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Fast Response Multi-electrode Driving
Fresnel Liquid Crystal Lens For
Autostereoscopic 2D/3D Switching Display

Student: Yi-Ching Huang Adyvisor: Dr. Han-Ping D. Shieh
Dr. Yi-Pai Huang

Institute of Electro-Optical Engineering

National Chiao Tung University
Abstract

Recently, many researchers invest-in developing 3D display technology to produce
more natural images from displays:-Since most of display applications use the fixed
optical components to display 3D-images, the 2D images cannot be provided by the
same displays. Thus, a 2D/3D switchable display is needed.

In this thesis, we designed an optical component which was driven by low
operating voltage and can switch between 2D and 3D modes within a fast rate. In
simulation, an optimized structure was=designed to fit the Fresnel lens-like
distribution to reduce the cell gap and achieve a fast switching rate. In experiment, the
measurement result indicated that the Fresnel lens-like distribution and a fast
switching rate (less than 1s) without using over-drive method were both achieved.
Besides, with over-drive method, the switching time could be reduced to 0.2s, which
was much shorter than the conventional structures (~ 4~10s). Moreover, the operating
voltage (~5volts) was much lower than the conventional structures (~30volts).

In conclusion, the 3D display with the proposed structure not only has effective

focusing ability and low operating voltage, but fast switching rate.
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Chapter 1

Introduction

1.1 Preface

After the cathode ray tube (CRT) was invented in 1897, display technologies have
developed over the least hundred years as shown in Fig. 1-1. From black and white
CRTs to colorful CRTs to flat panel displays, display developments were motivated by
trying to satisfy human visval pleasure. To“produce more natural images, the
high-definition television(HDTV)-was developed. However, the techniques above are
used for 2D displays and the. image quality for these displays lacks reality due to
two-dimensional images expression.

Though human vision, the 3D image is closer to the real world image due to the extra
details it provides, such as relative depth. Thus the 3D image has higher reliability for
displaying image information. To produce’ more natural images from display, 3D

display technologies are expected to be the dominant next generation display

a) gl

Flat Panel Display HDTV 3D Diisplay

technology.

Black & White TV

1925 1950 1975 1995 2000

Fig. 1-1 History of display technology.



1.2 Principle of 3D image

The main mechanism for observing 3D images is a viewpoint dependent disparity
between the images received by each eye. From the slight differences in the two images
projected on the retina of the eyes, the human brain converges the two images and give
a sensation of depth though a process known as stereopsis [1] [2].

The human visual system interprets the two images on the retina though three depth

cues, oculomotor, monocular and binocular depth cues [3] [4], as shown in Fig. 1-2.

@ Vergence

Oculomotor
cues

W Accommodation

g Motion paraliax

Shading
Depth | R
Cues cues

Relative size
Fogging
Texture gradient
w Perspective distortion

g Angular disparity

Binocular cues

B Horizontal disparity

urg,'m“-

Fig. 1-2 Depth cues.

Oculomotor depth cues are caused by the feedback from the eye muscles used to
control vergence and accommodation. Vergence is the angle at which the eyes must
cross, in order to center on the object. The human brain can adjust the object distance by
vergence angle degree, as shown in Fig. 1-3. Accommodation means the change of eye
lens shape which helps the human brain to distinguish object distance, as shown in Fig.

1-4.



Vergence angles

Fig. 1-3 Vergence angle.

?

Thin lens = Object is far

t

Thick lens = Object is near

Fig. 1-4 Accommodation.

Redundancy is built into.the visual system, even people with monocular vision are
able to perform well when judging depth in the real ' world. The number of cues present
in 2D images contribute to a sense of depth, such as motion parallax, shading,
occlusions, relative size, fogging, texture gradient and perspective distortion, as shown
in Fig. 1-2.

According to statistics, the average distance between human eyes is approximately
65mm. Due to the different positioning of left and right eyes, the images projected on
the retina have slight differences, called binocular disparity. Binocular disparity
includes angular and horizontal disparity and causes binocular depth cues. Angular
disparity is known as vergence. Horizontal disparity is the distance between points in

the scene appearing in the image projected on the retinal plane, as shown in Fig. 1-5.
3
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Left image Rightimage

‘\\ /’

|
=

Horizontal disparity

Fig. 1-5 Horizontal disparity.

Although humans percei he cues mentioned above, a display
depth cues. Therefore, a
cues to produce 3D

3D display system

information.

1.3 3D display techn

Nowadays, 3D display technolo in two groups, Stereoscopic and

Auto-stereoscopic (with and without glasses), as shown in Fig. 1-6.

Sterenscopic Folarization
[With glasses) Anaglyph
HMD

3D Display
Technology

‘Holography

Auto-stereoscopic Volumetric

(Without glasses) BB Nultiplane

Spatial-multiplexed

‘Multiplexed 20

Time-multiplexed

Fig. 1-6 Classification of 3D display technology.
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1.3.1 Stereoscopic displays

Stereoscopic displays require users to wear a device to ensure the left and right
images are seen by the correct eye. For instance, the display provides images with two
polarization states (ex. Left- circular and right-circular polarization), the polarization
glasses (composed of two different polarization lenses) block light with different
polarization, and let the same polarization light pass though. Thus, left and right eyes
receive different images and observe 3D images. However, glasses are costly and

inconvenient for users to wear.

1.3.2 Auto-stereoscopic:displays

Auto-stereoscopic displays do.netrequire users to wear any device and can separate
left and right images to the correct-eye: There are several technologies which can
produce 3D images, such as the holographic type [5], volumetric type [6], 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 users can only receive the images from a single front
display angle.

For the past few years, many researchers have providing different images to both
eyes from different viewing angles with the same display system. This method is

known as the “Multiplexed-2D type”.

1.3.3 Multiplexed 2D type display

Multiplexed-2D type display can be divided into two parts: time-multiplexed and

spatial-multiplexed. The general ideas of time-multiplexed type and

5



spatial-multiplexed type are shown in Fig. 1-7. The time-multiplexed type divide the
images into left and right images and project to left and right eyes sequentially. On the
other hand, the spatial-multiplexed type provide the left and right images to both eyes
simultaneously. These multiplexed systems all require optical components and liquid

crystal displays (LCDs) to project images into the left and right eyes.

Time-multiplexed Spatial-multiplexed

Display Display

i\ i\

L®  Or m® Right-eye image L®  ORr

11 | Iy —
Time Time

Fig. 1-7 Gefiéral ideas-of the time and spatial muliplexed type.

Many kinds of time- multlplexed conﬁguranons had been proposed [7]1 8] [9]. One
configuration used the prlnelple of total 1nternal reﬂectlon (TIR) to reflect the light to
a certain direction, as shown 1ﬁ JF 1g 1r8 [10] By sw1tch1ng two light sources

sequentially, the light was directed to a certain direction. Therefore 3D images were

observed.

