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Imaging Applications of spherical
Gradient-Driven Liquid-crystal Lenses for

Mobile Devices

Student: Yu-Chen Chen Advisor: Dr. Han-Ping D. Shieh
Dr. Yi-Pai Haung

Abstract

In mobile devices, camera has.become a basic function today, almost every
mobiles has a camera. In photography, optical.zoom -was eager for consumers
nowadays. Optical zoom utilized mechanical movement of lens elements to change the
focal length. Since the limit of space, there are no optical zoomable cameras in mobile
devices.

Liquid Crystal lens is type of electrically-tunable focus lens. However, high
operating voltage and slow focusing time are two of the major issues in the liquid
crystal lens applications..Spherical Gradient Driven Liguid Crystal Lens (sGD-LC lens)
was proposed to solve these two issues.-A high-resistance layer was spin-coated above
the patterned electrodes, which create a gradient distribution of electric field and
preserved majority energy was applied. For a specification with 60.m LC cell-gap and
2mm lens aperture, the operating voltage was reduced down to less than 4 volts for 5cm
focal length, and the focusing time was dramatically improved to 0.8 seconds.

Combining with sGD-LC lens, an auto-focusing system for mobile lens
application was realized in this thesis. These features made mobile devices employing
LC lens feasible and practical, while LC optical zoom system is also realizable by
appropriate optical design.
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Chapter 1

Introduction

1.1 Imaging Optical System

Lenses are key elements of optical systems. Most conventional lenses are made
of glass, polymer, or other transparent. solid materials, which have a fixed focal
length.

Aberrations are departures of the performance of an optical system from the
predictions of paraxial - optics—{1]. Aberrations can  be divided to two part,
monochromatic aberrations and chromatic aberration [2]. Monochromatic aberrations
can mainly be classified into spherical aberrations; astigmatism, coma, curvature of
field, and distortion, which are known as Seidel aberrations. Chromatic aberration was
caused by different effective refractive index of different wavelength of light. Both of
them affect optical quality massively. The optical quality of a single lens is terrible
since one lens has merely three variables to correct the aberrations. An optical system
assembled by several different forms of lenses was needed for compensate and correct
these aberrations.

An imaging optical system with a fixed effective focal length was called prime
lens. To change the effective focal length of optical system continuously, a zoom lens
which is a mechanical assembly of lens elements with the ability to vary its effective
focal length has been developed. There are many possible designs for zoom lenses, the

most complex ones having upwards of thirty individual lens elements and multiple


http://en.wikipedia.org/wiki/Paraxial_optics

moving parts. A simple scheme for a zoom lens divides the assembly into three parts:
Variator and erector and compensator [3]. Numbers of lens components and
movement of the variator and compensator make the zoom lens bulky and heavy. In
mobile devices, all the components were limited by the volume. Since zoom lens is

bulky and heavy, applying zoom lens system into mobile devices is unfeasible.

1.2.1 Tunable-Focus Lens

Conventional lens has superior optical performance and wildly use in many
optical applications. However, the focal length.of .conventional lens is fixed, and
focal-tunable lens are usually bulky and heavy. Focus-tunable lens with small volume
and slight weight was eager for.-Single tunable lens'has been already existed in the
nature, for example,-human eyes. The human eyes tuned focus by shape-changed, as
controlled by the muscles in the eye. Some technologies use similar concept of human
eye, such as liquid lenses [4-5], or microfluidics lenses [6-7].

Polymer and liquid crystal (LC) are also the materials for single tunable lens.
Instead of shape changing, stressed polymersand L.C are refractive index changing. For
current applications, LC is wildly utilized for Spatial Light Modulators (SLMs)[8-9],
the known one is Liquid Crystal Displays (LCDs) [10].The most important property of
LC molecular is that the refractive index is electrical controllable. Its stability also
favors the industrial fabrications. Therefore, LCs is a unique and suitable material for

single tunable lenses.



1.2.2 Liquid Crystal Lenses

Liquid crystal lens was first proposed by Prof. Susumu Sato in 1979[11]. A
convex and concave glass lens with surface transparent substrate was assembled to
another glass substrate, and liquid crystal molecular was injected into the cavity, as
shown in Figure 1-1. The LC lens was classified to inhomogeneous LC alignment and
homogeneous LC alignment by Prof. Shin-Tson Wu[12-13]. The inhomogeneous LC
alignment type has a serious issue, resulting in scattered light because the LC
molecular director suffers a non-uniform initial anchoring force. Therefore, only the

homogeneous LC alignment type will be introduced in the following paragraphs.

4. plano-concave ~— plano-convex
glass-lens glass-lens
- liquid-crystal | - liquid-crystal
lens lens
spacer spacer

Figure 1-1 FirstL.C lens of world proposed by Prof. Susumu Sato

The simplest structure of LC Lenses is utilizing the electrical fringe field to control
the orientation of LC. This structure is typically constructed by two flat substrates
clipping a homogeneous LC layer. The ITO electrodes on the substrates can be
patterned to yield the fringing field. In this kind of homogeneous LC Lens, the patterns
of electrodes and electrical control are critical for yielding the desired phase retardation
on uniform LC layer. Two of the homogeneous LC Lenses are shown in Figure 1-2 (a)
and (b), structures with external and internal electrodes, both of which utilize the fringe

field of the electrodes to control the phase retardation of the LC layer. The electrodes
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are typically constructed of ITO. The difference of these two structures is the insertion
of high K material (i.e. the substrate) between two ITO layers, which the function is to
smooth electric field communicated to the LC layer. This kind of structure is effective,
simple, and also easy for realizing spherical and cylindrical LC Lenses. In order to have
the benefit of simple structure and more flexible for applications, our studies focused

on this kind of LC lenses.

Lens Aperture

Electrode == —
" | i . L |
ubstrate |} 1 A . 1)
| I by, o Y |
1 =
R N e I,

Electrode
Substrate
Vv
Electrical Fringing Field
@
Lens Aperture

Substrate

Electrode \—
LC Layer
Electrode

Substrate

Electrical Fringing Field

(b)
Figure 1-2 Two of the most general homogeneous LC Lenses, (a) external

electrodes, and (b) internal electrodes utilizing electrical fringe field of the
electrodes to generate a gradient variation in phase retardation.



1.3 Lens Head in Mobile Devices

Mobile devices has become the necessary produces for daily life’s usage in recent
years, especially when communication technology is growing up fast. Lens-heads are
key components in the devices, such as cell-phones, laptops, and tablet PCs. When
performing functions of photography, phantom identification, computer vision, and
image communications through these devices, lens-heads always play an important role
to deal with the basic function of imaging. For this essential function, image quality of
the lens-heads is improved to satisfy the rapid growing-up pixel numbers. Furthermore,
optical designers also face‘the challenge to minimize the thickness of lens modules as
these devices are required to be slimmer and slimmer. Not only the simple imaging
function, but also technologies of auto-focusing (AF) and optical-zoom are also
diligent directions for improving the image quality. In this part, four technologies of

the auto-focusing will be illustrated.

1.3.1 Auto-Focusing

Voice Coil Motor (VCM)

Voice Coil Motor (VCM) is one of the approaches to perform AF in mobile
devices[14-15]. The principle of VCM is the same as a loudspeaker exciting its voice
coil with a controlled current to vibrate its diaphragm. In the application of AF, the
VCM actuator consists of two main parts, the fixed permanent magnets and the
moving lens-holder coiled coil, as shown in Figure 1-3. To actuate a lens-head, the
positive and negative Lorentz force can be yielded by different direction of driven

currents. The equation illustrates the relation following:
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[N

F=N-1-TxB (1-1)

where F, N, I, 7, and B indicate Lorentz force, the number of coil, the length of
coil vertical to direction of magnetic field, driven current, and magnetic flux density
respectively. Moving the lens-head, VCM method can shift the image plane to the
position of image sensor for focusing objects at a finite distance, as shown in Figure
1-4. Therefore, it is an effective approach to perform AF in such a limited space of
mobile devices, and one of the mainstreams for current solutions for AF. However,
the size of VCMs is generally larger than that of lens-heads for embedding the
lens-heads, as Table 1 shows the fundamental spec. and appearance of VCM products
of TDK Xiamen CO., LTD. Furthermore, for such-a limited space (generally required
to less than 5mm) in_mobile devices, only one VCM is usually used to actuate the
whole lens-head instead of the individual-lenses. As aresult, only one variable can be
changed to perform AF by adjusting the relative distances of object and image, not

mention to other functions such as optical zoom.

