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Abstract

Cell phone combined with, camera function is the main trend in recent years.
Most camera phones in present-day utilize digital zoom.function to zoom in. However,
the image quality using digital-zeem function IS worse than using optical zoom
function. Conventional.optical zoom function is achieved by mechanical moving lens
in a zoom lens system.' Zoom lens require some volume to_contain lots of lens
components and havermechanical ‘damage issue in long-term use. Applying the
conventional zoom lens inthe camera phone is a great‘Challenge.

In this study, a tunable-focus‘liquid crystal lens exhibiting ultra-fast focusing and
low operating voltage was proposed. The inside electrode configuration with a central
controlling electrode is combined with a high resistance layer to conserve electric
power efficiently. Moreover, the smooth gradient electric field distribution is
maintained by the high resistance layer. Compared with conventional liquid crystal
lens, this gradient driven liquid crystal lens (GD-LC lens) decreased the operating
voltage from twenty more voltage to 5 voltages. And with using Over-Drive method,
GD-LC lens decreased focusing response time from thirty seconds to 0.2 second. This

GD-LC lens has unique characteristic such as electric tunable focus, no mechanical



moving part, small volume, low operating voltage and short response time which is

suitable for camera phones application.
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Chapter 1

Introduction

1.1 Zoom lens

Lenses are key elements of optical systems. Most conventional lenses, which
have a fixed focal length, are made of glass, polymer, or other transparent solid
materials. To tune the focal length continuously, a.zoom lens, which is a mechanical
assembly of lens elementsiwith the ability to waryits focal length, has been developed.
[1]

There are many possible designs for zoom lenses, the most.complex ones having
upwards of thirty individual lens.elementsiand multiple moving parts. A simple scheme
for a zoom lens divides the assembly. into two-parts: First is‘afocusing lens which is a
fixed-focal-length photographic-lens, preceded by a-focal zoom system. Second is the
focal zoom system which is an arrangement of fixed and movable lens elements that
does not focus the light, but alters the overall magnification of the lens system, as
shown in Fig. 1- 1 [2]. Obviously, numbers of lens components makes the zoom lens

bulky and heavy. Many applications would benefit from a simpler, tunable-focus lens.



/ .
v Focusing lens
Zoom system

Fig. 1- 1 Schematic of simple zoom lens

In fact, a simple tunable-focus: lens already-exists in nature. For example, the
human eye is a singlet lens,system with a tremendously«wide tunable focus range. By
adjusting the muscles in the eye,-the-lens can be conformed to.different shape to tune

the focal length, as shown in-Fig. 1= 2.

© o

Lens Retina

Fig. 1- 2 Schematic of the focusing mechanism of the human eye

To mimic the human eye’s focusing system, some practical material approaches,
such as liquid, microfluidics, and liquid crystal (LC), have been developed. By
generating and controlling the optical path difference between the center and the edge
of the lens, the focal length can be tuned through changing either shape or refractive

index. These three kinds tunable-focal lens will be introduced in following sections.



1.2.1  Liquid lenses and microfluidic lenses

Liquid lenses and microfluidic lenses are examples of using shape changing to
generate an optical path difference. According to the operation mechanism, liquid
lenses and microfluidic lenses can be classified into two types.

The first type of liquid lenses and microfluidic lenses is based on the
electrowetting phenomenon. The liquid lens uses two isodensity liquids, one is an
insulator while the other is a conductor. The voltage applied to the substrate modifies

the contact angle of the liquid drop. of voltage leads to the liquid-liquid

curvature interface changin focal length changing, as

(a) Incident light . (b)
Insulating
Hydrophobic fluid

Insulator

Fig. 1- 3 Schematic of eletrowetting type tunable-focal lens

The second type of liquid lenses and microfluidic lenses is based on the liquid

pressure phenomenon. Through expanding or shrinking the liquid in a fixed volume

3



chamber, the liquid is conformed to the lens shape, as shown in Fig. 1- 4. The focal
length is tuned by changing the curvature of the liquid shape. For example, in Fig. 1- 4,
by applying a inward pressure to the outer membrane, the liquid redistributes and

swells the inner membrane outward which forms a plano-convex lens [4].

Elastic rubber Elastic membrane

(a) Top slab (b) Bottom slab

e =
'Yo(o X(d)

Fig. 1- 4 Structure of a'liquid pressure type tunable-focal lens: (a) top slab, (b)

bottom slab, and side view of /the lens cell-in (¢) non-focusing state and (d)

focusing state

1.2.2  Liquid crystal lenses

Liquid crystal lenses are examples of using refractive index changing to generate
optical path difference. To make a LC lens, a gradient refractive index profile is
necessary. Generally, the LC lens can be classified into: inhomogeneous LC
alignment and homogeneous LC alignment types, as shown in Fig. 1- 5. The

inhomogeneous LC alignment type has a serious issue, resulting in scattered light
4



because the LC molecular director suffers a nonuniform initial anchoring force [5][6].

Therefore, only the homogeneous LC alignment type is introduced in the following

paragraphs.
Homogeneous Inhomogeneous
LC Alignment LC Alignment
Z Ordinary
= Ray )
i Incident ray o
Glase . ncident ray / ‘,-Extra
substrate < - K “‘n‘ ordinary ray
/ _’/-‘ h ] .

Hole-patterned electrode
Convex LC layer

line control LC line
contact;l electrode Iay?r contact 2
i ¥ i
/f y o s
glass | . / / 7 7 —_—D
substrate 1| / / /S /

Extra ordinary ray
7"

= == :

Uy)spacer ég S spacer (Us Incident ray
s
/4

1 /X | glass
” |substrate 2

v/
0/
aligr;';'nent ground Concave LC layer
layers electrode

~3]
~F

Liquid crystal Glass substrates
Glass lens

Fig. 1- 5 Different types of LC lenses

To generate the desired gradient refractive index profile in the homogeneous LC
alignment, spatially varying electric field is necessary. Three methods for generating

the gradient refractive index profile in the homogeneous LC alignment are considered

here.



I. Patterned electrode type

The first approach is patterning the electrode to generate the smooth gradient
electric field distribution. A continuous change of the focal length can be obtained by
varying the applied voltage. The geometry chosen here is the most simple. Only one
electrode being patterned is suggested. The electrode pattern whose form is not
limited to circles is generally made by lithography. A schematic of cylindrical type LC

lens is shown in Fig. 1- 6 [7].

Glass
substrate

Hole-patterned electrode

Electrode

Hole pattern
—T_T_Wk&mmhmaﬁﬂﬂ_‘t_’r_
A S Y N N N B R AU )
A N N S N N N S N S N N A
I S S N N N Y N S N N S A o O |
L N AN . S N N S N S S S

Electrode

Fig. 1- 6 The schematic of cylindrical electrode patterned LC lens
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Il. Modal control type

The second approach is modal control. The key element of the modal lens is the
control electrode, which should have high sheet resistivity (5 to 9 MQ/M) across the
aperture, as shown in Fig. 1- 7. The basic idea is to vary the electric field along the
diameter of the lens. The electric field differs at various positions leading to different
deformation strengths of the LC director. Modal control LC lens are simple to make
and produce a smooth change in deviation angles or focal lengths by controlling the
amplitude and frequency of the operating voltage. The major advantages of this
approach are fast response and good image quality. However, such modal control LC
lenses posses an aperture whose diameteris=several’ millimeters. The numerical

aperture (N.A.) is less than:0.005 which is insufficient [8].

line control LC line
contact1 electrode layer contact 2

glass |
substrate 1

¢ = i
}j 2 S:__:\__& _|spacer (u,
|_ / i 2 ;
% 1 /X | glass
/" |substrate 2
O L
alignment ground
layers electrode
R R R

Fig. 1- 7 The schematic of modal control LC lens and its simplified equivalent

circuit.