Lamp1l Lamp2

Fig. 1-8 3D display based on sequentially switching backlight with focusing foil.
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In the spatial-multiplexed type, there are also many methods such as parallax
barrier [11] [12] and lenticular lens array [13] [14]. These optical components are
used to project the left and right images into different viewpoints, and have been
widely used in 3D display technologies. The basic principles of the auto-stereoscopic
displays are illustrated in the following section.

Parallax barrier

The parallax barrier uses a series of opaque vertical lines to block light from certain
sub-pixels to the viewer’s left and right eyes as shown in Fig. 1-9. By optimizing the
barrier geometry, the viewing window position and angles can be adjusted. The main
disadvantage of the parallax barrier is that opaque areas reduce display brightness.

Sidoview Sopviw

< Pixels RLRLRL

< Parallaxbarrier e == < Pixels for left and right eyes
= = =< Parallaxbarrier

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

Lenticular lens array

The lenticular lens array uses lenslets accurately attachs to the display. These lenses
change the light path of certain sub-pixels and project into viewer’s left and right eyes
as shown in Fig. 1-10. The main advantage of the lenticular lens array is high

brightness, but the disadvantage is the resolution reduction in horizontal direction.



B Rl

< Pixels

R_i < Pixels for left and right eyes
\ < Lenticularlens array

Lenticularlens array

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

To overcome the issue of resolution tec _..,_- in horizontal direction, the Philips

company proposed an approach arlens array [15] [16] to share

However, using a's es but does not solve the

resolution issue.

Fig. 1-11 Slanted lenticular lens 3D display with multi-view by the Philips company.



1.3.4 2D/3D switching methods

The 2D/3D switching ability gives significant advantages to users who need both
display types. Most users prefer to have a 2D/3D switchable display, because they do
not want to have two displays on their desk.

If a 3D auto-stereoscopic display is used to show 2D information, both left and
right eyes are still viewing a subset of pixels. The distorted effect is observed although
the data no longer provides a stereo image pair. Thus, turning off the 3D function
while viewing 2D images is desirable.

There are a number of display type can switch between 2D and 3D images. The
current technologies for 2D/3D switching include active parallax barriers [17] and
polarization activated miero lenses-[18}[19] [20] [21].

Active parallax barrier

The parallax bartier is able to block light, thus 'giving switching flexibility
between 2D and 3D displays as show in Fig. 1-12. When the voltage is off, the
parallax barrier has no functionand light transmit completely. When the voltage is on,
the device acts as a spatial-multiplexed-parallax barrier type. However, the drawback
of the active parallax barrier is low brightness when displaying 3D images due to light

being absorbed by barrier patterns.
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Fig. 1-12 2D/3D switching display with A ctive Parallax Barrier.

Active Micro Lens

Equipping LCD with-a lenticular lens array is a viable route to achieve multi-view
3D displays. Using a display with an active switchable LC lenticular lens array shows
natural 3D images as well as high-resolution 2D images [22].

Among various types of 3D displays, switching methods can be divided into two
categories: the control of transmittance, and the control of light direction. The former
method controls the transmittance of stripe barrier patterns using a liquid crystal
parallax matrix. But the low brightness is a serious limitation in 3D display modes.

In the controlling optical path method, lens-switching components are introduced,
such as polarization activated micro-lens [23], active LC lenticular lens [17] [24], and
electric-field driven LC lens (ELC lens) [19]. In polarization activated micro-lens,
anisotropic lens and polarization switching cell are used together to control the
direction of polarized light as shown in Fig. 1-13(a). In an active LC lenticular lens

array, concave lens patterns are formed inside the switching LC cell and the refractive
10



index difference between the 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.
Besides, complete lens-off state is difficult to achieve dues to a residual index
mismatching around the interface between the concave structure and liquid crystal
molecules. In ELC lens, the LC director distribution under controlled non-uniform
electric field distribution causes lens effect. And 2D/3D switching is solely achieved
by the lens effect.

To realize how liquid crystal works inside the LC lens, the following sections will

introduce the principle of liquid erystal and the LC lens.
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(a) Polarization Activated Micro-lens

Polarizer

Polarization
Switch

Concave

(b)

(¢)

Fig. 1-13 Basic concepts of lens switching method.

(a) It is caused by the polarization switching of LC under
anisotropic lens.

(b) The on/off switching is driven by the change of LC convex
lens under the concave structure.

(c) The on/off switching is driven by electric field of electrode.
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1.4 Introduction to liquid crystal

Liquid crystal can be divided into two groups: positive and negative dielectric
anisotropy. In positive dielectric anisotropy, the component along the optical axis is
greater than the component perpendicular to the optical axis (g, > &, ). These kinds of
LC molecules align parallel to an applied field. If the reverse is true (g, < &, ), the LC
molecules align perpendicular to an applied field, and this kind of LC is called
negative dielectric anisotropy. Both of these two LC types can be applied to a liquid
crystal lens [25].

Liquid crystals are characterized by-an orientation order of their constituent rod-like
molecules. In nematic LC; orientation order-has uni-aXial- symmetry, and the axis is
parallel to a unit vector-d, called the “director”. By applying curtain voltage, the LC
orientation changes and causes the change of the refractive index of the LC layer.
While light passes through the LC layer, the light direction will be changed due to the
change of the refractive index.

In Fig. 1-14, assume the light prepagates in the z direction and polarized in the
x direction. When the LC axial is not rotated, the light will be affected by the
refractive index n.. When the LC axial is rotated with an angle 0, the light will be

affected by both n. and n,. The slice of the indicatrix can be expressed as Eq.1-1.
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it = (1-1)
And

ng ~ x§ + z§ (1-2)
Therefore, Eq.1-1 can be

) 2
Equivalently,

(1-4)
0 = sin~ (1-5)

Since the nematic liquid crystal does not align uniformly across the cell, a more
useful form to solve the ng is Eq.1-6.
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ng = (1-6)

né i 2
1+(—2—1>sm 0
ng

This expression gives the refractive index for light polarized in the x direction
and propagates in the z direction as a function of the angular orientation of the
nematic liquid crystals in the x-z plane. Therefore, when the LC direction is no longer

perpendicular or parallel to the x direction, Eq.1-6 can be applied.

1.5 Liquid crystal lens (LC lens)

A conventional lens explains how the Gradient Index Lens (GRIN lens) works: An
incoming light ray is first refracted when entering the shaped lens surface and the
refraction caused by ansabrupt change.in.the refractive index from air to the
homogeneous material..The light-passes the lens material directly until it emerges
through the exit surface of the lens where it 1s refracted again because of an abrupt

index change from the lens material to air, as shown in Fig. 1-15.