Permanent magnets

Yoke

Coil Lens-head Lens holder

Figure 1-3 Structure of conventional VCM actuator.



VCM

Object at finite i E
distance : |—|
:ﬂlﬂl | | -. Before AF
Lens-head Imags
sensor

4

= H/ After AF

Figure 14 Focusing mechanism of VCM approach.

é

« Actuation

Table 1  The spec. list of conventional VCM.

Product Appearance Model Specifications

: Dimension:14mmx 14mm x 10.5mm
|
|

Lens barrel:M8 x 0.35
Lens weight:<0.9g
Lens motion range:0.33mm

Dimension:10mmx 10mm x 4.6mm
,-Lens barrel:M7 x 0.35
' Lens weight:<0.2g

Lens motion range:0.3mm

TVF-810 ‘

TVF-750

Dimension:10mmx 10mm x 6.3mm
Lens barrel:M7 x 0.35

Lens weight:<0.2g

Lens motion range:0.3mm

TVF-752

Dimension:8.5mmx 8.5mm x 4.2mm
Lens barrel:M5.5 x 0.35

Lens weight:<0.08g

Lens motion range:0.3mm

TVF-550

Dimension:8.5mmx 8.5mm x 4.7mm
Lens barrel:M6 x 0.35

Lens weight:<0.1g

Lens motion range:0.25mm

TVF-651




Extended Depth-of-field (EDoF)

Extended Depth-of-field (EDoF) is a novel computational imaging approach for
extending the Depth-of-field of fixed-focus mobile lens [16-18]. Utilizing a phase
mask combined with lens-head, the system can generate similar Point Spreading
Functions (PSFs) from object points within a wide range. By digital image processing
(DIP), the object points can be reconstructed and imaged clearly, as the schematic
shown in Figure 1-5. The PSFs captured from different distances are similar which
means the field exhibiting clear images can be extended. However, EDoF method is not
really AF, while it applies computational photography [19] to perform
digital-auto-focus. Furthermore, the.computational.complexity would be an issue as the

rapid increasing of pixel numbers.

S

ﬁgf

PSF1
Phase mask W DIP
sensor
‘ m‘ [\' Reconstructed PSF
PSF2

Figure 1-5 Principle of EDoF method.

Liquid lenses
Liquid lens is a kind of shape-changed lens which is used one or more fluids to
generate a lens-shape refractive index. General liquid lenses are constructed by an

interface between two different materials. These materials can be air-to-water or two



different liquid materials (ex: water-to-o0il)[20-21]. Electrically or mechanically control
the shape of the interface; we can vary the lens power, and shown in Figure 1-6 (a) and
(b). The issues of this technology are the environmental limitations, such as gravity or

low feasible range of temperature.

(a) Lens Aperture

Substrate

Electrode(-)
Electrode(+)

Substrate

(b)

Spacer —

=

Substrate

Spacer. —|

=

Substrate

Lens Aperture 72) Lens Aperture

Membrane

No Pressure ﬁ

Mechenical Pressure

Membrane <

Figure 1-6 (a)The liquid lens employs the oil-water surface and electrically
control the surface shape. (b) The liquid lens mechanically controlled the
membrane shape to focus the light.

LC Lenses
As Chapter 1.2.2 mentioned, the LC lens has unique properties such as electrically
tunable focal length. Since there are no moving mechanical parts, the LC lens can be

smaller and lighter than conventional tunable glass lenses. In mobile devices, the LC



lens can directly combine with mobile lens-module in front of the lens-head, and easily
perform AF function by driving appropriate voltage to focus objects at different
distances. For example, as illustrated in Figure 1-7, a conventional lens-head focuses
object at infinite distance, and utilizes the LC lens applied by driving voltage to
increase lens power for imaging the objects at finite distance. Rays from the object
point can be parallel incident to the lens-head through the LC lens. There is no
difference for the lens-head to image the object at infinity and finite distance, if the LC

lens can image the finite one well. This imaging structure was also used in this study.

Object at finite Object at infinity
distance

LC Lens

Driving Voltage Lens-head

= Image sensor —

Figure 1-7 Mechanism of LC lens used for AF function in mobile device.

For a short summary of this section, as Table 2 shows. Since VCM has fastest
focusing time and best optical quality, it is generally utilized in mobile devices now, but
the volume is too big and required accuracy integration. EDoF is intrinsically DIP, so

the focusing time depends on the calculation capability of driving IC. Since EDoF
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needs only one additional phase mask, so the volume is small and low difficulty of
integration. Liquid lens and LC lens are similar type of AF technology. Each of them
has their own advantages and disadvantages. In this section, we do not conclude which
one is better. While no matter liquid lens and LC lens, slow focusing time and high

driving voltage are major issues which are needed to be solved.

Table 2 Comparison of AF technologies.

Comparison Speed Voage e Inegaton g ualty
VeM © A @)

EDoF A A

Liquidlens  /\ e

LC lens % DX
© | Better

A Acceptable

O O X
> DB DB

10O X

% Worse

1.3.2 Optical Zoom

Optical zoom is usually performed in imaging systems to zoom the captured
images in and out. By changing the effective focal length (EFL) of the imaging system,
the zoom ratio can be adjusted. However, zoom lens is usually a bulky system due to
the requirement of spacing for moving the lens groups. This requirement is more
sensitive in mobile devices, the space and tolerance is much critical for adding this
function. Therefore, digital zoom is wildly adopted for magnifying images, even
though it is equals to crop and enlarge the cropped image.

In theoretical, LC lenses have the ability to change the focal length electrically

without the mechanical moving. That means the optical system embedded LC Lenses
11



can change its EFL to achieving optical zoom within a constant thickness. In other
words, LC lens is distinguished from the other methods which not only can perform AF
but also has the potential for optical zoom simultaneously within the small spacing. The
simplest approach is to utilize double LC lenses to simulate the variator and
compensator of conventional zoom lenses respectively, as Figure 1-8 shows. By
adjusting the focal lengths, f; and f,, of each LC lens. The EFL of the system are varied
for corresponding zoom ratio. Rather than modifying the spacing, D; and D, the LC
zoom lens can maintain the minimized total thickness of the system and increase

tolerance of integrations. This part will be illustrated more detail in Chapter 5..

LC Lens1 LC Lens2

LC Zoom Lens f; f>

S T U . Y

D) Image plane
L/ )\ g
Conventional
Zoom Lens i
D+ D: !

Figure 1-8 Structure of LC zoom lens and conventional zoom lens.
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1.4 Motivation and Objectives of This Thesis

In recent years, mobile devices with camera lenses are more and more popular. It
is because, for current applications, the camera lenses are not only used for taking
pictures but also for communicating with environments and other people. To yield
high image quality and acceptance for consumers, the trends of the camera modules
including high resolution, miniature size, high optical throughput, and additional
functions, such as AF and optical zoom are achieving by optical designers. However,
for the functions of AF and optical zoom which-conventionally require mechanical
movement are not easy to be realized in limited size of mobile devices. Currently, four
mainstreams could achieve AF, they-are VCM, EDoF, Liquid lens and LC lens. VCM
is a mechanically moveable motor, which adjust position of lens heads to perform AF
and can provide superior image quality, but it takes a bulky volume and suffers from
integration issues. "EDoF utilizes wavefront coding technology. By digital image
process (DIP), a computational focusing can be restored. However, this computational
method is not real AF.“Liquid.lens is a focal-electrically tunable type lens which
utilizes electric field to control curvature of liquid surface. It could be light and
compact, but the complex structure and high driving voltage make liquid lens not easy
to be employed in many applications. LC lens is a new type of single tunable lens
which has been wildly used in different optical applications. The electrically tunable
focal-length without any mechanical movement make LC lens lighter and compacter
than conventional glass lens.

