5-6 (b) whose beam size at full width at half-maximum is smaller than the
conventional double electrode LC lens about 35%. A 2D mode can be seen after
turning off the voltage, due to the laser were uninfluenced by the MeDLC as shown in
Fig. 5-6 (c). These measurementyrésults indicating a lens-like distribution was
achieved and a 2D/3D switching-images-can-be-provided. Moreover, a smaller beam
size can be obtained by using MeDLC lens which'can result in a smaller crosstalk as
well.

With this achievement; a comparison of crosstalk phenomenon of MeDLC and

conventional double electrode 1£C lens will be demonstrated.
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Fig. 5-6 Normalized intensity of (a) Conventional double electrode LC lens

(b) MeDLC when voltage ON (c) MeDLC when voltage OFF.
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5.2.3 Crosstalk phenomenon

In the context of 3D displays, crosstalk is the amount of left image that leaks into
the right view and right image that leaks into the left. When the crosstalk is too high,
the brain no longer perceives two different viewpoints and therefore no disparity.

To investigate the crosstalk, the commercial software Light-Tools was used to
calculate the crosstalk phenomenon of MeDLC and conventional double electrode LC
lens by inputting the Ad profile. Ad is the height of the lens and is substituted by

An as shown in Eq.5-1, and Eq.5-2. The definition of crosstalk was shown in

Eq.2-13 [19].
An_-d_=n_ -Ad,_ . 4SSy .. (5-1)
An _-d
Ad, =—"—" 0l bl Wk ... (5-2)
n

s
By using ray-tracing, thescrosstalk of‘each viewing zone was simulated. A light
intensity distribution of each.pixel*can be obtained by shifting the light source from
pixel 1 to pixel 9 at a time. For the eye distance of'65mm and a 9m viewing distance,
the crosstalk phenomenon based on conventional lens and proposed design were
shown in Fig. 5-7 and Fig. 5-8. The results demonstrate that 3D display with proposed
design has less crosstalk than the conventional one about 43% as shown in Tab. 5-1.
Therefore, the image quality of each viewing zone can be improved due to lower cross

talk.
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Fig. 5-8 Crosstalk of MeDLC
Tab. 5-1 Crosstalk was simulated by Light-Tools

MeDLC Conventional
Double Electrode
Crosstalk (%) ~24 ~42
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5.3 Numerical Aperture vs. Operation \Voltage

To judge the operation voltage, we take the numerical aperture (NA) into account
as shown in Eq.5-3, where n is the index of refraction of the medium in which the kns
is working and D is the diameter of the lens. Here our aperture is 1508um. With same
numerical aperture a lower operation voltage was obtained by using MeDLC Lens
because it can control the liquid crystal profile by each segment electrode. The
numerical aperture with same operation voltage of multi-electrode and double
electrode lens were compare as well. From the result the multi-electrode is higher than
the double electrode and that means it has higher optical power to banded or focus the
light of 3D display. And the numerical aperture is about a factor of 1.66 higher than
the double electrode as shown in Fig.;5-9.Therefore; a better optical power as a
cylindrical lens and lower operation volitage was. indicated. The crosstalk phenomenon
can be described by numerical aperture as well. A small numerical aperture can also
mean a large focal length;+in this case the effect of crosstalk can be serious due to a
close image of left and right as.shown in Fig..510(a). As for the large numerical
aperture which result in a small focal length can separate the image of both eyes

widely, therefore can have a lower crosstalk phenomenon.

i . D D
NA =nsin @ =nsintan — = N —— ..., (5-3)

2 f 2 f
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Fig. 5-10 The crosstalk of (a) small numerical aperture (b) large numerical aperture.
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5.4 Summary

For the lens-like distribution, beam size, crosstalk, numerical aperture and
operation voltage of conventional double electrode LC lens and proposed design
MeDLC are summarized in Tab. 5-2. The beam size is reduced by 35% and the
crosstalk with proposed MeDLC is lower about 43%. Furthermore the operation
voltage of MeDLC Lens is lower than the double electrode lens and have a numerical
aperture improves by 66%. In addition, the results indicate that the 2D/3D switching
display with proposed method not only smaller beam size and lower crosstalk, but

lower operation voltage.