I11. Flat spherical electrode type

The third approach, called flat spherical LC lens, uses an imbedded spherical
electrode. The electric field from the spherical and planar electrodes induces a
gradient refractive index distribution, as shown in Fig. 1- 8. The electric field strength
redirects the LC and then changes the refractive index profile. This flat spherical LC
lens provides a simple electrode design. Both convex and concave lens can be realized
by reversing the shape of the spherical electrode. However, this LC lens suffers from

slow response time [1][9][10].

ITO
clectmf:lcs

Liqud erystal Glass substrates
(Glass lens

Fig. 2. Interference fringes at 7 = 40 (a) and 55 Fays (b).

Fig. 1- 8 The schematic of flat spherical LC lens.



1.3 Motivation and Objectives

A camera phone, as shown in Fig. 1- 9, is a mobile phone which is able to
capture either image or video. Early in the 21* century the majority of cameras and of
mobile phones in use have been camera phones. Camera phones are more portable
than most digital cameras and allow people to stop images or films of an event being
taken. More importantly, they offer faster connection with the internet so we can share

the images and film around the world instantly [11].

% Sony Ericsson

Fig. 1- 9 Picture'of.camera phone

According to a report from InfoTrends entitled “Worldwide Camera Phone
Forecast: 2007-2012”, worldwide shipments of camera phones will jump from over
700 million units in 2007 to surpass 1.3 billion in 2012. Mobile video services are also
expected to grow rapidly in the years to come. Detractors of mobile video have
previously cited poor phone quality as one of the biggest reasons why these services
have yet to take off. However, with the launch of more viewer-friendly phones, such as
the iPhone, mobile video services are expected to quickly gain popularity. Worldwide

revenues from mobile video will nearly triple to reach USD 18.2 billion by the end of
9



2013 [12][13].

Most camera phones are simpler than digital cameras. Their usual fixed
focus lenses and smaller sensors limit their performance in poor lighting, and most
have a long shutter lag. However, to zoom in on your subject when taking your
picture is desirable. When using a digital zoom, the image quality decreases. With the
increase of using camera phones, the auto-focusing (AF) requirements and optical
zoom function have become critical. Thus, the AF and optical zoom function
combined with camera phones will benefit users [14].

In fact, the current tunable-focal lens module is not suitable for camera phone
application. Conventional zoom lens-is-heavy-and bulky. To tune the focal length, the
mechanical movement is ‘necessary. Obviously, conventional zoom lens is not suitable
for camera phone application. Nowadays, most camera phones use only the digital
zoom function to simulate the real image which decreases the image quality. To
overcome these issues, several approaches were reported. The LC lens method is the
focus of this thesis (see 4:2.2).

The LC lens has unique'properties such as electrically tunable focal length. Since
there are no moving mechanical parts, the LC lens is smaller and lighter than
conventional tunable glass lenses. The major technical challenge of LC lens is
generating a gradient refractive index instantaneously after applying operating voltage
[15]. However, long focusing time is a serious issue in the study of LC lenses. The LC
cell gap is thick which yields high optical power requiring high operating voltage to
shorten focusing time. The objective in this thesis is to reduce long response time and
high operating voltage in LC lens.

Therefore, using the modal control concept, a fast focusing gradient driven LC

(GD-LC) lens is proposed. The configuration of triple internal electrodes connected by

10



a high resistance layer efficiently conserved electrical energy inside the LC layer and
initially generated a large potential difference between the center and border of the lens.
To be practical applicable, the focusing time and the operating voltage need to be

improved less 1second and 10 Volt respectively.

1.4 Organization of this thesis

This thesis is organized as follows: In chapter 2, some basic principles and
theories in LC lens such as LC director calculation, effective focal length, response
time, and modal control lens will be introduced. In chapter 3, the fabrication process
and the experimental setup will be clearlypresented: In‘chapter 4, the electrode
configuration design s0f the GD-LC lens will be _illustrated. In chapter 5, the
experimental result of the GD-LC lens will be'demonstrated and discussed. Finally, in

chapter 6 the conclusiens'and future works will be given.
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Chapter 2

Basic principles and theories in LC lens

2.1 LC Material

Liquid crystal (LC) is a state between liquid and solid crystal. For example, LC
may flow like a liquid, but may be oriented like a crystal. According to optical
properties, the LC can be classified Into five types: nematic phase, smetic phase,
chiral phase, blue phase, and discotic phase [16]. The.nematic LC is used in this
thesis.

Nematic LCs, as.shown in Fig. 2- 1, have fluidity similar to that of ordinary
(isotropic) liquids but they can be eastly aligned by an external magnetic and electric
field. An aligned nematic L.C has the optical properties of a uniaxial crystal making it

extremely practical.

Fig. 2- 1 Nematic LC

12



2.2 LC Director Calculation

In a uniform state, LC has a structure characterized by position independent
order parameters. When the LC molecules are limited by the walls of a container or
external fields (magnetic, electric, and so on), the LC becomes deformed. Since
deformations cost energy, they are accompanied by restoring forces that oppose the
deformations. To describe this phenomenon, it is convenient to regard the LC as a
continuum with a set of elastic constants. Thus, energy density can be described in

following form [17]:

f(r) =1, + fa(xr) + fa(r) Eq.2-1

Where r is the LC molecular pesition, f, ‘represents the ‘free, energy density of a
uniform state, f;(r) ‘represents the elasticfree energy density, and f,(r) represents
the energy density contributed to~external_fields.. Generallyy f.(r) is opposite in
polarity to f;(r). In nematic L.C, molecules can be regarded:as a system consisting of
rotationally symmetric ellipsoids, as Shown.in.Fig. 2<2. The orientation of nematic LC
can be described using unit vector n, so called the “director”. There is a standard
expression, the Frank expression, for elastic free energy density:

1 , 1 2
fd =E.7C11(V'n) +E.‘]C22(n(V><n))

1 2
+E:K33(n><(v><n)) Eq. 2- 2
Where K represents elastic constant. K;;(V-n)? denotes splay state. SICZZ(n(V X

n))2 denotes twist state, and K3(n X (V X n))2 denotes bend state. Three possible

deformations in nematic LC are clearly illustrated in Eq.2-2 and shown in Fig. 2- 3.

13



(a) (b) (c)

Fig. 2- 3 Three possible deformations.in nematic LC layer

The LC dielectric anisotropy is ‘defined" as Ae = ¢, —¢,. To calculate the
director profile in the LC layer, both elastic deformations and the external electric

field have to be considered. The external electric field can be represented as follows:

fo=>E-D with D = £&E Eq. 2-3

Where € is the dielectric tensor of LC, E is the electric field, and D is electric
displacement. The dielectric tensor changes when the LC is reoriented. The positive
type nematic LC (Ae > 0) will follow the applied electric field direction to remain
electric free energy and free energy in the lowest state, and vice versa.