Table 3 compared the advantages and disadvantages of these four technologies.
The last column plays the most important role of the column. In spite of VCM is the

most widely used technology and owned the best image quality nowadays, it cannot
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achieve optical zoom since the limited space of mobiles and the volume of VCM is
too big. While EDoF performed digital AF for a wild field to obtain the clear images
from objects at different distance, but this technology also cannot change EFL of
optical systems. Obviously EDoF is not the options of optical zoom. The liquid lens
and the LC lens are both tunable-focus lens. Since liquid lens required more precision
and accuracy of integration, so LC lens is the best choice to achieve optical zoom of

mobile devices.

Table 3 Comparison of four major AF technologies for mobile application.

Voltage w Integration | Optical zoom

VM O (==X X
EDoF A/ VAN @) © S
Liquid lens A X @ % ‘?
LC lens 23 X © © ?

O Better 3@ Worse
[\ Acceptable” )" Probubly

However, long focusing time-and high-driving voltage make LC lens is
impracticable for commercial products. So naturally, the major technical challenge of
LC zoom lens is to reduce the unfeasible driving voltage and shorten the impractical
focusing time. While focusing time is the most important issue since no one can wait
ten more seconds to take a picture. For commercial use, focusing time should be
controlled less than 1sec, and the driving voltage also needed to be controlled in less
than 10 Wolts since high driving voltage waste unnecessary power. So our target is to
exhibit a kind of LC lens which driving less than 10\Volts and focusing less than

1second.
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1.5 Organization of This Thesis

This thesis is organized as follows: In chapter 2, some basic principles and
theories of LC lens will be explained, and then Gradient-Driven Liquid Crystal lens
(GD-LC lens) will be introduced. In chapter 3, the fabrication process and some
technical challenge of fabrication will be clearly presented this part include how to
design a spherical GD-LC lens pattern. In chapter 4, the ultra-fast auto-focusing
experiment will be illustrated. In chapter 5, some analysis of optical properties and the
simulation results of optical zoom will be demonstrated. Finally, chapter 6 will give a

short conclusion and future works.
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Chapter 2

Basic Principles and Theories of LC Lens

2.1 LC Material

A matter has three classical states which are solid crystal, liquid, and gas. Liquid
crystal (LC) is a state between liquid and solid crystal, it has both characteristics of
solid crystal and liquid. For example; LC may flow like a liquid, but may be oriented
like a crystal. LC can be ‘classified into five types by optical properties: nematic phase,
smetic phase, chiral phase, blue phase, and discotic phase[22].-The nematic LC was

used in this thesis.

2.2 Optical Properties of LC

LC is a birefringence -material. This property causes the incident light with
different polarizations meet different refractive index. For analyzing the difference of
index, the light can be decomposed into two perpendicular polarized directions, one of
which is parallel to the optical axis of the material and the other one is perpendicular to
the plane of optical axis. The parallel one which is named ordinary light sees all the
same index no matter how the included angle between the incident light and the optical
axis, as shown in Figure 2-1. On the other hand, the polarization which is perpendicular
to the plane of optical axis, named extraordinary light, sees the refractive index which is
direction dependent. Although, the index would be varied by the included angles

between the incident light and the optical axis, the effective index can be calculated by
16



NpNe

Jno2sin? 6 +n,2cos?

Nerr(0) = Eq. 2-1

where n, and n, are the extraordinary and ordinary refractive indies respectively. 6
is the included angles between the incident light and the optical axis, also was shown in

Figure 2-1.

Incident light

LC rod-like molecule optical axis

Plane of optical axis
Extraordinary light

Ordinary light

Figure 2-1 The ordinary and extraordinary lights travelling in the LC material
and extraordinary lights see the different indies which are dependent to the
included angles between the incident light and-the optical axis of LC molecular.

2.3 LC Lens

Liquid crystal lens, a focal tunable optical lens made by Liquid Crystal. The
simplest structure of LC lens was shown in Figure 2-2. The Liquid Crystal layer
sandwiched by two ITO glass substrates. When LC lens was in off state, all LC
molecular was parallel to substrate and has a uniform refractive index which is ne.
When LC lens was turned on, marginal LC molecular was effect by perpendicular
electric field and turned 90 degree. The effective refractive index of central area was

same as off state which is ne, but n, in marginal area. A gradient distribution of
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refractive index was obtained. Since the speed of light is depends on refractive index,

the phase retardation is occurred, and the LC lens was focusing.

Focusing!

== |TO eléctrode ‘... 4 Glass substrate

f—

— LEmolecular Polarized planewave

Figure 2-2-Simplest structure of LC lens

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 has to be considered whichis dependent on the degree of the
LC’s tilt angle. The effective refractive index can be calculated using the following

equation [23]:

None

n(0) = Eq. 2-2
In

2sin20+n2cos20

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.
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To derive the effective focal length in LC lens, incident polarized light is
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, Figure 2-3 shows how a convex type LC lens focuses light.

Wave front

Focal Point

Figure 2-3 The schematic showing focusing mechanism of convex type LC lens

In the example in Figure 2-3, the optical path between the center position and edge

position can be expressed as follows:

n(r)d + AB = ny,,d
=> AB = [ny,, —n(r)ld Eq. 2-3
Furthermore, the distance AB can be expressed as:
AB = AF — f Eq. 2-4
where AF = /1% + f?2

Combining Eg.2-3 and Eq.2-4, the optical path can be expressed as:
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[Mpax —n(P)]d + f = 12 + f*
Vr24f2-f

=> Ny, — NT) = — Eq. 2-5

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

the Fresnel’ approximation is used as follows [24]:

GRS ON

3G ) _ L
d Max 2fd

=> n(r) = Npax —

r2 1‘2
== f Zd[nMax—n(r)] 2d-An

Eq. 2-6

Through transposing of Eg.2-6, another representation of An can be expressed as

shown in Eq.2-7.

r2

2d;cf

2

aAn = = K1 Eq. 2-7

Ideally, every part of the lens should.fit-the same focal point or aberrations will
be observed. According to Eq.2-7, An shall be a parabolic function of r?, as shown

in Figure 2-4.
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Figure 2-4 Ideal parabolic curve function-of An and radius of lens aperture

2.4 Gradient-Driven Liquid Crystal lens (GD-LC lens)

2.4.1 Concept

To yield the lens-shape gradient index distributions, Gradient Driven Liquid
Crystal Lens (GD-LC Lens) was proposed to intrinsically solve the issue of high
driving voltage and slow focusing. GD-LC Lens utilized a high resistance layer (high R
layer) to be the internal continuous-distributed electrode to achieve low operating
voltage and improve the focusing time simultaneously. The high R layer, which was
spin coated on a substrate to connect two controlling electrodes. This structure
generated gradient electrical distribution when applied two different operating voltages
on each controlling electrode. Two of the controlling electrodes were separated by 2mm,

as Figure 2-5 shows. In the investigation of spatial phase retardation, different
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operating voltages driven at 1 kHz were applied to the right side of controlling
electrode. The left side electrode was grounded to yield an initial potential difference
(AV) between two electrodes. Different interference pattern were observed by changing
operating voltage. At V=3Vrms, the interference pattern was denser on the right side, as
shown in Figure 2-6 (a). This pattern indicates a convex lens can be achieved by
symmetrically combining two identical structures with the same operating voltage. On
the other hand, at V=5Vrms, the interference pattern was denser on the right side, as
shown in Figure 2-6 (c). A concave lens also can be realized by the driving. Figure
2-6(b) shows linear phase retardation_between two electrodes which is unsuitable for

lens applications.