L )

Fixed focal length

Fig. 1-15 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

15



Dictionary), a GRIN lens is a lens whose material refractive index varies continuously
as a function of spatial coordinates in the medium. Additionally, 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. 1-16. However,

the focal length of GRIN lens is fixed [27] [28].

Fig. 1-16 GRIN Lens,

The geometry of therfocused GRIN lens is shown in Fig:1-17. Assuming f>r,

and a center refractive index value is larger than the edge, so formula v = ﬁ (v,c

and n are the velocity in medium, velocity in vacuum and refractive index of medium),
the velocity is inverse proportional‘to the refractive index. Therefore, wave fronts will
slow down when reaching the dense region and speed up in rare regions. In this case,

the GRIN lens can be focused.

n(r)

Fig. 1-17 The geometry of the focused GRIN Lens.
16



A ray traversing the lens on the optical axis passes along the optical path length
(OPL), as (OPL).yis = n(r')maxd . For a ray traversing at a height r’ =§ ,

overlooking the slight bending of ray path, (OPL), = n(r")d . Since a planer wave
front must be bent into spherical wave fronts, the OPLs from one wave to another,

along any route, must be equal as follows,

R? = (r')? + f2 (1-7)
and

n;d+f=n,d+R (1-8)
By substitution,

rz—[(n1—n2)d]2

f = 2(n1—n2)d

(1-9)
where (n; — n,) is the refractive-index difference betweensthe center and the edge

(An), if And can be neglected, the focusing formula can be obtain by Eq.1-10.

r2

~ 2Gmd (1-10)
By substitution,
An = (1-11)
2df
where An can be written as a parabolic function with a constant o ,
An = ar? (1-12)

As a result, if the refractive index 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 a fixed focal length. Hence, the application of LC lens must
become practical. The LC lens acts as a GRIN lens with variable focal length and a
normal layer with a certain refractive index though controlling the LC direction. Thus,
2D/3D switching ability can be achieved.

Focal length of a LC lens is defined in Eq. 1-10. The LC direction can be controlled
17



by applied voltages between two parallel electrodes, owning to the fringing field effect,
as shown in Fig. 1-18(b). When light passes though the LC layer, the phase retardation
changes and the LC layer works as a lens, and refracts light to different angles due to

the different refractive indexes.

(a)

Rubbing

Electrode direction

(b)

I
Fringing ( i

Nl
field (‘ w ‘f Ii

(a) Top Vie and (b) Side view.
1.6 LC lens with 2D/3D switching

As mentioned in section 1.3.4, there are various methods which achieve 2D/3D
switching, such as active LC lenticular lens and polarization active micro-lens. The

catalogue of 2D/3D LC lens switching methods was shown in Table. 1-1.
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Active LC
lenticular lens

[SID°08,M.G.H.Hiddink, et al]

Issues:

1. LC misalignment at the
boundary,

2. Complex fabrication.

Advantages:
1. Low crosstalk.

{Better 3D image)

Polarization active

Double-electrode

micro-lens

{SID'03. G.J. Wocodgate, etal )

Issues:
1. Complex fabrication.
2. High cost,

Advantages:
1. Low crosstalk.
(Better 3D image)

LC lens

[JJAPOB, ¥.5. Lin, et al.)

MeD-LC lens

(510'09, . P.Huang, atal.}

|ssues:

1. High operatingvoltage.
2. Long response time .

3. High crosstalk.

Advantages:
1. Simple fabrication.

Issues:
1. High operating voltage.
2. Long response time |

Advantages:

1. Simple fabricatian,
2. Low crosstalk.

Table. l-i 2D/3D LC lens switching methods.

1.6.1 Active LClenticular lens

A fixed concave lensipattern. was forme'd.' inside’ the c_eﬂ and the LC molecules
(positive dielectric anisotropy) §vere placed betweer.l 'thé concave lens and bottom
substrate, as shown in Fig. 1-19. The refractive iﬁdex of the concave lens was n,. If
incident light from the underlying LCD display with polarization state perpendicular
to the plane, it encounters a refractive index from high to low (n. > n,) within the
cell, resulting in a net lens-action to form 3D images.

If a voltage is applied to the lens cell, the extra-ordinary axis of the LC is aligned
parallel to the lens axis. Therefore, the incident light encounters the lower refractive
index corresponding to the ordinary axis of the LC. Since the ordinary refractive
index matches the refractive index of the concave lens, the lens is effectively switched

off and 2D images can be perceived.
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3D mode 2D mode

Concave

Fig. 1-19 Principle of active LC lenticular lens.

1.6.2 Polarization active micro-lens

Polarizer

Polarization
Switch

Concave
Lens

LC

Fig. 1-20 Principle of polarization switch LC lens.

However, these two methods have some disadvantages, such as mismatching of LC

alignment at the interface of the concave lens, as well as incompatibly with current LC

20



display production process. To overcome these issues, the Multi-electrode driven

liquid crystal lens (MeD-LC Lens) was invented.

1.6.3 Multi-electrode driven liquid crystal lens (MeD-LC Lens)

The basic concept of one MeD-LC lens pitch [29] is shown in Fig. 1-21. At the
voltage off state, incident light passes through the MeD-LC lens cell without change
of propagation direction. After applying certain voltages, local electric fields are
formed. The electric field at the lens edge is stronger than at the lens center. This non-
uniform distribution of the electric field causes a non-uniform tilt angle of the LC
director and the refractive index changes accordingly. Therefore, a phase difference
was achieved and results in the change of light ditection. In this case, 3D images can

be perceived.

3D mode

L 1/ =) - = !
g __ Pixels __ E:&’

Fig. 1-21 Principle of the MeD-LC lens.

However, the MeD-LC lens has some drawbacks, such as high operating voltage
(about 30 V,ys) and long response time of switching between 2D and 3D images

(about 4~10 sec.).
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1.7 Motivation and objective

Display developments were driven by the desire to give people more realistic
images. 3D displays have attracted the most interest. People want to see an image as
naturally as possible. However, 3D displays still encounter many issues which needed
to be improved. The parallax barrier 3D display has less light efficiency than
lenticular lens 3D display. But the lenticular lens 3D display still looses resolution.
And resolution loss depends on how many views the display can provide.
Additionally, lenticular lens 3D display is not able to switch between 2D and 3D
images. Therefore, some 2D/3D.switching methods using LC lens were proposed but
still faces issues of LC alignment mismatching at the interface of the concave lens,
high operating voltage and long response time.

In order to improve.the mentioned issues, the Multi-Electrode Driving Fresnel
Liquid Crystal Lens (MeD-Fresnel LC lens) for fast 2D/3D switching display was
proposed in this thesis. Compared with prior switching LC lens for 3D display, the

MeD-Fresnel LC lens has lower operating.voltage and shorter response time.