14



2.3 Anchoring Effect

In most LC devices, the LC layer is sandwiched between two substrates coated
with an alignment layer. LC alignment, which is achieved by the anchoring effect,
affects the equilibrium state and director profile in the LC layer. By varying the
alignment directions of the top and bottom substrates, the LC can be aligned into
different LC configurations, as shown in Fig. 2- 44. The tilted planar LC configuration

is adopted in this thesis.

Alignment direction

¢ ¢ -

(- é: < ;\9 y
—_ —>. —> X

(a) (b) (¢)
Fig. 2- 4 Three alignmentsarrangements of top“and: bottom substrates in (a)

twist-nematic, (b) tilted planar, and (c) pi-cell

Generally, the polyimide is used here as alignment material because of its low

cost, high stability, and easy fabrication.

The anchoring free energy density can be expressed by the Rapini-Papoular

approach as follows [18]:
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fs="1e +f(p
1 . 2
fg= EWgSln (9—90)
1 .
fo = SW,sin®(¢ — @) Eq. 2- 4

where 6 and ¢ denote polar and azimuthal angles, f, denotes the total free
energy resulting from the anchoring effect, f, denotes the free energy component in
terms of the polar angle, f, denotes the free energy component in terms of the
azimuthal angle. Wy and W,, are the constants whose physical meanings are the
interactions between the substratesvand' ther LC director. 6, and ¢, are the
equilibrium angles in the polar-and‘azimuthal dimensions respectively. By considering

the anchoring effect, Eq.2-1 can be-maodified as:

f(r) =fo + fa(r) + fs(r) + f,(r) Eq.2-5

2.4 LC Lens

Liquid crystal materials have been widely used for display technology and other
electro-optic devices due to their unique physical properties. By applying an
inhomogeneous electric field, a gradient index refraction distribution can be generated
in a homogeneous LC layer. Therefore, the LC device can achieve lens effect by
controlling the optical path difference between the center and the edge of the LC

device [19][20]. For example, Fig. 2- 5 shows how convex type LC lens work.
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Polarized
Light

Fig. 2- 5 The schematic of LC lens

To design a high quality LC lens, effective focal length and response time have

to be considered. The following sections'will“introduce these two factors.
2.4.1  Effective focal'length

Nematic LC material has a birefringence property including ordinary refractive
index and extraordinary refractive index:"When an electric field'is applied to the LC
cell, the LC is reoriented and its tilt. angle-is.changed. The director is rotated and an
effective refractive index hasto be'considered whieh is'dependent on the degree of the
LC’s tilt angle. The effective refractive‘index can be calculated using the following

equation [21]:

None

n(0) = Eq. 2- 6
In

2sin20+n’cos?0

where the 6 denotes the angle between the polarization of incident light and LC
optical axis, and the n, and n, denote the refractive index for the ordinary light
beam and the extraordinary light beam.

To derive the effective focal length in LC lens, incident polarized light is
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assumed to be planar wavefront. Since every point in the same wavefront should pass
the same optical path, this incident planar wavefront will bend into a spherical

wavefront. For example, Fig. 2- 6 shows how a convex type LC lens focuses light.

Wave front

Focal Point

Fig. 2- 6 The schematic'showing focusing mechanism-of convex type LC lens

In the example in Fig«2- 6, the optical path between the center position and edge

position can be expressed as.follows:
n(r)d + AB =N -d
=> AB = [ny,, —n(r)ld Eq. 2-7
Furthermore, the distance AB can be expressed as:

AB = AF — f Eq.2-8
where AF = /1% + f?2

Combining Eqg.2-7 and Eq.2-8, the optical path can be expressed as:

18



[nMax n(r) d + f vV rZ + fz
Jr24f2-f

=> Npyax — n(r) = d

Eq.2-9

Because the effective focal length, f, is much higher than the lens radius value, r,

the Fresnel’ approximation is used as follows [22]:

GERH Ol
|

— _ f[ +%(§)2 - _ r?
=> n(r) = NMax — d Nprax 2fd
2 1'2
=> f= Eq. 2- 10

Zd[nMax—n(r)] 2dAn
Through transposing of Eq.2-10;-another representation of<An can be expressed as

shown in Eq.2-11.

12

2dicf

An = 2

= Kr Eq. 2- 11

Ideally, every part of the lens should fit the samefocal point or aberrations will
be observed. According to Eq.2411, /An.shall'be-a‘parabolic function of 72, as shown

in Fig. 2- 7.
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Fig. 2- 7 The ideal ius of lens aperture

2.4.2 Response

Though there is no s ure the response time of

the LC lens, the response ti still be derived by using the
Erickson-Leslie equation. In a homogeneous LC layer, when twist deformation,
backflow effect, and inertia effect are ignored, the dynamic response time can be

described as follows [23]:

) .. 076
(K,1€05“0 + K33sin B)ﬁ
_ 36\’
+(K33 — K;1)sinfcos0 (a_z>
+&oA€E%sinfOcosO = y, % Eq. 2- 12
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where E denotes the applied voltage, and y; denotes the rotational viscosity.
In small angle approximation, the rise and decay response times of the LC cell

can be described as follows:

2 2
y1d“/Km
Trise — 0o o Eq. 2- 13
Tise = (W /Vy)2-1 |
2 2
y1d”/Km
T = Eq. 2- 14
decay = |(v, /Ve)?1] |

where d denotes the LC cell gap, K denotes the elastic constant, V,;, denotes the
threshold voltage, V;, denotes the bias voltage, and V denotes the applied voltage.
Obviously, after setting the LC material parameters, the rise time and decay time are

proportional to LC layer thickness:and the reciprocalof external electric field energy:.

2.5 Modal Control' L.C Lens

A modal control LC. lensis-shown.in_Fig. 1- 7. An LC; layer is sandwiched
between two glass substrates,on which plane electrodes are deposited. The surface
resistance of the control electrode.iS*much.higher-than the resistance of the ground
electrode. The control voltage is applied to contacts located at the control electrode
periphery. The initial uniform orientation of the LC layer is determined by the
alignment layer. The thickness of the LC layer is set by the thickness of the spacers
separating the glass substrates.

The physical mechanism of the formation of a controlled phase retardation
profile is as follows. If a sinusoidal control voltage is applied to the contacts, the
changes in the voltage at the center of the control electrode lag behind the changes in
the voltage applied to the contact electrodes because of the resistive-capacitative

nature of the system. An increase in the frequency of the applied voltage increases the
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delay and reduces the rms value of the voltage at the center of the aperture. This
phenomenon is enhanced also by leakage currents across the LC layer. Under steady
state conditions, the distribution of the rms voltage in the LC layer falls from the edge
of the control electrode to its center, as if a parabolic curve. This is important from a
practical point of view because when the operating voltage range corresponds to the
linear part of the voltage-phase characteristic, the resultant adaptive LC lens may be
close to ideal [24].