High' R 2mm
Layer
\ \L
A e0um
LC layer
Electrodes

Figure 2-5 The testing device of LC.cell with"high resistance layer connected by
two controlling electrodes.
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Figure 2-6 Results of interference pattern of the testing device driven by
different operating voltages, (2)AV=3 Vrms, (b)AV=3.6 Vrms, and (c) AV=5Vrms.
The LC cell was design by 60pm cell gap driven.by the two controlling electrodes

with 2mm separation.

2.4.2 Effective RC Circuit of GD-LC Lens

According to the testing results, the structure of GD-LC Lens was constructed by
combining triple internal electrodes with the high resistance layer. Three controlling
electrodes included two marginal controlling electrodes and a central controlling
electrode. By applying the voltage on the marginal electrodes and making the central
electrode grounded, GD-LC Lens was driven in convex mode. Oppositely, concave
mode can be achieved by the central controlling voltage with two grounded marginal
electrodes. The arbitrary electric field gradient profile was achieved by adjusting

driving voltages. The structure is shown as Figure 2-7.
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Ground electrode

(ITO) Anti-parallel

alignment layer
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Marginal controlling //
electrodes (ITO) Central controlling
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Glass substrate —

Glass substrate
! a Z//“‘ Ground electrode (ITO)
Anti-parallel alignment layer
Hi-R layer(Clevios-P)
57 E \: Controlling electrodes(ITO)

Glass substrate

Figure 2-7 Configuration of GD-LC Lens, includes side view and section view.
The structure with 2mm lens aperture and 60um-anti-parallel LC cell gap was
constructed by combining triple internal electrodes with the high resistance
layer.

A similar concept, LC" lens with-Modal-Control [25], was proposed by A. F.
Naumov et al. In the research, a high resistance layer was utilized as the control
electrode, and the thin LC layer was used to create a gradient electrical field. However,
the numerical aperture (NA) was relatively low due to the controlling approach and the
thin LC layer. This situation limited the applications in cameras which may require
short focal length and large F/# to perform AF for near object and have higher optical
throughput.

An R-C circuit can be used to model this structure, as show in Figure 2-8. From the

circuit, following principles could be observed.
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® GD-LC lens can be voltage and frequency driving.

® The resistance of the high R layer should be control in a proper range. If the
resistance is chosen too low. The resistance from the hetero junction will
occupied large ratio of applied voltage. On the other hand, as the resistance of
the high R layer is too large, only a small ratio of current can achieve the center
area if Vi is higher than V,. These two situations all result in no phase
retardation in the central area.

® Extremely high frequency operation will result in smaller capacitance impedance.
As a result, there is also small ratio of current pass through the high R layer to

yield phase retardation.

Control layer V4 4 |41
(ITO)
R;
High R'L R
19 ayer —] >—|—| ——1 »—l—-l —
LClayer —— 1
Ground —:—J wC

Resistance from hetero junction

Resistance of PEDOT —

; -
Capacitance of LC layer —

Figure 2-8 The R-C circuit utilized to model GD-LC lens.

GD-LC lens with cylindrical structure has been developed. However, imaging
optics should use spherical structure rather than cylindrical structure. Therefore,
spherical GD-LC lens was proposed to apply in imaging optics. The ITO pattern was

shown in Figure 2-9. Chapter 3 will illustrate how to fabricate a SGD-LC lens sample.
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Figure 2-9 The ITO pattern of cylindrical and spherical GD-LC lens
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Chapter 3

Fabrication Process of sGD-LC Lens

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

In the second part of this chapter, some issues of fabrication process will be

discussed, which includes how to design the spherical pattern.

3.1 Fabrication Process

The basic fabrication process is as shown in_Figure 3-1. In the beginning of
process, the ITO glass substrate needs to be cut into adequate size. Second, the ITO
glass substrates shauld be cleaned since-any-small particle will cause fatal defect.
Third is the lithography  processes including multi-layer structure which contain
photomask designing, spin coating of positive photoresist; UV light exposing and wet
etching. Fourth, a high resistance material should be spin coated above the patterned
ITO. Finally, the glass substrates, spacer, LC (E7) will be assembled as a complete

sGD-LC sample.
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ITO glass substrate cleaning

«

Lithography

"

. N Y

Thin film coating

L e

"

Sample assembling

.

[

GD-LC lens
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Figure 3-1 ~Flow chart of fabrication process

3.1.1 ITO Glass Substrates Cleaning

A sGD-LC lens sample must be fabricated in clean room. While the first step that
is troublesome, so cleaning ITO glass substrates should be‘an.important thing. The
purpose of cleaning is to eliminate small particles and-chemical compositions above
the surface. Figure 3-2 shows the flow chart of glass cleaning. A method of industrial
was adopted. First of all, KG, a detergent from Yokohama Chemical Co. was diluted
to de-ionized (DI) water, the ratio of KG and DI water was 1:100. Dipping the glass
substrate into KG solution and oscillate 30 minutes. The purpose of this step is to
remove greasy dirt and chemical compounds. Second, flushing glass substrates
5minutes with DI water, the step is for washout KG since KG is hard to clean. Third,
dipping glass substrates into Acetone and oscillate 30minutes for organic compounds
and KG cleaning. Fourth, pouring DI water and oscillate another 30miuntes for

Acetone eliminating. Finally, the heater is used to evaporate the remaining water.
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Figure 3-2 Flow chart of cleaning process

3.1.2 Lithography

We have already obtained a totally clean ITO glass substrate. Lithography, a
process of fabricate ITO pattern what we want will be introduced. Since GD-LC lens
needs jump structure in the center, the multi-layer structure must be utilize, this part
will be discussed later. The flow chart of lithography is show in Figure 3-3 First, the
spin coater was used to generate the uniform and thin photoresist layer on the surface
of the cleaned glass substrate, while the spin speed is 1000rpm/15seconds for pre-spin
and 2500rpm/25seconds for adequate thick of photoresist. 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. A 90seconds soft baked should be taken, this step is
for strengthen coated photoresist. Second, the UV light beam strokes the photomask
which has been well-designed patterns and reacts with the chemical component of the

photoresist. Third, the chemical reacted photoresist can be stripped off and remains
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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 left photoresist and

our designed ITO pattern is generated.

1 1TO layer
[ ITO glass substrate ] _Glass

[ Photoresist coating ] _ PR
3
( Soft baked ] _ PR

V.o

[ UV light exposure ] _
[ Desomert ) [

[ Photomask designing ]

3 .-

s ) AN
[ Photoresist stripping J “ » [Second etching process]

Figure 3-3 Flow chart of lithography process

A central electrode is needed for concave mode of GD-LC lens, so the jump
structure should be used for central electrode. Silicon Nitride (SiNx) was chosen for
the insulation layer. The fabrication process of insulation layer and 2™ ITO layer are
same as 1% ITO etching, so we skip the detail processes of insulation layer and 2™
ITO layer. The flow chart of these two additional layers is shown in Figure 3-4.

Finally, the process of lithography was ended after etching these three layers.
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Figure3-4° Flow chart of digging structure

3.1.3 Thin Film Coating

Three different materials were needed to spin-above the ITO glass substrate. First
is photoresist which ‘has been mention in Chapter 3.1.2." The second one is
high-resistance (Hi-R) material which is the key element of GD-LC lens. The last one
is polyimide which is used for.alignment layer of LC.

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.

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
solution and the solvent.

Hi-R layer is the most important part of SGD-LC lens. In this thesis, Clevious-P

from Baytron was chosen to be the Hi-R layer. The spin speed of Hi-R layer is
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4000rpm/30seconds to generate a 30nm thickness of Hi-R layer, the thickness was
already measured by AFM. If the resistance is too low, Hi-R layer is like a conducting
layer. Oppositely, if the resistance is too high, the driving voltage will increase. The
resistance and driving voltage is a tradeoff, in our experiment, the appropriate value of
surface resistance was chosen as ~1MQ/o. Polyimide as an alignment layer was coated
after Hi-R layer coated. Both of these two films need heating. For Hi-R layer, the
function of heating is to dry it, the hot plate was set as 120°C for lhour. The
requirement of heating for alignment layer is to harden the thin film. While the Hi-R
layer is an organic material, high heating temperature should not be used. The hot
plate was set as 150°C 1.5 hour to prevent the damage of Hi-R layer. The section

diagram of all thin films and substrates was shown in Figure 3-5.