1.8 Organization

This thesis is organized as follows: the fabrication process of the MeD-Fresnel LC
lens will be introduced in detail in Chapter 2. Additionally, this chapter also shows
the major instruments used to measure the MeD-Fresnel LC lens. In Chapter 3, the
design and simulation result of the MeD-Fresnel LC lens and discussion will be
presented. The experimental results and summary will be shown in Chapter 4. Finally,

conclusions and future work of this thesis will be discussed in Chapter 5.
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Chapter 2

Fabrication and measurement Instruments

2.1 Introduction

The MeD-Frensel LC lens fabrication process was described in this chapter. The
thickness of substrate glass was 700um. After the standard cleaning process, the
semiconductor process including spin coating, lithography, sputtering and leave-off
was utilized in order to obtain the desired indium-tin oxide (ITO) pattern. Followed,
the LC alignment layer was made by spin coeating and rubbing techniques. Next, the
top and bottom glasses were assembled with cell gap.about 28um and filled in the LC

(E7). Finally, wires for.various voltage driving were connected.to each electrode.

2.2 Fabrication process

This section described the fabrication process in detail, including spin coating,
lithography, wet etching, sputtering, leave-off, rubbing and assembling. The detail

fabrication steps were listed below and as shown in Fig. 2-1.
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Glass cleaning

ITO patterning

Leave-off

4
Patterned
Glass cleaning
3

Pl Coating

LC Alignment Layer
and
Assembling

Assembling

Soldering

Fig. 2-1 Fabrication steps.
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I. Glass cleaning
For display application, glass is widely used as a substrate. In the fabrication, the
glass of 0.7 mm thick was chosen. And the detailed sequence is as follow:
: Place the glasses on the Teflon carrier, and put into a container with acetone
as shown in Fig. 2-2. Ultrasonic vibrate for 20 minutes to remove the organic

contamination on the glasses.

: Rinse the glasses by DI water for 1 minute.
: Rubbing the glasses with detergent by hands.

: Rinse the glasses by DI water for 1 minute.

: Place the glasses on the/Teflon carrier, and put into a container with DI water
as shown in Figs 2-2. Ultrasenic vibrate for 40 minutes to remove the
remained partiele and detergent on the glass.

: Use N, purge to dry the glasses, and place glasses into a glass container with

a COVCET.

: Put the glass container into an oven with 110°C. for 30 minutes.

Glass

__—Dl Water

Fig. 2-2 Schematic picture of step1 and step 5.
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II. ITO pattering
The detailed sequence is as follow and also can refer to Fig. 2-4.

Step 1 |: Before the lithography process, glass substrate was cleaned by step L.

: Put the glasses on the metal holder and put into the HMDS oven to eliminate
the surplus steam and improve the adhesion between organic photoresist and
the glass substrate.

: A positive photoresist was applied and coated on the glass substrate.

Step 4 |1 Soft bake for one and a half minutes, to eliminate most of the solvent of the

photoresist and enhance the adhesion.

line.

: Use leave-off technique to remove.the-phtotresist, and the desired ITO pattern

can be reserved.

Top substrate

Bottomsubstrate

Fig. 2-3 The mask pattern of top substrate and bottom substrate.
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(a)

(b)

(c)

(d)

(e)

:‘ g Glass Substrate

Photoresist

Photoresist

ITO

1 Photoresist

ITO

Fig. 2-4 Flow of fabricating ITO electrodes,
(a) glass substrate,
(b) spin-coating Positive photoresist upon the glass substrate,
(c) using lithography technique to obtain the latent image,
(d) sputtering ITO upon the patterned photoresist, and
(e) using leave-off technique to remove phtotresist and reserve the

desired ITO pattern.
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ITI. LC Alignment Layer and Assembling

Step 1 |: Cleaning the patterned glass with step 1.

: Put the glasses into the O-zone machine for 20 minutes to eliminate the
organics on the glasses. This step makes the coating more efficiently.

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

: Coating the PL

: Put the glasses into an oven with 220°C for 60 minutes.

: Rubbing the glasses and make the rubbing direction mark.

: Apply the ultra-violet (UV) glue mixed with spacer (28um) on two sides of
bottom glass. | ! :

m Put the bottom glass on the top glass.and ﬁxed W1th a tape.

m Press both top and bottom glasses to make sure the cell gap identically.

m Fill in the LC after curing.

m Step 11]: Seal the edge” W1th uv glue and cunng

Next, the ultrasonic soldet Was soldered on the eleetfode to enhance the adhesive
of the solder and smeared with AB glue to avoid the wires coming off. Finally, the
Multi-electrode Driving Fresnel Liquid Crystal Lens (MeD-Fresnel LC lens) will be

measured.

Slit width= 2.672m

Fig. 2-5 Prototype of MeD-Fresnel LC lens.
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2.3 Measurement system

I. CCD System

After the fabrication process, the optical properties of the MeD-Fresnel LC lens
were measured by CCD. And the experimental setup was shown in Fig. 2-6. At first,
the polarizer was set to be parallel to the electrode direction of the MeD-Fresnel LC
lens. The LC direction was controlled by the voltage and the MeD-Fresnel LC lens
was able to act as a Fresnel lens and focused at a certain point. By placed CCD at the
focal point of the MeD-Fresnel LC lens, the intensity image and beam size of the

MeD-Fresnel LC lens could be measured.

H.O Polarization ,....ccesssasennne "
filter Diaphragm @~ {MeD-Fresnel :
LClens

Beam
Expander

------

MeD-Fresnel LC lens Intensity Image

Fig. 2-6 Experimental setup.
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II. Confocal Microscope System

To compare the refractive index of the simulation and experimental results, the
confocal microscope was used to analysis the light intensity distribution of each layer
inside the MeD-Fresnel LC lens.

The schematic picture and the photo of confocal microscopy were shown in Fig.
2-7 and Fig. 2-8. Light source passes though the first pinhole and focused on the focal
plane (F-plane as shown in Fig. 2-7) which is one LC layer (~3um) inside the
MeD-Fresnel LC lens. Due to the light source and the photomultiplier tube (PMT)
have the common focal plane, the light intensity distribution of the F-plane can be
detected by the PMT. And due to the PMT detects lights only from the F-plane, the
recorded images have high resolution and Jow.backdrop noise. By changing the z
position of the F-planesthe MeD-Fresnel-LC. lens can be divided into 10 layers, and
the light intensity distribution of each layer can be detected by the PMT as shown in
Fig. 2-9. After light intensity was measured, the LC tilt angle of each layer inside the
MeD-Fresnel LC lens can be calculated from I'= I3 X.cos *0, and the effective
refractive index ne can also be calculated-from Eq.1-6. Then the optical path
difference between each point in one layer can be obtained. By averaging 10 layers,
the total refractive index and optical path difference of the MeD-Fresnel LC lens can

be obtained.