Tab. 5-2 Comparison of conventional and proposed MeDLC.

NCTU
Conventional
Proposed
Method
Design Method

\

'//% TT Z/%% tl
d d
Rubbing Rubbing

direction direction

Beam Size
Decrease Factor

X0.65 1

Crosstalk (%0) ~24 ~42

Numerical Aperture

Increase Factor

Operation voltage O A

A: High  O: Low
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Inour opinion a viable 3D display should fulfill the following requirements:
1. The display should be auto-stereoscopic. It should allow freedom of movement
with multi viewer potential.
2. The development of 3D display should .motivated by trying to realize the image
appears more natural.

3. The display should be able to display tncompromised2D content.

Therefore, a novel active device0f2D/3D switching display has been
demonstrated in this thesis. The principle of proposed method is to produce a natural
2D and 3D images by controlling the liquid crystal with switching ON and OFF the
voltage. The simulation results indicate that a closer lens-like distribution can be
achieved by our device. The measurement result also indicates that our device can be
closer to the ideal lens-like distribution. And the numerical aperture (NA) of our
device shows an improve by a factor of 1.66 which can result in a smaller volume of
display and smaller crosstalk. Also the voltage requirement is much lower with same
NA. In addition, due to a smaller beam size of proposed design the crosstalk of our
device is lower than that of the conventional double electrode LC lens about 43%. In
conclusion, the 3D displays with proposed method not only smaller beam size and
lower crosstalk, but lower operation voltage.
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The proposed design can also be applied for combining with a head tracking
device. By tracking the position of the head and a LC lens which is able to move
horizontally with respect to the viewer position. Therefore, a freedom of movement

with wide viewing angle and high resolution 3D images can be perceived.

6.2 Future work

Currently although our operation voltage is lower than that of the conventional
double electrode LC lens (current operation voltage of MeDLC lens is about 30 volt).
Nevertheless we think this is not Igyyek, @h;ﬁ to a thick glass substrate (550um)

""-\_.
In #paﬂehﬁﬁfurther reduce the operation

between the electrodes and .#tfifia crys
r"'.-'\. ﬁ::."._.
e el

voltage the thickness of t@; ubsErate eﬁ'rﬁ'gges and liquid crystal lens

|--- - un

ﬂ-‘.'-‘.-"

must be reduced as showr\,.m Flg '-G—tlip__JA fl? in the_ﬁJture is to study and find a
suitable thickness and paran?ter (q::ggré egﬁm!egegérty)’e-ﬁa dielectric layer. And with

more electrodes to control tﬁggéns, like proflje-ﬁ;\:ich will also be an optimized
ol .a"':-:._. TR

design.

Fig. 6-1 Reduce the operation the voltage by reduce the substrate thickness with an

optimized parameter and structure design.
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Also from calculating the intensity distribution of MeDLC and without MeDLC
when off state as shown in Fig. 6-2. The intensity distribution with MeDLC shows a
diffraction pattern from ITO. This will reduce the image quality in displaying 2D
Images. To overcome this problem is to coating a material which has the same
absorption and refraction rate corresponding to the ITO. In this case the phenomenon
of diffraction can be reduce and without losing the quality in 2D mode. Therefore we

will further study about this kind of material in the future.
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Beside the issue of operation voltage and diffraction in off state. In this research
even though the crosstalk can reduced to 24% only. However, the effect of crosstalk in
multi-view autosterescopic 3D displays has been reported that the tolerance limit of
visual comfort is around 10% [34]. Therefore our second task is to reduce the
crosstalk to about 10%. At previous chapter we have described the relative between
the focal length and crosstalk. Fig. 6-3 shows a simulation of the trend of the crosstalk
versus focal length. From the result, in order to achieve a 10% crosstalk our focal
length needs to be reduced to about 1.9cm. And this can be resolved by larger the cell

gap or change a liquid crystal which has high An.
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