Glass substrate . —_

Ground electrode

Central controlling
electrode (ITO)

(ITO) Anti-parallel
/1/7/’/ alignmentlayer
LClayer (E7) ——— / ]
Hi-R layer
Ll//ﬁ - (Clevios-P)

Marginal controlling
electrode (ITO)

Glass substrate — ———

Figure 3-5 Section diagram of GD-LC lens

3.1.4 Sample Assembling

The well-spin glass substrates could be assembled to GD-LC lens samples. The
flow chart of the assembly process is shown in Figure 3-6. First, the roller made by

woolen is used to rub the coated Pl and give an arrange direction of LC. An
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anti-parallel rubbing direction was taken for two glass substrates. Second, the spacers
are placed on the substrate to support an appropriate cell gap. Furthermore, the glue is
used to fix and seal one side of the LC cell for LC injecting. Third, drip the LC (E7)
onto the chink of two glass substrate, the LC will drill into the gap automatically since
the capillarity. Then, the UV glue is used to seal all the seams of the LC cell
completely in order to prevent the LC material contact with the air. We suggest spread
additional glue for ensure separation of LC and air. Finally, soldering the wires with
the pattern on substrate, the LC lens is accomplished.

[ Rubbing ’

/ Nu:;

e

) Glue Spacer

[ Spacer placing and-glue.sealing

-

[ LC injecting
[ Cell packaging
[ Circuit Soldering

Figure 3-6  Flow chart of assembling sample

3.2 Technical Challenges of Fabrication

In this part, three problems which we have faced and have been solved will be
illustrated. Although these problems disturbed us a while, but we learn a lot because

of these problems. They are leakage of electricity, symmetric of pattern, and
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re-dissolved of Hi-R layer

3.2.1 Leakage of Electricity

Chapter 3.1.2 explained how lithography working. The insulator SiNx was
sputtered above 1% ITO layer. However, the dense of sputter coating is not high
enough to insulate two ITO layer. Although chemical vapor deposition (CVD) could
achieve high dense and insulate two ITO layer, but Hi-R layer which is organic
compound is unable to accept high temperature. An un-overlapped structure was
proposed to prevent the leakage of electricity, the pattern was shown in Figure 3-7.
This design is useful for avoid leakage of electricity, however, the central connected
ITO wire effected fringing field seriously, as shown in Figure 3-8 (a) and (b). The
sample can just operate in low frequency (less-than 60Hz) since the controlling modal

in Chapter 2.4, but'both the optical quality and power were still unusable.

| Central Electrode | ‘ Insulator(SiNx) ‘

Figure 3-7 The un-overlapped structure
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Figure 3-8 Interference patterns of different driving frequency depends on (a)
10Hz, (b) 1000Hz.

According to the following results, the overlap of marginal and central electrodes
was hard to avoid. Eliminating the overlap has become the most important thing. A
pattern with very less overlap was designed. This pattern-was not only solved the

leakage but also improved the image-quality, which will be illustrated in next section.

3.2.2 Symmetric of Pattern

For eliminate the effect of central connected ITO wire. A symmetric pattern was
designed, as shown in Figure 3-9. The pattern has a.tiny overlap area, since the small
overlap area will not induce leakage of electricity. The maximum driving frequency of
this design is much higher than 3.2.1 shows. Figure 3-10 (a) shows the side view of
controlling electrodes of sGD-LC lens. The improvement of this design was
illustrated in Figure 3-10 (b). The smooth and circular fringing pattern indicates this
design is effective. A small defect of the pattern is diving frequency. When driving
frequency is large than 50000 (Hz), the connected wire will influence fringing pattern.
However, since the working frequency of GD-LC lens is between 100 to 10000Hz, so

the variation of high frequency is unimportant.
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Figure 3-9 Top view and the overlap area of this design
() (b)

Marginal control
Central control  electrode
electrode

Insulator

Figure 3-10 (a) Side View of sGD-LC lens. (b) Fringing pattern of this design

3.2.3 Re-Dissolved ‘of Hi-R Layer

The surface resistance of Hi-R layer is about 1IM€Q/o. But after polyimide coated,
the surface resistance will drop 2 orders since the Pl solvent re-direct the distribution
of molecular of Hi-R layer. The dramatically decrease of resistance makes Hi-R layer
as another ITO layer and generated a uniform flat fringing field. The ozone sputter
which stroke ozone molecular was utilized to enhance resistance. The function of
ozone sputter is to oxidize some organics on the glass substrate by brake the covalent
bonds of organics, while the Clevious-P is a kind of organic. The resistance of the

Hi-R layer will be enhanced with 20minutes ozone sputtering. An appropriate
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resistance was obtained by this operation.

Chapter 4

Auto-focusing imaging system of sGD-LC Lens

Fabrication process has-already ‘demonstrated. in Chap:3 In the following
chapter, an extremely-fast auto-focusing imaging system will be illustrated. By
combining a sGD-LC lens and a commercial lens-head, the imaging system could

achieve 7cm near focus distance with merely 3.75V0olts and 0.8second.

4.1 Properties of sGD-LC Lens

Before establish an auto-focusing imaging system of sGD-LC lens, the
elementary properties of sSGD-LC lens were needed to be measured, while including
focusing profile and fringing pattern. Since sGD-LC lens is voltage and frequency
controllable, every individual focal length has an appropriate voltage-frequency pair,
while investigating the focusing profile could obtain adequate voltage-frequency pair.
The fringing pattern is the most wildly used method for measure the phase retardation

of LC cell. By evaluate the fringing pattern, we can understand the distribution of
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refractive index inside the LC cell.

4.1.1 Experiment Setup

In the investigation of focusing profile of sGD-LC Lens in convex mode, the
SGD-LC lens was placed in front of GENTEC Beamage Series CCD sensor at a
distance of corresponding focal length. An incident light source was 632.8nm
polarized Hi-Ne LASER. The measurement system setup was shown in Figure 4-1.
The marginal controlling electrodes were driven by corresponding voltage-frequency
pairs, and the central electrode was grounded and connected to the ground electrode
for the driving of focal‘lengths from 5¢cm to 25em: The focusing profiles are shown in
Figure 4-2 (the top part are the-3D-diagrams-and bottom part are the cross sections).
As the result shows; the structure of GD-LC Lens is feasible for a range of light
converging as the voltage-frequency pairs were well-controlled, and the focusing
could be kept to around 90% normalized intensity from 7 to 20cm. This feature was
also needed for LC lenses as. stable image qualities are required for different focal
length of AF in imaging applications. The relations between focal lengths of GD-LC
lens and the controlling voltage-frequency pairs are plotting in Figure 4-3. The control
range of driving voltage was significantly reduced down to less than 5V for 5cm focal
length, and the driving frequency was also controlled within 4kHz ~ 6.5kHz which is
much less than 50000 (Hz) mentioned in Chapter 3.2.2. This result not only shows the
improvement of driving voltage, but also indicates the range of driving was easy for

general driver ICs.
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Figure 4-1 Schematic of measurement system
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Figure 4-2  Focusing profiles of sGD-LC lens when focal length are (a)5cm,
(b)7cm; (¢)15cm, (d)20cm, and (e)25cm.
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Figure 4-3 The relation between voltage-frequency pairs and focal length.
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4.1.2 Convex Mode and Concave Mode

The fringing pattern [26] is one of the widely used methods to measure the phase
retardation of LC cells. To 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 lens cell under crossed polarizer.
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 Figure 4-4 (a) and (b) respectively..In the convex mode, as shown in
Figure 4-4 (a), GD-LC Lens yielded phase retardation approximating to that of ideal
curve with 1.76 mm effective lens aperture. This result. was coherent to the measured

data as shown in Figure 4-3, according to the following relation [27]:

r2

f=5"0rD

where r, f, and OPD donate the aperture radius; focal length, and optical path
difference between the lens center and border respectively. By changing the operation
from central grounded electrode to marginal grounded electrode, GD-LC lens can be
driven at concave mode to yield opposite phase retardation, as shown as Figure 4-4
(b). Therefore, the positive and negative lenses can be achieved by GD-LC lens with

different operation without complicate structure or modified configurations.
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Figure 4-4 Phase retardation-patterns of (a) convex and (b) concave modes by
difference operating of GD-LC lens.