Qut-of-focus
-~ plane

Light l__:______ D
SGUFEE@ . L

- }“*'%.,._L_ e
Finhole #1 MeD-Fresnel -? Pinhaole #2
LClens Focalplane
(F-plane)

Fig. 2-7 Schematic picture of confocal microscopy.
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MeD-Fresnel
LC lens

Pinhole #2

PMT

Light source
and
Pinhole #1

Fig. 2-8 Confocal-microscope system.

The 9" layer

o ayer JRR e e

— Equivalent Fresnel lens

Fig. 2-9 Light intensity photos of 3, 6™ and 9™ layers inside the MeD-Fresnel LC

lens by confocal microscopy.

In our experiment, the MeD-Fresnel LC lens was measured by these two methods.

And the results will be given in chapter 4.
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Chapter 3

Design of Multi-electrode Driving Fresnel
Liquid Crystal Lens (MeD-Fresnel LC Lens)

The structure design and the simulation result of MeD-Fresnel LC lens were
described in this chapter. At first, the MeD-Fresnel LC lens switching idea was
illustrated. Second, the concept of Fresnel lens, the simulation steps and results were
clarified. Third, the mismatch issue-of double layer multi-electrode structure was

discussed. Finally, a brief summary was|givens

3.1 Introduction to MeD-Fresnel LC lens

The MeD-Fresnel LC lens switching concept 1s shown in Fig. 3-1. At the Lens-off
state (without applying voltage), incident-light passes though the structure directly and
formed 2D images. At the Lens-on state (applying voltage), a non-uniform electric
field distribution is developed and causes a non-uniform LC tilt angle distribution.
Thus the equivalent refractive index distribution of the LC tilt angle is also
non-uniform. For the incident light with linear polarized direction parallel to the
rubbing direction, the wavefront is affected by the non-uniform refractive index
distribution, and the propagation direction is changed. Eventually, the images are

refracted to different angles and form 3D images.
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Fig. 3-1 Concept of the MeD-Fresnel LC lens:

(a) Lens-off state for 2D mode, and (b)Lens-on state for 3D mode.

3.2 Design of MeD-Fresnel LC lens

As mentioned in 1.6:3, the MeD-LC lens has drawbacks such as high operating
voltage and long response time of switching between 2D-and 3D images. From the LC
rise time and decay time formula as shown in-Eq.3-1(y  is the LC rotational viscosity,
d is the LC cell gap, K is the L€ elastic constant, Vi, 18 the threshold voltage, V is the
applied voltage, and Vi, is the bias‘'voltage) [30], the LC response time can be further

reduced by decreasing the LC cell gap.

oy d?/Km 2 11
T rise V/Vin)2-1 ( - )
2
vy ,d?/Km
T rise  |(Vp/Vin)2-1| (3-1

Otherwise, to reduce the operating voltage, a double-layer multi-electrode must be
arranged in order within the LC device, as shown in  Fig. 3-2. For the MeD-LC lens,
the outer electrode made the electric field distribution smooth and continuous in the LC
cell, thus the refractive index distribution was close to the ideal curve, as shown in Fig.
3-3(a). If the electrodes were inside the cell, the discrete electric field would appear
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due to the grating structure, as shown in Fig. 3-3(b). However, the Fresnel lens is a
combination of discrete prisms, thus the discrete electric field is useful for building
Fresnel LC lens. Hence, the proposed MeD-Fresnel LC lens with low operating voltage
was obtained. The width of each electrode was the same and the LC director was
homogeneously aligned parallel to the electrode. And the specific operating voltages
were supplied to each electrode with respect to one lens pitch of the MeD-Fresnel LC
lens.

To decrease the LC cell gap, the concept of Fresnel lens is described in next section.

e
Multi Electrode
(imo)

Rubbing
direction
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Fig. 3-3 Refractive index distribution of the conventional MeD-LC lens with

(a) outer electrodes, and (b) inner electrodes.
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3.2.1 Fresnel lens

Compared to a conventional spherical lens, the Fresnel lens [31][32] reduces the
amount of material required by breaking the lens into a set of different prisms, as
shown in Fig. 3-4. The Fresnel lens keeps the optical properties similar to a
conventional spherical lens but has lower cell gap.

Traditional
lenticularlens |

| Fresnel lens |

Fig. 3-4 Cross section of (2) lenticular.lens and (b) Fresnel lens.

By combining the concept of Fresnel lens and.the MeD-LEC lens, the MeD-Fresnel
LC lens structure was obtained and was shown in Fig. 3-5.

Ak

o - o = oo Multl Electrode
- A 2 é Glass i - Glass
& e '\--'“'--'-—-—-—-J -
JE""-—-"}':' " T YN = Multi Electrode
F ey, e el TR NN
:;.;..;rft‘:l.“r# e e B0 e e < LClayer
%------9— TEEREE N LN BN B B BN
s i ol ‘ - e o owm s Mult] Electrode
...... = . = EII:EM' b :"-:11;:;
wavefront
Fresnel lens | MeD-LC lens MeD-Fresnel LC lens

Fig. 3-5 Concept of MeD-Fresnel LC lens:

Fresnel lens + MeD-LC lens = MeD-Fresnel LC lens.

3.2.2 Simulation steps

To have focusing ability as conventional lenticular lens, the MeD-Fresnel LC lens

wavefront must be consistent with the parabolic curve in Eq.3-2, which is the
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substitution of Eq.1-10. The two-dimensional LC-cell simulation software was used to
calculate the LC director profile distribution. Besides, the error function EF [33]
shown in Eq.3-3 was defined for determining the difference between the MeD-Fresnel
LC lens (Si) and the ideal Fresnel lens (P1). The larger EF value meant the aberration

was more serious.

2
(A n)d = % (3-2)
aperture_size _pP.)2
EF — \/Zi—i (Sl l:’l) x 100% (3-3)
aperture_size

The MeD-Fresnel LC lens for a 3-inch 2D/3D display, the lens pitch (W) and cell
gap(d) were set as 188um and 28um; the focal length was 1mm. Due to the electrode
width, the ratio of electrode width-(Ws) and slit width' (Ws) of the MeD-Fresnel LC
lens, and the form of the bottom electrode (flat electrode or multi-electrode) affected
the performance, optimization of the above parameters was needed.

At first, we set the electrode number of each prism of the MeD-Fresnel LC lens was
the same. Then we assumed the bottom electrode as flat clectrode, and the ratio of
electrode width to slit width was 1:1.; Under this condition, we can found a suitable
electrode width. After a suitable electrode width was found, the An of each prisms
must be checked. If the An is high enough, the fabrication can be begin. If the An is
not high enough, the equivalent Fresnel prisms height is not tall enough, and the
MeD-Fresnel LC lens focal length will become larger. Thus, the form of bottom
electrode, the ratio of electrode width to slit width must be altered. And the previous

steps should be repeated until the result fits all the conditions.