The equivalent circuit of modal control LC lens, shown in Fig. 1- 7, is similar to
a transmission line in the case of dielectric losses and not of conduction currents. The
voltage profile across the device: is-described-by the*following partial differential

equation: [25]

—a—U = (R + jowL)I(x)

Jx
— = (GHJHC)U(x)/ where L=0
92U .
Then DS joRCU +RGU Eq. 2- 15

where U, is the voltage, R is the'sheet resistance of the control electrode, and C
and G are the capacitance and conductance per unit length of the LC layer.
According to Eq .2-15, if the control voltage is sinusoidal, the amplitude of the

voltage is as follows:
V2U = x*U Eq. 2- 16
Where x* = ps(g — jwc)

Where pg, g, and c represent the sheet resistance of the control electrode, the

conductivity of the LC layer per unit are, and the capacitance of the control electrode
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per unit area. The voltage distribution is governed by x. The distribution of U(X,y)

differs from xr (r is the radius of lens aperture). The LC impedance is defined as

following:
Zs = (g - iwc)_l

2
Then (xr)? = PsT /Z Eq. 2- 17
S

Where xr represents the ratio of the resistance of the high resistance electrode to the
impedance of the LC layer. The frequency dependence of y allows the voltage
distribution to be controlled by altering the control woltage frequency. To investigate
the voltage distribution numerically in the modal control/LC lens, the approximate

solution is obtained by'setting Z¢=-const.

I. Cylindrical type
The voltage distribution. in this geometry becomes:

d?u

Py
EF—XU Eq.2- 18

The boundary condition is set as:

U(-r) = Up; sinwt, U(r) = Uy, sin(wt + @) Eq.2-19

When Uy; = Uy, = Uy, and ¢ = 0, the voltage distribution can be expressed

according to Eq.2-18 and Eq.2-19:

cosh(xx)

U= UO coshifir)

Eq. 2- 20
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Fig. 2- 8 shows the calculated value of the voltages at different frequency
between contacts. Apparently, operating frequency alters the voltage distribution. The
conductance and capacitance of LC, which both are dependent of amplitude and
frequency, can be regarded as constants because the calculated results whether or not

to consider the conductance and capacitance as variables are almost the same.

10+

6

Fig. 2- 8 Distributions of the voltages along a selected coordinate, calculated at
frequencies 2 kHz (1), 10 kHz (2), and 45 kHz (3). The voltage applied to the
contacts is assumed to be 10 V, 2R=5 mm; the dashed curves are the result of a

numerical calculation which takes account of the voltage dependences of g and ¢

If xr is large, the voltage falls exponentially from a contact to the center of the
aperture and differs considerably from zero only in a narrow region whose width is of

the order of x~1. This region is not suitable for forming a modal control LC lens.
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Il. Spherical type

The voltage distribution in this geometry becomes:

d’v , 1du 2
— T — = Eqg. 2-21
dr2+rdr x’U=20 g

When the boundary condition is set as:

U(r =R) = U, Eq. 2- 22
The solution is in the following form:
Jo(irx)
U=Uy——= Eqg. 2- 23
0 JoiGRY) |

2.6 Summary

The basic principles and theories of LC material were introduced in this chapter.
To design an LC lens,.the mechanism;, effective focal length, and response time were
presented. In chapter "4, these. properties will--be-used to. optimize the LC lens’
specification. Moreover, becauseithe GD-LC lens is.designed based on modal control
LC lens structure, the voltage distribution characteristic, which is affected by both

amplitude and frequency, was discussed.
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Chapter 3

Fabrication process and experimental setup

In the first part of this chapter, the fabrication process of LC lens will be reported
step by step. The process includes cleaning glass substrates, lithography, coating thin
film, and assembling sample.

In the second part of this chapter, the experimental setup to measure the focusing
profile and the interference pattern will be illustrated. Moreover, the over-drive
method which is adopted to reduce response. time, of the LC lens will also be

introduced.

3.1 Fabrication process

The basic fabrication processess as shown in Fig. 3- 1./First of all, the ITO glass
substrates need to be cutgintowsuitable size. Second; the»ITO glass substrates are
cleaned. This step is very important because-any particles allow image defects exiting.
Third is the lithography fabrication processes including spin coating, photomask
generating, UV light exposing and wet etching. Fourth, some materials needs to be
spin coated on the glass substrates. Finally, the glass substrates, spacer, LC materials
will be assembled. After finishing assembling sample, the ITO pattern will be

soldered with wires to accomplish the full fabrication process.
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ITO glass substrates cleaning

Lithography

Coating thin film

Assembling sample

Fig. 3- 1/ Theflow chart of fabrication process

3.1.1 Cleaning‘glass substrates

Cleaning ITO glass substratesis very-crucial-forthe following steps. The purpose
of this step is to removes particles and chemical impurities from the surface without
damaging or altering the substrate surface=The flow chart of this cleaning process is
as shown in Fig. 3- 2. First of all, Acetone is used to clean the organic leftover on the
substrates. Acetone can also be used to clean the photoresist. Second, these substrates
need to be scrubbed by the hands with the detergent. Because the ITO and glass
substrates are the hydrophilic material, the water distribution can distinguish the
cleanliness. The sprayed water on the substrate uniformly distributed implies that the
substrate is clean. Thirdly, the de-ionized (DI) water is used to clean the substrates.

Finally, the heater is used to evaporate the left water.
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Dipping in Acetone

Scrubbing substrates by hands
with detergent

Dipping in DI water

Evaporating left steam

Fig.3- 2 The-flow chart of cleaning process

3.1.2 Lithography

Lithography technology is-adopted-towitransfer specific patterns from the
photomask onto a ITO glass substrate. The desired patterns were generated by the
lithography processes, as shown' in« First-of-all,.the spin coater was used to generate
the uniform and thin photoresist layer on the surface of the ultra clean glass substrate.
A photoresist acts similarly to the sensitizer of a film in a camera since it could
optically transfer the patterns of the layout from the photomask. Second, the UV light
beam incidents the photomask which has our designed patterns and reacts with the
chemical component of the photoresist. Third, the chemical reacted photoresist can be
stripped off and remains the no chemical reacted parts. Therefore, our desired patterns
are generated on the photoresist after the exposures photoresist is developed. Further,
the left photoresist is like a protective layer to its cover ITO part. Therefore, HCI is

used to etch the ITO layer which has no photoresist covered part. Finally, stripping the
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left photoresist and our designed ITO pattern is generated.

ITO
Glass

ITO glass substrate
.

Fabrication of - PR

Photomask mEE. Photoresist Coasting

UV light Exposing
N

v\/

Development =_] _
-

i o Il

PhotoresistStipping] [
¥

A

Fig. 3- 3" The flow chart of lithography process

N

3.1.3 Coating thin film

Spin coating is a procedure used to apply uniform thin films to flat substrates. In
short, an excess amount of a solution is placed on the substrate, which is then rotated at
high speed in order to spread the fluid by centrifugal force. A machine used for spin
coating is called a spin coater, or simply spinner.

Rotation is continued while the fluid spins off the edges of the substrate, until the
desired thickness of the film is achieved. The higher angular speed of spinning obtains

the thinner the film. The thickness of the film depends on the concentration of the
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solution and the solvent.

Three different materials have to be spin coated during the modal control LC
lens fabrication process. First is the photoresist which is mentioned in lithography
process (see 3.1.2 Lithography). Second is a high resistance material which is
connected with ITO pattern and is used to achieve spatial varying electric field
distribution. Third is polyimide (PI) which is commonly used as alignment layer in

LC devices.