4.2 Imaging System

An imaging system of sGD-LC. lens was set.up.for investigate the possibility of
commercial products. The simple design indicates that sGD-LC lens is available for

auto focusing with only 5\Volts and costs just 0.8s.

4.2.1 Over-Drive Method

Over-Drive method has been published of ADO Lab [28]. The focusing time of
LC lens was reduced down to less than 30% since the large pulse rotates LC
molecular rapidly. In this study, the overdriving setup was shown in Figure 4-5 The
control board can control the duration time of OD-pulse, after OD-pulse passed, an

adequate voltage-frequency pair of stable state was allowed. The waveform was
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detected by oscillograph which was shown in Figure 4-6. The magnitude of OD-pulse
was chosen as 10Volts since overflow will happen when voltage more than 13 \olts.

In this study, the OD-time was chosen as 800(ms)

GEINSTER vav @, BBGs diamgv UM, _Cursor

OD state Stable | Source

H2

Figure 4-6 Real waveform of OD-method.

The focusing process comparison of GD-LC Lens and the conventional LC lens
were recorded and shown in Figure 4-7. All the structures were designed with the
same parameters, only the different configuration of controlling electrodes were
compared. Compare to the conventional LC lens, it was unpractical for the
conventional LC lens which focusing time required around 25sec driven by ~25Vrms

stable operating. This result showed not only a feasible focusing time for commercial
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products and many applications utilizing LC lenses, but also a dramatic improvement
in the focusing time. It was because the structure of GD-LC lens benefited the
efficiency of applying energy so that the focusing time could be significantly reduced
with relative low operating voltage. Table 4 shows the summary of comparison
between GD-LC Lens and conventional LC lens. Through the result, GD-LC Lens

improved 96.8% focusing time and reduced 85.0 % operating voltage.

Table 4 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.

Comparison LC cell.gap O\?;gggg Focusing time
sGD-LC Lens 60 um (E7) ~3.75 Vs 0.8sec
Conventional LC Lens 60 um(E7) ~25V s 25sec
t=0.8s t=7/s t=25s

t=0
o - . . .
Conventional
LClens

Figure 4-7 The focusing process of GD-L.C Lens and the conventional LC lens.

4.2.2 Imaging System Setup

To achieve an AF imaging system with sGD-LC lens, an arrangement for the
system was setup. sGD-LC lens was mounted in front of a 5-mega-pixel mobile
lens-head as Figure 4-8 shows. The f ¢ and fc indicate the focal lengths of SGD-LC
lens and the conventional lens-head To simplified the application, the object and

image distances, S and S’, were set to be equal to f.cand fc respectively, so that the
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system focal length, f, can be obtained as following:

1 1 1

F e I
The benefits of this design is that sSGD-LC lens can be directly integrated with
regular mobile lens-head without any modifications, and the focal lengths investigated

in Figure 4-3 can be directly employed for corresponding object distances.

sGD-LC lens  Lens head

Object A A
S . B S ettt Ds .
(@ infinity CCD sensor

Near S:Doh,'c'c‘.'zf.; C d A ,:f;
Object :
J’ v

Jie Jo

Figure 4-8 * Configuration of AF system with sGD-LC lens.

4.3 Auto-Focusing

Two toys were_ placed in front of the AF system with 7cmand 15cm, background
was placed at 90cm."The three distances were chosen according to first peak, the
highest peak of focusing .ntensity, and the hyperfocal distance of lens-head,
respectively. The operation for sGD-LC lens was switched for each object to focus,
and the captured images were shown in Figure 4-9. The objects can be individually
clear focused due to they were placed in different depth of focus.

For the closest object which is 7cm, the driving voltage was only 3.75Vrms with
merely 0.8s focusing time. Compare Figure 4-9(a), Figure 4-9(b), an Figure 4-9(c),
different objects at different focus distance are individually clear indicates that the

impact of sGD-LC lens is obvious effectively.
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(a) 7em @3.75Vims _6.03kHZ
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(c) 90cm@off

Figure 4-9 The AF result of three distance at(a)7cm, (b)15em, and (c)90cm.

4.4 Power Consumption of AF Imaging system

The power consumption of SGD-LC lens should be concerned since the energy
of mobile devices was limited by the battery. The following is the basic formula of
power. The power consumption can be obtained be measure the total current of
sGD-LC lens and multiplied the applied voltage.

P=1IxV

The maximum power of sGD-LC lens occurs when focal length is 5cm, as Figure

4-10 shows, while the maximum power is 0.16(mJ). This result is convincible since

the shortest focal length consumed maximum voltage.
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Figure 4-10 Power consumption of sGD-L.C lens respect to focal length

The power consumption of VCM is approximate 3(mJ). Figure 4-11 compared
the power consumption of sSGD-LC lens and VCM. The result indicates that the power
consumption of sGD-LC lens is ‘much lesser than VCM and saved considerable
energy. Figure 4-11 also compared the volume of sGD-LC lens an VCM, the volume
of sGD-LC lens is much smaller than VCM since sGD-LC lens is almost a

two-dimensional device.
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Figure 4-11 Power and.volume-comparison of sGD-LC lens and VCM

Chapter 5

Optical properties of AF imaging system

The image of AF imaging system shows a useable and feasible image quality.
However, the analytical ability of human-eye is not as precision and accuracy as

instruments. In the first part of this chapter, MTF analysis will be illustrated. The
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second part of this chapter will demonstrate LC optical zoom system. Conventional
optical zoom lens tuned the focal length by mechanical movement. This mechanism
needs a large volume. Since LC lens is a kind of focal-tunable lens, it could change
effective focal length of the optical system without mechanical movement. The last
part of this chapter will demonstrate two major defects of AF imaging system. They
are leakage of o-ray and tilt of object plane respectively. Although these two defects
reduced the image quality of AF imaging system, we have proposed some explains

and methods to solve them.

5.1 MTF of AF lmaging System

MTF is the most widely used index to quantify imaging resolution of an optical
system [29]. To evaluate the optical performance of the AF imaging system with
sGD-LC lens. A measure system was set up as Figure 5-1 shows. A 10um-width point
source was placed 150mm. in front of the system. The CCD sensor was placed at

7.3mm behind the system which isthe BFL of the conventional lens-head.

Point source AF imaging CCD sensor
(10 gz m) system Pixel size=9.3 zm

He-Ne Laser Polarizer

Optical Table 150mm 7.3mm=BFL,,

Figure 5-1 Measurement setup for MTF
Since the AF system was in off-state, an unfocused light spot, as shown in Figure
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5-2 (a), was observed by CCD sensor. As the sGD-LC lens was driven for 15cm focal
length by corresponding voltage-frequency pairs. The point spread function (PSF)
was measured by the CCD sensor, as shown in Figure 5-2 (b), and calculated to MTF

by a Fourier Transfer.