3.2.3 Simulation result

To investigate LC molecular orientation states in an inhomogeneous electric field
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[34], the commercial software DIMOS.2D (Autronic- Melchers GMBH) was used to
calculate the LC director profile distribution. The LC parameters used in the
simulation were as follows: nematic LC E7 (An = 0.22), dielectric constants € =5.2
and € ,= 19.3, splay elastic constant K;;= 11.1 pN, bend elastic constant K33= 17.1
pN, extraordinary refractive index n.= 1.7472 and ordinary refractive index n,=
1.5271.

The simulation result of flat electrode as the bottom electrode turned out to be low
An. Thus, we chose multi-electrode as the bottom electrode, and aligned the
multi-electrode with the top substrate to fit the ideal Fresnel lens curve, as shown in

Fig. 3-6.
(a)

Electrode
(Imo)

(©

=== |deal Fresnellens

—— Mufti-electrode as
bottom electrode

— Flatelectrode as
bottom electrode

Fig. 3-6 (a) Structure of flat electrode as the bottom electrode,
(b) Structure of multi-electrode as the bottom electrode, and

(c) Simulation Fresnel lens curves of different bottom electrode form.
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After the bottom electrode form was chosen as multi-electrode, the simulation
Fresnel lens curve of different electrode width to slit width ratio was shown in Fig.
3-7. When the ratio of electrode width to slit width was 1:1, the EF value was 1.8;
when the ratio of electrode width to slit width was 2:1, the EF value was 1.1. Besides,
the equivalent Fresnel lens curve of the ratio as 2:1 fitted the ideal curve more. Thus,

we chose the ratio of electrode width to slit width as 2:1.

(a)

(o}

=== |deal Fresnellens

= WpW,=2:1

T WeiW =11

015 01 005 g O 0.05 01 .15
r{imm)

Fig. 3-7 (a) Structure of electrode width to slit width ratio as 1:1,
(b) Structure of electrode width to slit width ratio as 2:1, and
(c) Simulation Fresnel lens curves of different electrode width to slit

width ratio.

The optimized value of electrode width was chosen as 5.33um, because it tended to
saturate as shown in Fig. 3-8. The equivalent Fresnel lens of the optimized MeD-

Fresnel LC lens was shown in Fig. 3-9. The sharpness of the optimized MeD- Fresnel
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LC lens was similar to the ideal Fresnel lens. The relative parameters of the optimized

MeD-Fresnel LC lens were also shown in Table. 3-1,

MeD-Fresnel LC Lens Value
Parameter
Lens Pitch 188 pnm
Electrode Width 3.3 nm
Slit Width 2.7 pm
Cell Gap 28 nm
LC Material E7 (An=0.22)
Focal Length 1 mm

Table. 3-1.Relative parametersiof the optimized MeD-Fresnel LC lens.
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Fig. 3-8 Simulation result of error function (EF) with electrode width.
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Fig. 3-9 Equivalent Fresnel lens of the optimized MeD- Fresnel LC lens.
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Fig. 3-10 Cross-section of the operated MeD-Fresnel LC lens.

MeD-Fresnel LC Lens Value
Parameter

Lens Pitch 188 pnm
Electrode Width 3.3 nm
Slit Width 2.7 pm
Cell Gap 28 nm

LC Material E7 (An=0.22)
Focal Length 1 mm

Table. 3-1 Relative parameters of the optimized MeD-Fresnel LC lens.

3.3 Discussion

The structure of the MeD-Fresnel LC lens with multi-electrode at both top and
bottom side inside the LC device was shown in  Fig. 3-2. During the fabrication
process, the alignment issue of multi-electrode at both top and bottom side may be
occurred. Thus we assumed the alignment displacement between the top and bottom

substrate is aum and the largest displacement is equal to the electrode width, as shown
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in Fig. 3-10(b). The simulation Fresnel lens curves of the MeD-Fresnel LC lens with
and without the alignment issue were shown in Fig. 3-11. The largest alignment
displacement resulted in asymmetric Fresnel lens curve, but it was still similar to the
simulation curve of the MeD-Fresnel LC lens without alignment issue.

@ ()

Multi-Electrade o : -
T i o, " L

(c)

=== |deal Fresnellens

= MeD-FresnelLC lens
withoutalignmentissue

~—— MeD-Fresnel LC lens
with alignment
displacement5.3um

Fig. 3-11 (a) Structure of't t alignment issue,
(b) Structure of the MeD-Fresne ent displacement 5.3pm, and

(c) Simulation Fresnel lens curves with and without the alignment issue.
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3.4 Summary

In this section, the MeD-Fresnel LC lens with closer Fresnel lens-like distribution
was investigated. The MeD-Fresnel LC lens cell gap was almost half comparison with
the conventional LC lens. Thus, the response time of the MeD- Fresnel LC lens could
be reduced to quarter of the conventional LC lens’ response time. Moreover, the
maximum operating voltage of the MeD-Fresnel LC lens was much lower than the
conventional LC lens.

Otherwise, the fabrication process of the MeD-Fresnel LC lens is similar to the
semiconductor process. By these well-developed fabrication processes, the designed
MeD-Fresnel LC lens can.be produced. And-the experimental results will be shown in

the next chapter.
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Chapter 4

Measurement Results

4.1 Introduction

The objective of the measurement is to investigate the performance, operating
voltage and response time of the MeD-Fresnel LC lens. According to the simulation
result presented in Chapter 3, and the experimental result in this chapter, our design
shows low operating voltage and fast tesponse time compare to the conventional LC
lens. Finally, the crosstalkephenomenon of the MeD-Erensel LC lens will also be

shown in this chapter.

4.2 Measurement results

The MeD-Fresnel LC lens prototype was fabricated and as shown in Fig. 4-1, each
MeD-Fresnel LC lens has 24 eleetrodes at both top.and bottom substrates that can apply
operating voltage individually to form" different sharpness. After fabrication, the
MeD-Fresnel LC lens was measured. The measurement results included four parts:
equivalent Fresnel lens shape, operating voltage, response time and crosstalk

phenomenon. The performance of our device can be judged with these four items.
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Fig. 4-1 MeD-Fresnel LC lens prototype.

4.2.1 Reconstruction of the MeD-Eresnel LC lens

First of all, we divided the MeD-Fresnel LC lens into 10 layers and measured the
light intensity distribution -of . each layer by the confocal “microscope. The light
intensity distribution images of each layer were shown'in Fig: 4-2. After rebuild the
LC orientation from light intensity as mentioned in section 2.3, the equivalent Fresnel
lens shape was obtained and:as shown in Fig. 4-3. Thetesult showed that our device can
really build the different sharpness-and formed the Fresnel lens.