3.1.4  Assembling sample

This step is used to assemble thewhole“L.C device, and the flow chart of the
assembly process is as shown in _Fig. 3- 4. ‘After the substrates being prepared, the
roller with woolen texture is used-to rub on.the Pl.coated substrate. Second, the
spacers are pasted on.the substrates to sustain.the cell gap, and the top and bottom
substrates are assembled which: in_anti<rubbing direction arrangement. Further, the
glue is used to fix and seal one sideof the LC.cell: Fourth, the:L.C material is injected
into the cell. Then, the glueds.used«to seal all the.seams of the LC cell completely in
order to prevent the LC material contact'with'the air. Finally, soldering the wires with

the pattern on substrate, the LC lens is accomplished.
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Fige3-4 The flow chart.of assembling sample

3.2 Experimental setup

After accomplishing the LC lens sample, the focusing profile and the
interference pattern need to be measured. These two results judge whether the sample

owns desired performance.

3.2.1 Measurement system

The measurement system is constructed with using following components:
polarized He-Ne laser whose 632.8 nm wavelength, beam expander, pin hole,
polarizer, LC lens sample, and GENTEC Beamage Series CCD sensor, as shown in

Fig. 3- 5.
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Beam Expander Polarizer CCD Camera
He-Ne Laser Pin Hole LC lens

Optical Table

Fig. 3- 5 Schematic of measurement system

To investigate the focusing profile of LC Lens, the device is set up in front of
GENTEC Beamage Series CCD sensor at a distance of corresponding focal length. The
controlling electrodes are driven atyli kHz. 'As the, operating voltage was V=0, the
incident light passes through the" device directly witheutsfocusing, As Fig. 3- 6(a)
shows. The top and bottom figures-of-Fig. 3- 6 indicate the.top-view and cross-section
of the measured beam profile:When the specific.input signal IS applied to the sample,

the incident light is cenverged, and shows'a focusing result, as Fig. 3- 6 illustrates.

Delta = 346.2 um Pixel | = 18360 (28.0%)] Delta = 357.3 um Pixel | = 50020 (76.3%)

A S - | | ' . S, N S
Fig. 3- 6 The focusing profile of LC Lens (a) no focusing effect, and (b) convex

focusing effect
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The interference pattern is one of the mostly used methods to measure the phase
retardation of LC cells. To measure the interference pattern, an analyzer and a
microscope have to be placed between the sample and the CCD camera in the
measurement system. To evaluate the optical properties of LC Lens, we investigate the
phase retardation by observing the interference pattern between the ordinary and
extraordinary rays passing through the lens cell under crossed polarizers. The rubbing
direction of the lens cell is oriented at 45° with respect to the fast axis of the linear

polarizer.

3.2.2 Over-drive method

In LCD applications, over-drive-method i1s wildly. used for accelerating response
times. With using optimized-over driving voltages and switching to target operation,
the LC response time,ean be much reduced.

In the study of LC. lens, the device is usually designed.to yield a larger optical
power that means a thicker L.C layer is requested (see2.4.1). A thicker LC layer
generally results a longer response time.(see 2.4:2). For example, in conventional LC
lens whose LC cell gap is 60 um, the response time could reach 25 more seconds.

To minimize the response time issue, the over-drive method is utilized here. First,
a large pulse is applied through the controlling electrodes to fasten response at the
beginning of over-drive method. Next, the input signal is switched from large pulse to
desired operating voltage to stabilize focusing effect [26]. This method is

schematically illustrated in the following picture:
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Fig. 3- 7 The schematic showingthe concept of over-drive method. The red line,
orange line, and green-line represent applied voltage, Over-Drive voltage, and

operating voltage respectively.

Generally speaking, applying a larger pulse at beginning.of over-drive method
can yield a shorter response.time. Notice that too-high electric energy could break the

LC device.



Chapter 4

Electrode configuration design

The LC materials possess unique properties such as an electricity focal length
(see 2.2). Therefore, the design of electrode configuration is crucial. In this chapter,
two simulation tools to characterize the features of the LC lens are proposed. The
commercial software 2DIMOS is used to model the LC deformations and the
MATLAB is used to derive the refractive index distribution. Next, prior arts and the
simulation model proposed by our group will be presented. Further, the discussion of
the simulation result is also presented. Finally, thesoptimized electrode configuration

is proposed after considering the issues in discussion.

4.1 Simulation tools

411 2DIMOS

STM

The electro-optical calculator Display Modeling System (DIMOS ™) developed
by Autronic-MELCHERS GmbH was used to simulate the fringing field effect, the
graphical user interface is as shown in Fig. 4- 1. 2DiMOS calculates the
electro-optical properties of LCDs, and allows variations of the molecular orientation
in two spatial dimensions so that lateral effects can be taken into account. All three
elastic constants (K;;, K,,, Ks3) and the natural are recognized for realistic
simulations. The relaxation makes use of the rotational viscosityy |, hence, the

dynamics of the LC director profile can be revealed. Besides, electrodes, dielectric

layer and LC material layer are defined by polygons of arbitrary shape which is like in
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a standard drawing application. The coupling capacitances of all electrodes can be
calculated at arbitrary time levels. A voltage editor is included for the definition of
various addressing schemes. Thus, the static and stationary electro-optical response as

well as the dynamic behavior can be calculated.
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A | |\ YT\ o /f‘ \—o \ f— L[ 1]\
il VERVIERY. == J /1 Il Equivalent voltage line

ITO electrode

Glass substrate

LC material and glass substrate, the LC director can be calculated by the 2DIMOS.
These simulation results contain the polar and azimuthal angles of LC director which
can be transformed into the refractive index by Eq.2-6. Therefore, the commercial
software MATLAB has been used to program to transform the LC director into
refractive index distribution. Based on the principle described in 2.4.1, the refractive
index difference between the center and edge of the cell (An) and position along
aperture is regarded as a smooth parabolic curve. However, when the geometry of the

device structure or the boundary condition is not optimized yet, the refractive
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index-radius distribution simulation result of LC director profile exhibits poor smooth
gradient curve. Therefore, the Error Function (EF) is proposed to calculate the
difference between the refractive index-radius distribution simulation result of LC
director profile and the ideal parabolic curve to evaluate the focusing ability, as

described following:

aperture_size
yoP (Si—P;)?

EF = [=i=

aperture_size

x100% Eq. 4-1

where the S; and P, denote the simulated value and ideal value, respectively. P,
coordinates ideal quadratic function in whole-aperture. The value of (S; — P) denote
the difference between simulated and _ideal result. Therefore, squaring this value
eliminates the state of plusor minus-value'which has the samessignificant. Further, the
squared value of every.position is averaged. Finally, the Error.Function is expressed
in the percentage of'the root of this averaged squared value. Briefly speaking, the
lower EF value has smaller.difference between the simulated and ideal results, which
also represents the device structure in such boundary condition exhibits higher

focusing ability.

4.2 Prior arts of double and multi-electrode LC lens

The design and fabrication of LC lens of some prior arts are based on the
patterned electrode type LC lens because of simple geometry (see 1.2.2). The external
electrode configuration is suggested if the size of lens’ aperture is in millimeter, as
shown in Fig. 4- 2. The LC material used here is E7 from Merck. Table 4- 1 shows the

specification of E7.
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Aperture size (1.5mm)

v

N

[TO electrode
(lum)

Glass substrate
(700um)

LC layer
(60um)

ITO electrode

Fig. 4- 2 The configuration-of our/proposed LC lens

Items Specification
Dielectric Constant of Glass Substrate Eglass = 6.9
K;; = 11.1pN
Ky, = 5.9 pN
Ks3 = 17.1pN
The Specification of LC Material y1 =233 mPa
(Merck E7) g = 19.28
g, =521
n, = 1.7371
n, = 1.5183

Table 4- 1 The simulation parameters for our proposed LC lens.