In the measurement of MTF, the performance was limited by the width of the
point source (10um) and the pixel size (9.3um). Theoretically, the cut-off frequency
of the MTF is 50(Ip/mm) corresponding to a 10um Point source. However, since the
alignment deviation and defects in fabrication and imperfect driving of sGD-LC lens,
the cut-off frequency of AF imaging system was damaged down to 30 (Ip/mm), as

shown in Figure 5-3.

off @3.05V,,,._5.13kHz
)

Figure 5-2  Point spread function of the AFsystem in (a) off-state and (b) when
sGD-LC lens was driven for 15¢m focal length.
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Figure 5-3 The calculated MTF of the AF system with sGD-LC lens.
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5.2 LC Zoom Lens

Optical zoom is a very useful design which is widely used in many camera lenses.
Conventional optical zoom lens was a mechanical assembly of lens element. A true
zoom lens, also called parfocal lens, is one that maintains focus distance when focal
length was changed. A lens loses focus distance when change the focal length was
called varifocal lens. The first commercial optical zoom lens--Zoomar 36-82mm /2.8
was announced by Voigtlander in 1960 [30], while it is a varifocal lens. The major
advantage of zoom lens is versatile. for-many case, a single zoom lens can fit
all-rounded. However, conventional optical zoom-change focal length by mechanical
movement, the structure needs additional space. The demands of mobile devices are
slight, small, and thin. Because of these demands, mechanical moveable structure is
impractical for mobile use. Liquid Crystal lens is a good answer for mobile zoom
system. Since liquid-crystal lens is a focal-length tunable lens, additional space is no
need for achieve optical zoom. Without any mechanical movement, the volume of the

system can be reduced, and optical zoom for mobile devices is achievable.

5.2.1 Basic Theorem of Optical Zoom System

A zoom lens can be separated to three parts as variator, compensator, and erector
respectively [3]. As Figure 5-4 shows, Erector was a lens (or lens group) which is
erect whole lens, it usually fixed and standing. While variator is the key component of
changing focal length, and compensator is a lens group for compensate the image shift
and aberration of variator. In general case, variator and compensator are a

linked-structures, one of them changing will involve the other one. The movement of
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the Variator is linear since it decides the variance of effective focal length, and
because of image shift and aberrations are non-linear changing, so the movement of

compensator is non-linear.

Variator Erector Compensator

i

I
——

7
/
J/

Figure 5-4 Three main compositions of zoom lens

5.2.2 Simulation and System Design

For simplifying calculation and reduce the difficulty of design. Paraxial
approximation was used for the optical system. Equation (5-1) and Equation (5-2) can
be used to obtain the optical power of the zoom system and fix the imaging plane on
position of image sensor.

K =K, + K, + K; — D;,(K;K, + K,K3)
— D3 (K1 K3 + K3 K3) + D1 D3 K Ko K
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(1 - D12K1)

BFL =
(K1 + Kz — D1;K1K>) (5-2)

For investigating if LC zoom lens is realizable, a simple but effective optical
system was designed. Two LC lenses placed before a conventional lens-head, the
schematic diagram of LC zoom system is shown in Figure 5-5. For the object from
infinity, these two LC lenses are similar as beam expander. The major advantage of
this design is well-fit to most lens-head since lens-head should have been
well-optimized for the object from infinity. K; and K, are the lens power of two LC
lens, D2 is the space between first and second LC lens which was chosen as 10(mm).
Only these three parameters influence zoom ratio. Both of them are proportional to the
zoom ratio.

We utilize K; and K5 as the variator and compensator respectively, as Figure 5-6
shows. In the simulation result, although lens power-of the system, K, can be varied, but
the lens power of LLC lenses were limited within® £0.03(mm™1). Therefore, the zoom

ratio, as shown in Equation (5-3) " is only approximate to 2X.

EFLTele = KWide
EFLWide KTele

Zoom Ratio = (5-3)
K, '/ K;
(Variator) (Compensator) (Erector)

D;,=10(mm) D,

BFL

53



Figure 5-5 Schematic diagram of LC zoom lens
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Figure 5-6 Variation of lens power, K, changed by LC lens power, K1 and K2.

5.3 Image Defects of AF Imaging System

Defocus which is the first-order aberration has been well-answered. The
aberrations should be analyzed in the next. However, the analyzing and reducing of
third or higher order aberrations are requiring waveform of sGD-LC lens. Since the
waveform investigation of sGD-LC lens was still need to be improved, the analysis of
aberrations cannot be achieved now. Although AF imaging system has been
demonstrated an impressive image quality, there are still some defects of captured

image. In this section, some defects of AF imaging system will be illustrated.
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5.3.1 Leakage of Ordinary Ray.

Theoretically, ordinary should be blocked by polarizer perfectly and only
extra-ordinary ray will incident LC lens. However, because of every sGD-LC was
homemade, the alignment is not as precise as FAB, so sGD-LC lens cannot driving as
ideal model.

For investigating the leakage of ordinary ray, we compared inferior and superior
SGD-LC lenses. These two sGD-LC lens was fabricated in the same process and same
parameter, both their focusing time and driving voltage are very similar. The fringing
pattern of two sGD-LC lens was-shown in Figure 5-7: This figure shows the focusing
quality of inferior one iIs worse than superior one, but the optical-power is almost the

same since the relative phase difference is the same.

(a) Inferior sGD-LC lens (b) Superior sGD-LC lens

Figure 5-7  Fringing patterns of (a) inferior and (b) superior sGD-LC lenses.

By driving these two samples with the same AF imaging system which has
mentioned in Chapter 4.2. Figure 5-8 is the captured images of the inferior one.

Examining the black background of the image carefully, the leakage of o-ray is
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obviously.

Figure 5-8 Comparison of (a) no.o-ray leakage at 90cm, (b) o-ray leakage at
6cm. The right=bottom corner of (b) exist a little o-ray (unfocussed ray).

Ideally, rays from object plane should be guiding to image plane. In Figure 5-8
(@), rays from 90cm which'is perfectly focus at CCD sensor since sGD-LC lens is in
off state and all LC molecular lied flat and the LC layer just like a glass layer. In
Figure 5-8 (b), which is image of near object, the rays are not focusing perfectly since
the imperfectly of sGD-LC lens. So the leakage of ordinary ray happened.

Figure 5-9 compared these two sGD-LC lens. The o-ray leakage of superior one
is much less than inferior one. The contour of superior one is much expressly than
inferior one. We may infer that leakage of o-ray is related to the quality of sGD-LC

lens intrinsically.
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(a) Inferior sGD-LC lens (b) Superior sGD-LC lens

Figure 5-9 O-ray leakage comparison of (a) inferior (b) superior sGD-LC lens.
The o-ray (unfocussed ray) of (a) is much stronger than (b).

5.3.2 Tilt of Object Plane

In an ideal optical system, object plane is perpendicular to optical axis. Tilt &
shift lens is an exceptional lens which has a tilt object plane. Tilt & shift lens is
minority in lenses and will used in some specific case. Since there are seldom users of
tilt & shift lens, most of them are expensive and luxury.

We found that a special “defect” accidently of our AF imaging system which is

the tilt of object plane. When the AF imaging system focusing at 15cm, ideally object

57



plane is perpendicular to optical axis which is 15cm in front of the focus plane.
However, for our sGD-LC lens, the central area of image is perfectly focusing, while
the marginal area of image is defocus. This phenomenon was cause by the tilt of
object plane, which was shown in Figure 5-10. In our AF imaging system, object
plane was rotate clockwise respect to ideal object plane.

To investigate is the issue cause by imperfection or defects of sGD-LC lens. We
rotated the sGD-LC lens 180 degree respect to the optical axis, and the object plane
rotated counter-clockwise respect to ideal object plane. To analysis this issue more
detail, the waveform of sGD-LC lens should be.obtained. Since the deriving technique
of waveform is still need to be improved, the advanced analyze of tilt object plane are
unavailable now. But this “defect” is not really a shortcoming of sGD-LC lens. In fact,
since conventional glass/polymer tilt & shift lenses are expensive and luxury, so the
market of this lens is minority. If we can control the tilt angle of the object plane by
changing the distribution of LC molecular, the threshold expense of tilt & shift lens
will be dramatically: reduced, and ‘the users of tilt & shift' lens-will growth a great

number.

Ideal Real
object plane object plane

~

’ LC imaging CCD

U

15¢cm

~

Figure 5-10 The ideal and real object plane, while the real object plane is tilt

respect to optical axis.
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5.4 Summary

In this chapter, first we analyzed the image quality of AF imaging system by
MTF. Because of imperfection of SGD-LC lens and deviation of human-alignment,
the MTF is cutoff at 30 (Ip/mm).