1 layer 27 layer 3 layer 4t layer 5% layer

&' layer 10T layer

Fig. 4-2 Light intensity distribution images inside the MeD-Fresnel LC lens.
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Fig. 4-3 Equivalent Fresnel lens shape of simulation and experimental results.

Although the experimental result was similar to the simulation curve, it still exist
little difference. The equivalent:Fresnel lens height of the experimental result was
lower than the simulation result, and.this.difference .might be caused by the
fabrication inaccuracy..In the patterning ITO step.of the fabrication process, the
electrode to slit width ratio might not be perfect 2:1. Moreover, if the top and bottom
substrates had a twist angle, the.LC orientation would not identical to the simulation

result and cause insufficient A nand Fresnel lens height.

4.2.2 Operating voltage and response time

To check the focusing ability of the MeD-Fresnel LC lens, the specific voltages were
operated on each electrode, and the CCD was placed at the focal plane of the
MeD-Fresnel LC lens to measure the light intensity distribution. The captured images
without and with applying voltages were shown in Fig. 4-4(a) and (b), and the light
intensity distributions were also shown in Fig. 4-4(c). The green region in Fig. 4-4(c)
indicated the width of one MeD-Fresnel LC lens when focusing status. The red line and
blue line indicated the light distribution before focusing and after focusing respectively.

This result showed that the light was focused effectively by the MeD-Fresnel LC lens.
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Besides, the beam size can be judged by the full width at half maximum (FWHM), and
the smaller beam size indicates a more efficient focus. Comparing with different
structures liked the MeD-Fresnel LC lens with multi-electrode at both top and bottom
substrates, and lens with multi-electrode at top substrate and flat electrode at bottom
substrate, the FWHM of our design was about 59um, which was smaller than the other
(~80um). This result showed that the MeD-Fresnel LC lens with multi-electrode at both
top and bottom substrates focus the light more efficient than the lens with

multi-electrode at top substrate and flat electrode at bottom substrate.

{a) (b)
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Fig. 4-4 (a) Captured image of the MeD-Fresnel lens before applying voltage,
(b) Captured image of the MeD-Fresnel lens after applying voltage, and

(c) Focusing measurement of the MeD-Fresnel LC lens.
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In addition, the focus length was about Imm and the driving voltage was about 5
volts under this operation. Compared to the operating voltage of the MeD-LC lens
(~30volts), our design has really low operating voltage.

To calculate the switching rate of the MeD-Fresnel LC lens, the sequential captured
images were shown in Fig. 4-5. The fabricated test cell included two MeD-Fresnel
lenses and the interval rate between each frame was 0.2s. From the result in Fig. 4-5,
the MeD-Fresnel LC lens could focus the light effectively within 1s. The switching rate

was also much less than conventional MeD-LC lens which switching rate was 4s~10s.

-4 n .
/. _¢. Focusin
B s A
St MeD-Fresnel

<~ LCLens

0 sec. 0.2 sec. 0.4 sec. 0.6 sec. 0.8 sec. 1 sec.

A 4

Time

Fig. 4-5 Sequential foecusing images of the MeD-Fresnel LC lens.

In LCD applications, the over-drive method is used to reduce the response time. By
applying a large voltage pulse through the electrodes first, the LC molecules rotated in a
very short time. Then the desired operating voltage signal was applied to stabilize the
focusing ability. The schematic picture of the over-drive method was shown in Fig.
4-6.

Combining the over-drive method with the MeD-Fresnel LC lens, a voltage pulse (3
times of the desired operating voltage) was applied to the test cell, and then the desired

operating voltage signal (5Vns) was also applied. With the over-drive method, the
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switching rate of the MeD-Fresnel LC lens was reduced effectively within 0.2s. The

sequential captured images were shown in Fig. 4-7.

Voltage (Vip:)

Large voltage (over-drive)

I
[
10 | B E_Stahle voltage
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|::| I jat i i H i > TlmE‘

Fig. 4-6 Concept of the over-drive method.
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Fig. 4-7 Sequential focusing images of the MeD-Fresnel LC lens with over-drive

method.

To analyses the relationship between focusing ability and response time, the light
intensity distributions at the focal point of the LC lenses were measured per 0.2
second. The results of the MeD-LC lens (with and without over-drive method) and the
MeD-Fresnel LC lens (with and without over-drive method) were shown in Fig. 4-8.

The purple curve in Fig. 4-8 indicated the response time of the MeD-Fresnel LC lens
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(without over-drive method) is about 0.8 second. Compared to the response time of
the MeD-LC lens (the navy blue curve in Fig. 4-8), which was about 8 second, the
response time of the MeD-Fresnel LC lens was short. Besides, the response time of
the MeD-LC lens with over-drive method (voltage pulse were 3 times and 5 times of
the desired operating voltage) was still longer than the MeD-Fresnel LC lens without

over-drive method.
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Fig. 4-8 Relationship between focusing ability and response time of the LC lenses.

Moreover, focus on the response time from 0 second to 1 second, the light blue and
orange curves in Fig. 4-9 indicated the response time of the MeD-Fresnel LC lens with
over-drive method (voltage pulse was 15V, and 25V,,s) 1s about 0.2 second. This
result showed the response time of the MeD-Fresnel LC lens can be reduced
effectively by over-drive method and the response time after improvement is more

suitable for applications.

49
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Fig. 4-9 Relationship between focusing ability and response time of the MeD-Fresnel

LC lens.

4.2.3Crosstalk phenomenon

In 3D displays, crosstalk can be defined as the leakage of left eye image to the right
eye and right eye image to the left eye, as shown in Eq.4-1 [19]. The crosstalk
phenomenon can be minimized when the images are projected to the exact eyes.
When the crosstalk is too high, human brain no longer perceives two different images

and causes no 3D sensation.

X = —min__ »100(%) (4-1)

" Imax+min
To investigate the crosstalk, the commercial software, Light-Tools, was used to
calculate the crosstalk phenomenon of the MeD-Fresnel LC lens by inputting A djens
profile. A diens is the height of the equivalent Fresnel lens and was substituted by the
refractive index, A nic, as shown in Eq.4-2 and Eq.4-3 (A nyc is the refractive index

difference of the MeD-Fresnel LC lens, dc is the thickness of the LC layer, and njeys
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is the refractive index of the equivalent Fresnel lens).