According to the Eq.2-10, the effective focal length is proportional to the cell gap
of LC layer. The thicker cell gap of LC layer has shorter focal length. However,

according to the Eq.2-13 and Eq.2-14, the response time is inverse proportional to the
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cell gap of LC layer which means the thick cell gap of LC layer has slowly response
time. The relationship between short focal length and response time is trade-off.
Therefore, the suitable cell gap of LC layer is 60um and the shortest focal length

which can be adjusted is about 4cm.

4.2.1 Simulation results of double-electrode LC lens

After setting up the device structure, the refractive index-radius distribution
simulation result of LC director profile is yielded by assigning specific boundary
condition. If the distribution oft\L.C director is-not smooth as a parabolic curve as
shown in Fig. 4- 3, this device has.poor. focusing. ability. In double-electrode
configuration, the curve depicted-with simulated result becomes.disorder and far away
from the ideal smoothrparabolic curve when the operating voltage increases more than
30 volts. Moreover, .the electric field distribution, which' directly affects the LC
director profile, cannot be .adjusted due to the-low freedom of adjustment in the

electrode configuration.

0.08
0.07 §y —4
0.06 7, A
s 30V
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;: e Disorder % o
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0.25 0.75
radius(mm)

Fig. 4- 3 The distribution of An of double-electrode structure
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Further, the relationship between operating voltage and focal length is not linear,
and the maximum An value is obtained when the operating voltage is 60 volts.
However, this An value is still not large enough which means the focal length is very
long. As the applied voltage increased over 60 volts, the maximum An value cannot be
increased, because the LC director will follow the electric field and almost
perpendicular to the electrode plane in the large applied voltage. Therefore, the
difference of LC director between the center and edge cannot be varied by increasing
applied voltage.

In order to generate a high optical performance LC lens including high focusing
ability and short focal length, the multi=electrode.driven'structure was proposed. Since
multi-electrode driven structure has high freedom of adjustment, the refractive index
distribution can be adjusted to modify parabolic curve and has' large An distribution

value.

4.2.2 Simulationresults fors-multi-electrode driven LC lens

The step of optimizing electrode_configuration“is’'shown in Fig. 4- 4. First of all,
the simulated result curve was fitted with the ideal parabolic curve through adjusting
the number of electrode slit. We investigated the optimized electrode number by
investigating the Error Function. The ratio of Wg/Ws was fixed at 1 at the beginning
step, where Wg and Ws denote the electrode width and slit width respectively. The

simulation result shows the optimized electrode number is 9, as shown in Fig. 4- 5.
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Fig. 4- 4 Flow chart of the simulation steps
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Fig. 4- 5 Simulationresult of.error funetion'with electrode number

After optimizing the electrode number which was set as 9, the optimized ratio of
Wke/Ws was investigated by minimizing the value of Error Function. The simulation
result shows the most suitable ratio of Wg/Ws is 1, as shown in Fig. 4- 6. Therefore, the
optimized electrode number and We/Ws in multi-electrode driven LC lens are 9 and 1
respectively. Fig. 4- 7 shows the refractive index-radius distribution simulation result
of LC director profile in multi-electrode driven LC lens. The simulation result curve is
smooth and is barely different with the ideal parabolic curve. In conclusion, MeDLC

performs high focusing ability.
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Fig. 4- 7 Simulation result of MeDLC structure

Though the MeDLC improves focusing performance compared with
conventional double-electrode LC lens, the requirements for operating voltage and
response time are insufficient. Therefore, a modal control using a triple electrode set

is proposed to reduce operating voltage and response time simultaneously.
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4.3 Gradient driven LC lens

To vyield a superior electrical field in LC layer, a well-designed structure with
external electrode is suggested, as mentioned in 4.2. After improving the focusing
ability with proposed MeDLC, the response time is still long and the operating
voltage is still high. To overcome these two issues, our previous simulation work
indicated the configuration with internal continuous-distributed electrode has the
ability to achieve a gradient electrical field distribution and to maintain the energy
inside the LC layer simultaneously. Thesestwo.features not only yielded the gradient
phase retardation, but also sufficiently employed the.applied energy. Fig. 4- 8 shows the
structure for achieving these two-features. The similar concept, LC lens with Modal
Control, was proposed.by’/A. F. Naumov et-al.*/As mentioned in.1.2.2, a high resistance
material which generally has ~1-10 M/o-sheet resistivity was utilized as the control
electrode, and a thin C " layer/was used.to. create a. smoothrgradient electric field
distribution. However, themnumerical aperture (NA) was relatively low due to the small

optical power, although the operating veltage.isdow (=10V ;)
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Continuous-distributed Electrode

| Controlling Elec.

* Ground

Fig. 4- 8 The structure of internal continuous electrode performs a smooth
gradient electrical field and can.censerve the electrical energy inside the LC

layer.

To achieve the configuration-as-shown in-Fig. 4- 8, Gradient Driven Liquid Crystal
Lens (GD-LC Lens) was proposed to intrinsically solve the issues‘of slow focusing and
high operating voltage.GD-LC Lens utilized a high resistance layer (high R layer) to be
the internal continuous-distributed electrode -to-achieve dow operating voltage and
improve the focusing time ‘simultaneously [27]. Experiments for testing the properties
of the high R layer were investigated. In the testing device, the high R layer, which was
spin coated on a substrate, connected two controlling electrodes, as shown in Fig. 4- 9.
This structure generated gradient electric field distribution when there were two
different operating voltages applied on each controlling electrode. Clevious P whose
specification was shown in Table 4- 2 was chosen to be the high R layer. A 60um cell
gap of LC molecule, E7 (An=0.2) from Merck, was aligned in anti-parallel with
controlling electrodes. The two controlling electrodes in the testing device were
separated by 2mm. In the investigation of spatial phase retardation, different operating

voltages driven at 1 kHz were applied to the right controlling electrode in the testing
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device. The left controlling electrode in the testing device was ground connected to
yield a potential difference (AV) between two controlling electrodes. Different
interference pattern were observed by adjusting operating voltage. At V=3Vns, the
interference pattern was denser on the right side, as shown in Fig. 4- 10(a). This pattern
indicates a convex lens effect can be achieved by symmetrically combining two
identical structures with the same operating voltage. On the other hand, at V=5V s, the
interference pattern was denser on the left side, as shown in Fig. 4- 10(c). A concave

lens effect also can be realized by adjusting the driving method.