In the second part, optical zoom is a function which eager for many users,
however since VCM required too large space of optical zoom, it is unavailable for
optical zoom. We prove that LC optical zoom system is achievable and feasible since
the required space of LC lens is much smaller than \VCM.

Finally, two defects of SGD-LC lens were illustrated: The leakage of o-ray could
be well-improved by a superior-sGD=LC lens, this defect was-cause by the limitation
of homemade fabrication process-and could be resolve by industrial manufacturing.
The tilt of object plane is not an actual defect. If we can control.the tilt angle of the
object plane by changing the distribution of LC molecular, a common, general but

cheap tilt & shift lens could be obtained.

Chapter 6

Conclusion and Future work

6.1 Conclusion

Liquid Crystal Lens exhibits the ultimate features, such as the focal length is
electrically tunable without any mechanical movement or surface shape changing and

its tiny volume is suitable for employing in mobile devices. However, the two major
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issues which are slow focusing time and high driving voltage lead to impractical and
unfeasible applications of LC lenses.

Spherical Gradient Driven Liquid Crystal Lens (sGD-LC lens), was proposed to
intrinsically solve these two issue. Compare to conventional LC lens, we demonstrated
a dramatic improvement for reducing the driving voltage from hundred voltages down
to less than 5 Volts. The key element of sSGD-LC lens is the coated high resistant layer
above controlling electrodes. The first benefit of this structure is that the applied energy
can be conserved inside the LC layer. The second benefit is that the resistance layer
bridging central and marginal controlling electrode and generate gradient voltage
distribution for yielding lens profile. Furthermore, Hi-R. layer yield sGD-LC lens
voltage and frequency controllable. Each focal length can be optimized by this
dual-control which has improved: the image quality. The most important breakthrough
was that the focusing time has been improved from 20 or more seconds down to less
than 1sec (~800ms) for focusing from infinity to 7cm closed object, as Figure 6-1

illustrates.
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7em @3.75Vims _6.03kH7 800ms

Figure 6-1 The dramatically improvement of driving voltage and focusing time
with'GD-LC lens combined with Over-Drive method.

Comparing with the other leading groups in the'world, as shown in Table 5, not
only the driving voltage was reduced to a practical range that the normal IC could drive
but also the focusing time was improved to less than 1sec (800ms). However, the
maximum life time of sGD-LC lens is only 2 months. Lengthening the short lifetime is

a big topic, which will be discussed in future work.

Comparing to other auto-focusing technologies mentioned in Chapter 1.3, as
shown in Table 6. Since the issues of LC lens which are driving and focusing time have
almost been solved, the competitiveness of LC lens is much stronger now. Although

the image quality still cannot compete with conventional glass/polymer lens-head, but
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this study shows that LC lens is feasible and practical for mobile devices. We

consider that as long as improving the image quality in the future, LC lens could be

generally utilized on mobile devices.

Table5 Comparisons of single tunable lenses.

G LC Lens LC Lens LC Lens LC Lens sGD-LC Lens
rou
P (Sato 2009) (S.T.Wu 2006) | (Other2010) | (LensVector) (Our group)
MI.C6080 BL.-038 MIL.C-2070 Merck
LC cell (An=0.25) (An=0.27) (An=0.26) d=25um E7(An=0.21)
d=60um d=25um d=25um d=60um
Driving 90Vrms 140Vrms 90Vrms 65Vrms
) <4Vrms (7cm)
Volt. (14cm) (96¢cm) (10cm) (10cm)
Fm}usmg ~30sec ~30sec 433ms 1sec 800ms
time
609
MTF 3 g - N 0@201p/deg
30% @40lp/deg
Lifetime -~ -- - -- 30~60 Days
‘ y— P LT
Structure — 18 @ % 10002 =2 2000 %
T —

Table 6 Comparison of the AF solutions after the improvements of GD-LC lens.
(For mobile appliacation)

il Rl
quality | zoom
VeM O A XS &3
EDoF A A O A
Liquid lens A XY XS ‘?
LC lens O O O
© Better oL Worse

A Acceptable ? Probably

O O O &
> D> D> O

A



6.2 Future Work

6.2.1 Resistance Controlling of Hi-R Layer

High resistance layer is the most important part of SGD-LC lens. How to control
the Hi-R layer in an appropriate value is the key point. In this study, Clevios-P which
IS an organic material was chosen as the Hi-R layer. Since Clevios-P is a kind of
solution, spin-coated method was utilized to coating this material. However, this Hi-R
layer has two issues which are non-durable and-inferior quality of thin film. The First
one is short lifetime, we have fabricated hundreds of sGD-LC lenses, only one of
them still workable after 2 month, while majority ‘of them died in a month. By
investigate fringing pattern of the samples, we infer that heat of the current induce
deteriorate of Clevios-P. The Second one is inferior quality of thin film which cause
by re-dissolved of Hi=R layer which has mentioned-in Chapter 3.2.3. The proposed
method of re-dissolved of Hi-R layer is 20 minutes ozone sputtering. However, the
precision of drop and raise of resistance is hard-to control. So resistance cannot be
controlled in an precise value.

Utilizing other inorganic materials with sputter may be a good answer.
Comparing sputter inorganic materials and spin-coating Clevios-P, we found that not
only the quality of thin film but also lifetime of the thin film, sputter is generally
better than spin coating, as shown in Table 7 and Table 8. The major advantage of spin
coating is convenience, while the tradeoff is inferior thin film quality, and sputtering

is vice versa.
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Table 7 Comparison of organic material and inorganic material

Fabrication
complexity

Organic @ >
Inorganic X O

Durability

Hi-R material

Table 8 Comparison of spin coating and sputtering

Fabrication

Coating method ) Precision
complexity

Spin coating © 2@
Sputtering X ©

6.2.2 Improvement of Zoom Ratio

The simulation result indicates that zoom ratio of LC zoom optical system is
approximate 2X. However, the minimum zoom-ratio'of commercial product must be
at least 3X. So, improve the zoom ratio 'should be the next step. In this LC zoom
system, K, K; and D, are three factors which effect EFL of the system. Since K; and
K> which are the optical power of sGD-LC lens are intrinsically influence by LC cell,
so the controllable part is D1,. If we want to obtain 3X zoom ratio, D1, should be 2cm,
as shown in Figure 6-2. While 2cm is obviously too thick and impractical for mobile
devices, periscope lens as shown in Figure 6-3 may be a solution of striving additional
space. Since the diameter of LC lens is merely 2mm which is much lesser than the

thickness of mobiles, we consider that 3X zoom ratio could be achieved by periscope
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Figure 6-2.. The variation of lens power, K, when D;,= 2cm.

Mirror
> LC lens
Lens-head
CCDsensor
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Figure 6-3 Schematic diagram of periscope lens.
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6.2.3 Optical design for LC optical system

We have proposed a fast focusing time and low driving voltage LC lens. The
MTF of LC imaging system is cutoff at 30 (Ip/mm). The first reason is alignment
deviation of the optical system, which can be solved by mechanical alignment. The
second reason is the defect of LC imaging system intrinsically. That is because, the
conventional lens head has been already optimized. Although the additional LC lens
is well designed in paraxial optics, but the off-axis beam will cause aberrations.

To improve this issue, the optical design.of conventional lens for LC lens can be
take into consideration. In the first step, the focusing performance of LC lens should be
optimized, and then utilize solid lens to correct the image quality, image aberrations,
and enhance MTF. The role of thesolid lens is'to obtain a balance solution for focusing
at infinity and close objects. For a long term target, a well-designed optical system is
needed. This design.is not only for establish a whole optical system but also for the
advanced optical design. For example, Aspherical lens has been widely utilized in
modern optical system, and L.C lens is able to achieve different form of aspherical
lens by controlling the electricfield. By integrating L.C lens and conventional lens, the

quality of LC optical system will be much improved.
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