A Npc X dpc = Neps X A djens (4-2)
A dens = 2 n:fezsdm (4-3)

By ray-tracing method, the light intensity distribution of each viewing zone was
simulated. After shifting the light source from pixel 1 to pixel 6 at a time, the light
intensity distribution of each pixel can be obtained. For the eye distance of 65mm and
a 1.4m viewing distance, the light intensity distribution of the MeD-Fresnel LC lens
was shown in Fig. 4-10. After calculated by Eq.4-1, crosstalk of the MeD-Fresnel LC
lens was obtained and around 29%, which was a little higher than the MeD-LC lens
(about 24%) but lower than the conventional double electrode LC lens (about 42%).
The results demonstrated. that 3D-display with the MeD-Eresnel LC lens has larger
crosstalk than the MeD-LC lens, but less crosstalk than the conventional double

electrode LC lens.
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Fig. 4-10 Light intensity distribution of the MeD-Fresnel LC lens with 6 view.
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4.3 Summary

The Multi-electrode Driving Fresnel Liquid Crystal Lens (MeD-Fresnel LC lens)
with double-layer multi-electrode structure had been fabricated and measured. By
supplying specific operating voltages on each electrode, the MeD- Fresnel LC lens
sharpness was similar to the Fresnel lens. Furthermore, the MeD-Fresnel LC lens not
only focused light effectively and switched in less than 1 second without using
over-drive method, but also had the benefit of low operating voltage (~5volts) and
short focusing length (188mm lens pitch with 1mm focal length). It also meant that a
fast switching between 2D and ‘3D 1mage could be obtained by switching
MeD-Fresnel LC lens on.and off. Besides; with the over-drive method, the switching
rate could be reduced to.about 0.2 second:

To estimate the performance of the 3D display with our design structure, the
crosstalk phenomenon was investigated: And the crosstalk of the MeD-Fresnel LC
lens was about 29%, which was higher than the MeD-LC lens (~24%), but lower than
the conventional double electrode LC lens.(~42%). Therefore, the 3D image quality of
our design structure will be a little worse than the 3D display with the MeD-LC lens,
but better than with the conventional double electrode LC lens. The comparisons were

summarized in Table. 4-1.
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Table. 4-1 Comparison of conventional LC lenses and the MeD-Fresnel LC lens.

Double
MeD- MeD-LC Electrode LC
Comparison Fresnel L.C Lens Lens
Lens (SID’09, Y.P. (JUAP'086, Y.S.Lin,
Huang, et al.) etal)
(0 A X
Operating Voltage
(~“5Vms) (~30V,ms ) (~ 60V ms)
A (0 X
Crosstalk
(~29%) (~24%) (~42%)
Without (0 X
OD (<1s) (~9s)
ith OD
Response With O O X
Time (Voltagex3) (~0.2ms) (~1.5s)
With OD 0 X
(Voltagexs) (<0.2ms) (~1.25)
A O
Cell
(Wg=5.3pm) ( Wg=14.5pm)
Fabrication
X (0
Circuit
(Complex) (Simple)

O: Good A: Normal

X: Bad OD: Over-Drive method.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

To satisfy human visual pleasure, many researchers are working toward to invent an
auto-stereoscopic, full resolution and wide viewing angle 3D display for multi-user.
Moreover, a 2D/3D switchable display is desired to fulfill the requirement of users
who need both display types.

Therefore, a novel activeideviee, multi-electrode driving Fresnel liquid crystal lens,
of 2D/3D switching display had been demonstrated in this thesis. By controlling the
LC with switching voltage on and off, both 2D and 3D images can be provided. The
simulation results indicated that a Fresnel lens-like distribution can be achieved. And
the measurement result also . showed that our device can build the Fresnel lens-like
distribution and has a fast switching rate (less.than 1s) without using over-drive
method. Besides, with the double electrode ‘at both top and bottom substrates inside
the LC layer, the operating voltage (~ 5volts) was much lower than the MeD-LC lens
(~ 30volts). By using over-drive method, the switching time could be reduced to 0.2s,
compare to the switching time of the MeD-LC lens (~ 4~10s), the response time had
been further improved. In addition, the crosstalk phenomenon showed that the 3D
image quality of our design (X-talk~ 29%) will be a little worse than the MeD-LC
lens (X-talk~ 24%), but better than the conventional double electrode LC lens
(X-talk~ 42%).

In conclusion, the 3D display with the proposed structure not only has effective
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focusing ability and low operating voltage, but fast switching rate.

5.2 Future work

5.2.1 Simple circuit fabrication

The MeD-Fresnel LC lens has 24 electrodes in one lens pitch. Compared to the
conventional LC lens (2~7 electrodes), the MeD-Fresnel LC lens has complex circuit,
as shown in Table. 4-1. To be more suitable for the LCD production, the electrode
number of the MeD-Fresnel LC lens should be decreased to simplify the circuit.

In addition, a high resistance (High-R) material can make a gradient electric field
distribution, and conserve the elgctric power. Thus, a High-R material may be useful
to reduce the electrode number but stillimaintain the electric field distribution inside
the LC layer, as shown. in Fig. 5-1.- By using the High-R:material, the electrode
number of the MeD-Fresnel LC lens may be reduced to 12, which is half of the origin
MeD-Fresnel LC lens.” Therefore, to inaintain the optical performance, Fresnel lens

distribution and to simplify the circuit, the High-R material may be analysed in future.
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Fig. 5-1 Structure of the MeD-Fresnel LC lens with High-R material.
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5.2.2 Full resolution 3D image

Although the MeD-Fresnel LC lens has effective focusing ability with low operating
voltage and fast switching rate, it still cannot provide full resolution 3D images.
Therefore, we propose to combine the time-multiplexed concept with our design
structure to achieve providing the full resolution images, as shown in Fig. 5-2. By
applying voltages sequentially, the LC lens can move (or scan) horizontally and project

images into different viewpoints without decreasing image resolution, as shown in Fig.

5-3.

Scanning 3D System

7
Fast Response Panel © | e |

Fig. 5-2 Diagram of an auto-stereoscopic full resolution 3D display.
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Fig. 5-3 Scheme of scanning LC lens.

Therefore, we cooperated with ITRT and-fabricated a 4-inch MeD-Fresnel LC lens
array. The relative MeD-Fresnel LC lens parameters for a4-inch display were shown
in Table. 5-1. And a‘“scanning driv-ing system was. also ‘provided by ITRI. The
rudimental scanning result was shown in Fig. 5-6. In ordet to provide full resolution 3D
images, the MeD-Fresnel LC lens array will be combined with a 6 view projection
system. The performance of the MeD-Fresnel LC lens and the image quality during the

scanning time will be investigated in the future.

MeD-Fresnel LC Lens Value
Parameter
Lens Pitch 524.4 nm
Electrode Width 15.2pm
Slit Width 7.6 pm
Cell Gap 100 pm
LC Material E7 (An=0.22)
Focal Length 1.35 mm

Table. 5-1 Relative MeD-Fresnel LC lens parameters for a 4-inch display.
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Fig. 5-5 Captured 1mages of the MeD- Fresnel LC lens array:

(a) before applymg Voltage and (b) after applylng voltage.
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Fig. 5-6 Captured images of the scanning MeD-Fresnel LC lens.
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Fig. 5-7 Projection system with 6 projectors.
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