B 2mm -
High R Layer
" 60um
A
Electrodes

Fig. 4- 9 The testing device of LC cell with high'resistance layer connected by two

controlling electrodes.
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Chemical Characteristics

Sodium Max. 500 ppm

Sulfate Max. 80 ppm

Physical Characteristics

Solid content 12~14%
Viscosity 60 ~100 mPa - s
pH-value 1.5~25

Surface resistance Max. 1 M ohm

Informative Technical Data

Conductivity Max. 10 S/m

(depending on the type of coating formulation)

Density at 20°C 1.003 glem®

Mean particle size Approx. 80 nm

(size of the swollen gel particles)

Refractive index at 589nm | 1.5228

Surface tension at 20°C 71 mN/m

Table 4- 2 The specification of Clevious P
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226.7 um Pixel | = 31496 (48.1%) i 9.9 um Pixel | = 20991 (32.0%) = i 140.5 um Pixel | = 33567 (51.2%) %

Fig. 4- 10 The results of interference pattern of the testing device driven by
different operating voltages, (&) AV=3 Vrms, (b) AV=3.6 Vrms, and (c)
AV=5Vrms. The LC cell was design by 60um cell gap driven by the two

controlling electrodes with 2mm-separation:

According to the testing results, the_structure of GD-LC.Lens was constructed
combining the triple™internal- electrode set and the high resistance layer. Three
controlling electrodes=included two marginal controlling electrodes and a central
controlling electrode. The lens aperture was 2mm wide and the LC cell gap thickness

was 60um. The thickness‘of glass substrate was 0.4mmix

By applying the operating voltage through the marginal electrodes and ground
connecting the central electrode, GD-LC Lens works in convex mode. Oppositely, by
applying the operating voltage through the central controlling voltage and ground
connecting the two marginal electrodes, the GD-LC lens works in concave mode. The
arbitrary electric field gradient profile was achieved by adjusting driving voltages. The

structure is shown in Fig. 4- 11.
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Marginal Controlling Electrode
(ITO)

High Resistance Layer (PEDOT)

Glass Substrate

Central Controlling Electrode
(ITO)

. /
Alignment Layer |

LC Layer (E7)

Ground Electrode (ITO)

Glass Substrate

Fig. 4- 11 The configuration of GD-LC Lens. The structure with 2mm lens

aperture and 60um anti-parallel LC cell gap was constructed combining

combining the triple internal e set ¢ 2 high resistance layer.

performance among exte
reduce slow focusing and high/ operating age “issues, the GD-LC lens was

proposed. Moreover, this GD-LC lens can be operated in convex and concave mode

by reversing the driving method.
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Chapter 5

Experimental result and discussion

After ensuring the optimized structure, the optical performance of device is
fabricated and measured with using measurement system in 3.2.1. Fig. 5- 1 shows the
image of cylindrical type GD-LC lens device. In this chapter, the focusing profile,
phase retardation, and the focusing time which are critical properties of GD-LC lens

will be presented.

Fig«5-'1 The cylindrical'type GD-L:.C lens

5.1 Electricity dependent focal‘length

Focal length of the GD-LC Lens is tunable and voltage dependent. As operating
voltage increased, the focal length became gradually shorter. Fig. 5- 2 shows the
relationship between focal length and operating voltage. The LC cell gap was designed
as 60um and the operating voltage was generally lower than 6V ms. The shortest focal
length was not estimated due to the limitation of the measurement system and the CCD

sensor’s structure.
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Fig. 5- 2 The relationship between the focal length and the operating voltage of
GD-LC Lens. The focal lengthswas tunable from infinity to 3.5cm only driven by

less than 6VVrms operating voltage.

5.2 Phase retardation

The interference pattern is one of the mostly used methods to measure the phase
retardation of LC cells. o evaluate the optical properties of GD-LC Lens, we
investigated the phase retardation by observing the interference pattern between the
ordinary and extraordinary rays passed through the device under crossed polarizers.
The rubbing direction of the lens cell is oriented at 45° with respect to the fast axis of
the linear polarizer. Two images of GD-LC Lens driven in convex and concave modes
are shown in Fig. 5- 3(a) and Fig. 5- 3(b) respectively.

In convex mode, as shown in Fig. 5- 3(a), GD-LC Lens yielded a phase retardation
approximating to that of ideal lens with 1.6mm effective lens aperture. This result
which is derived in Eq.2-10 was coherent to 5.1.

On the other hand, the ground connected central electrode with two voltage

applied marginal controlling electrodes drive GD-LC Lens in concave mode. The
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result presented the phase retardation is much closer to that of an effective ideal lens, as

Fig. 5- 3(b) illustrated.

Ideal Convex Lens
= = = GD-LC Lens in Convex Mode
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Ideal Concave Lens

= = = GD-LC Lens in Concave Mode
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Fig. 5- 3 The phase retardation of GD-LC Lens operated in (a) convex, and (b)
concave modes. By the different operating arrangement, both convex and

concave lenses were achieved.
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Compared with concave mode, the profile in convex mode was not significantly
controlled due to the low controlling freedom. In fact, the LC molecular near the
zero-volt controlling electrode obtained inadequate driving voltage to response. This
phenomena resulted a quite large area maintained the same phase retardation near the
zero-volt controlling electrode which actually decreased the focusing quality. To
minimize the difference between the estimated phase retardation curve and the ideal
parabolic curve, two approached are suggested: The first approach is to input a
driving voltage higher than zero volt, for example: 1 volt, through those zero-volt
controlling electrode so that the LC molecular near those zero-volt controlling
electrodes may obtain adequate driving voltage-to response. The second approach is
to place more controlling.electrodes inside theaperture to elevate the freedom of

controlling.

5.3 Focusing time

The focusing process with ‘respective focusing-time of GD-LC Lens and the
conventional LC lens with internal electrodes were recorded as shown in Fig. 5- 4. All
the structures were designed with the same parameters, only the different configuration
of controlling electrodes were compared. For GD-LC Lens, the result shows an
instantaneous focusing within 0.2 sec by 3.5V s Stable operating voltage with using
only less than 15Vns Over-drive voltage. This result shows a feasible range for
commercial products and many applications utilizing LC lenses. Compare to the
conventional LC lens whose initial focusing time was unpractical required around

25sec driven by ~25V s stable operating voltage.
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GD-LC Lens

Conventional

Fig. 5- 4 The focusing process of GD-LC Lens and the conventional LC lens with
internal electrodes. In GD-LC Lens,.thedight was focused within 0.2 seconds and
stabled after 0.2 seconds. On-the other hand; the focusing time of the

conventional LC lens was approximately 25 seconds.

Enlarging the Over-drive voltage may much decrease the focusing response time
less than 0.2 second. However, the focusing response time shorter than 0.2 second
was unable to be exactly. estimated due to:the minimum frame rate of the CCD
camera is 0.2 second. Ondhe other hand, a too high Over-drive voltage, for example:
40 volt, may break the electrical properties of the GD-LC lens. The affects of
GD-LC lens under too high Over-drive voltage were not completely estimated so far.

Table 5- 1 shows the summary of comparison between GD-LC Lens and
conventional LC lens with internal electrodes. Overall speaking, GD-LC Lens

dramatically improved 99.3% focusing time and reduced 86.0 % operating voltage.
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Operating

Comparison LC cell Gap Voltage Focusing Time
GD-LC Lens 60 um (E7) 3.5 Vims 0.2s
Conventional
LC Lens with
Internal 60 um (E7) ~25 Vims 255
Electrodes

Table 5- 1 The comparison of focusing time and corresponding operating voltage.
The result shows GD-LC Lens significantly improved the focusing time and only

driven by low operating voltage.

5.4 MTF

The module transfer function®(MTF) was_introduced’ tonevaluate the focusing
quality of GD-LC lens. _Different sinusoidal wave were/convolved with the point
spread function to generate a transfer-function.on‘the‘image plane, as shown in Fig. 5-
5. The maximum and minimum values of the transfer function were investigated to

obtain the MTF value, as shown in Eq.5-1 [28][29].

Fig. 5- 5 Transfer function is obtained convolving sinusoidal wave and the point
spread functionl.
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Max(transfer function)—mini{transfer fuction)

MTF =

- Eq.5-1
Max(transfer function)+mini(transfer function) q

The MTF value of GD-LC lens is decreased as spatial frequency increasing and
dropped to almost zero when the spatial frequency is higher than 20 cycle/mm, as
shown in Fig. 5- 6. This result was reasonable because the full width at half maximum
of the focusing profile was about 50um. The minimum MTF of GD-LC lens was
slightly higher than zero because the estimated minimum intensity was not level

shifted. The ideal MTF value was calculated and also shown in Fig. 5- 6 [30].

= MTF value of GD-LClens = =——I|deal MTF value
MTF 1
0.9 \\
0.8 C
0.7
0.6 -\ N
o \\ \\
0.3 \ \
0.1 " —
0 ¥
0 5 10 15 20 25 30 35 40
Spatial Frequncy (cycle/mm)

Fig. 5- 6 The blue line represented the MTF value of cylindrical type GD-LC
lens. The red line represented the ideal MTF value. The aperture size was 2mm.
The resolution of the CCD was 50 cycle/mm.

Obviously, the focusing quality of GD-LC lens was insufficient which was
corresponded with the discussion of the result in phase retardation profile. Besides,
minimizing the full width at half maximum of the focusing profile is also critical to
promote the focusing quality. Two approaches are suggested: First is increasing the
operating voltage in zero-volt controlling electrode to reducing the area maintaining

the same phase retardation so that a sharper focusing profile can be obtained. Second
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IS minimizing the area of the central controlling electrode. In fact, the LC molecular
under the area of controlling electrode obtained the same driving voltage to response.
Therefore, minimizing the area of the central controlling electrode allows a larger
portion of LC in the aperture to perform either convex or concave effect which keeps

a higher freedom of controlling.

5.5 Improvement in Focusing Quality

Obviously, the focusing quality needs to be improved from the perspective of the
MTF result. Some methods to.improve the-focusing quality were proposed in previous
section and can be classified: First, adjust-the<operating frequency to obtain the
desired phase retardatien distribution: Second; increase.the amplitude of input signal
through the central controlling electrode or minimize the area of the controlling
electrodes so that theractive region. of the lens aperture canvincrease. However, to
adjust the driving method issmuch simpler and.more convenient than to rearrange the
structure condition. Thus, only.the improvement_through adjusting driving method
will be demonstrated as follows.

The physical properties of modal control type LC lens were introduced in 2.5.
Beside amplitude, the phase retardation distribution in GD-LC lens is also attributed
to operating frequency. Thus, the interference pattern results for different operating
frequency were recorded to investigate its influence on the phase retardation
distribution. The operating voltage was 3.2 volt. The operating frequency was altered
from 1kHz to 100kHz. Only convex results were demonstrated, as shown in Fig. 5- 7.
As the operating frequency increased, the impedance constructed by the high

resistance layer and LC increased so that the operating voltage dropped faster between
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the marginal and central controlling electrodes which resulted in the interference

pattern became condensed to marginal controlling electrodes.

Fig. 5- 7 The interference pattern results for difference operating frequency. The
red dot denotes the position of controlling electrodes.

To further improve focusing, quality, adjusting the operating voltage distribution
across the lens aperture is necessary. Fig:5=8 shows the interference pattern result and
its corresponded focusing profile after adjusting the operating voltage distribution
across the lens aperture which can be achieved by tuning the operating frequency or
the operating voltage on the controlling electrode. The operating voltages were 3.2
volts and 0.72 volts on the marginal and central controlling electrode respectively.
The operating frequency was 5 kHz. The corresponded MTF value was also
calculated and shown in Fig. 5- 9. Apparently, the focusing quality was promoted after

adjusting the driving method from the perspective of MTF results.
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Fig. 5- 8 The interference pattern result (left) and its corresponded focusing
profile (right) after adjusting the operating voltage distribution. The red dot
denotes the position of controlling electrodes.
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Fig. 5- 9 The MTF value of the GD-LC lens. The blue line, red line, and green
line represent the initial MTF value, the ideal MTF value, and the MTF value
after adjusting of the GD-LC lens respectively.
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Chapter 6

Conclusion and future work

6.1 Conclusion

The tunable lens has been widely used in optical systems and other electro-optic
devices. To tune the focal length, the conventional tunable lenses require large space to
move lens mechanically. However, the LC lens which has electricity dependent focal
length requires no movingumechanical part. Therefore,.the LC lens is smaller and
lighter than the conventional tunable-lenses to<be practical application restricted with
compact volume.

To promote the focusing ability of 'LC lens, the MeDLC lens was proposed. 9
electrodes with Wg/Ws=1'is the optimized structure determined by using simulation
model. Although the MeDLC lens provide high focusing ability, the long focusing
time and high operating voltage issues‘need to be improved. Therefore, the GD-LC
lens exhibiting fast focusing response with using low operating voltage was proposed.
The LC cell gap was 60 um and the lens aperture was 2mm. The focal length was
electrically tunable from infinity to 3.5cm only driven by less than 6V . The focusing
time was dramatically improved to 0.2sec with using Over-drive Method. Compared
with result for conventional LC lens, the regular focusing time is 25 more seconds and
extremely high driving voltages is necessary, GD-LC Lens brought the applications
utilizing LC lenses to be feasible and practical. Moreover, both convex and concave
lens effect were achieved in GD-LC Lens with adjusting different driving method. The

focusing quality issue was discussed and some approaches to promote the focusing
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quality were demonstrated. In conclusion, GD-LC Lens would be potentially used for
camera phones, time sequential auto-stereoscopic 3D display and other tunable-focus

optics application.

6.2 Future work

Although the GD-LC lens performs ultra fast response with low operating
voltage, the focusing quality is insufficient. Beside the proposed methods in 5.5, in
the future our group will try to combine the concepts of MeDLC, Over-Drive method,
and GD-LC lens to yield a high quality,-high-response speed, and low power LC lens,

as shown in Fig. 6- 1.

1. 2. l Over-Drive Voltage l 3.
Lens Aperture
_______ — = | Glass
1.5mm | High R Layer ,J
At z===rtl L e '
| |
MeDLC Lens Over-drive Method eled GDLC Lens
Lens Aperture

-

N
Electrodes| MeGDLC Lens

Fig. 6- 1 Combine the advantages of each proposed technology to yield a high
quality, high response speed, and low power LC lens.

In fact, the circular type GD-LC lens was fabricated few months ago, as shown
in Fig. 6- 2. However, all the samples of circular GD-LC lens became invalid after

period of storage. The pattern in the top substrate should be redesigned in the short

future.
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Cylindrical GDLC Lens Circular GDLC Lens

D-LC

\/
-~ ~AN

S to capture

Fig. 6- 2 The circular G
applications.

nd studied for lens-head

Besides, by using LC offocusing in one focusing

response, complete dept ained, as shown in Fig.

6- 3.
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Different Depth of Focusing

Fig. 6- 3 Capture different depth of focusing in one/focusing response for 3D
imaging applications.
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