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Abstract
A lot of polymeric materials and their devices have been the center of intense
scientific and engineering research for many years because of fundamental
success of molecular engineering in creating a new class of materials with
appropriate physical and optical properties and easily controllable by an
surface treatment or geometrical modulation. Polymeric materials offer far
greater design flexibility and processing simplicity than current inorganic
materials. Moreover, a significant advantage of macromolecular systems
concerns the ability of combining various functional groups and fragments,
as well as the ability of polymers to form stable films, fibers, and coatings
that can be readily applied onto various substrates (metals, plastics, and
ceramics) by simple methods such as spin coating, dipping, lamination, etc.
In this thesis, electro-optic device based on polymeric materials with ordered
interfaces produced by the surface treatments are studied in the viewpoints
of the scientific researches and devices applications. The surface-induced
ordering effects of the polymer based electro-optic device are numerically
and experimentally investigated. Also, the novel concepts of the artificial
human iris and their application proposed and practically demonstrated.
First of all, we demonstrate novel electro-optic device based on liquid
crystals (LCs). In chapter 3.1, we examine the fully bound ferroelectric
i

liquid crystals in vertically aligned configuration and find a deformation of
smectic layer in the confined geometry. Using a proposed model of propagation of smectic layer tilting and molecular ordering in the topographic
confined geometry, we shown that topographic confinement occurs orthogonal anchoring forces and it is cause of structural deformation in the smectic
layer. Also, numerical simulations performed using a layer compression and
dilation theory within the molecular tilt angle formalism. This concept of
using the smectic layer deformation phenomena should be directly applicable for electro-optic devices with high subthreshold slope and low driving voltage. Moreover in chapter 3.2, a symmetric-viewing inverse-twistednematic (ITN) liquid crystal display (LCD) with alternating alignment layers was developed using a stamping-assisted rubbing (SAR) technique. The
LC cell in the ITN geometry with two orthogonally rubbed alignment layers showed symmetric-viewing characteristics with fourfold symmetry. The
SAR technique was shown to be a mask-free alignment method of producing multidomains for symmetric-viewing LCDs. And a convertible lenticular
LC lens architecture is demonstrated using an index-matched planarization
layer on a periodically undulated electrode for the homogeneous alignment
of an LC in chapter 3.3. It is found that the in-plane component of the electric field by the undulated electrode plays a primary role in the flat-to-lens
effect while the out-of-plane component contributes to the anchoring enhancement of the LC molecules in the surface layer. Our LC device having
an index-matched planarization layer on the undulated electrode is capable
of achieving the electrical tunability from the flat surface to the lenticular
lens suitable for 2D/3D convertible displays.
Next, biomimetic application of artificial iris was demonstrated in chap-

ii

ter 4. We present a new concept of artificial iris that provides a selfregulation of light intensity without peripheral devices. Spoke pattern formation like radial muscles of human eye where a liquid crystalline polymer is used as an anisotropic (radially) patterned material. In addition,
this biomimetic artificial iris is anatomically as well as functionally close
to human eyes with unique regulation mechanism. The amount of light
to retina, associated with photoreaction, is reversibly controlled through
molecular bond reformation with irradiation of light source. This concept show promise applicability of prosthetic iris implantation or humanoid
robotics.
In conclusion, throughout this thesis, functional polymer which is a matter of concern in electro-optic and biomimetic application was solved by
adopting various surface treatment technique. Especially, micro wrinkling
pattern formation is expected to have significant impact on micro patterning technique and surface modification areas. Moreover, researches on the
new functional polymers and new device geometries are highly expected to
provide a foundation for realizing the electro-optic device applications.

Keywords: functional polymers, liquid crystals, surface wrinkling, confined
ferroelectric liquid crystal, stamping assisted rubbing, liquid crystal lens,
artificial iris.
Student number: 2008-30873
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Chapter 1
Introduction

Polymeric materials and their devices have been the center of intense
scientific and engineering research for many years because of fundamental
success of molecular engineering in creating a new class of materials with
appropriate physical and optical properties and easily controllable by an
surface treatment or geometrical modulation. Equally as important as the
primary electro-optical properties, polymeric materials offer far greater design flexibility and processing simplicity than current inorganic materials.
Moreover, a significant advantage of macromolecular systems concerns the
ability of combining various functional groups and fragments, as well as
the ability of polymers to form stable films, fibers, and coatings that can
be readily applied onto various substrates by simple methods such as spin
coating, dipping, lamination, etc. Particularly, liquid crystals (LCs) and
liquid crystalline polymers (LCPs) are very useful in several key areas of
electro-optic (EO) devices and biomimetic applications.
In this thesis, electro-optic device based on polymeric materials with
1

ordered interfaces produced by the surface treatments are studied in the
viewpoints of the scientific researches and devices applications. Especially,
the surface induced ordering effects of the polymeric materials on the device
performances are numerically and analytically investigated. Also, the novel
concepts of the artificial human iris proposed and practically demonstrated.
First of all, in this chapter, the physicochemical properties of functional
polymers and patterning techniques for polymeric materials are briefly introduced.

1.1

1.1.1

Functional Polymers

Liquid crystalline polymers

Polymers with a controlled molecular organization are of interest because of their unusual, but very accurately adjustable and addressable optical, electrical, and mechanical properties. An established method to produce ordered polymers is the photo-initiated polymerization of liquid crystal
monomers [1, 2]. The variety in possible LC phases of low-molar-mass reactive mesogens provides diversity in the choice of the type of molecular
order, all being accessible to be fixed by the polymerization process [3, 4].
First of all, we will introduce variety LC phases. LC phases are formed
by many different types of molecules which differ widely in their structure.
Even though the shapes of the molecules are complicated, often they are
referred to as rod-like. Other shapes do exist, which are not of interest
2

in this thesis. The orientation of a rod like molecule can be described by
introducing two local axes, one parallel to the molecule known as long axis,
and one perpendicular to it known as short axis. In general the molecules
tend to align parallel to each other on the average leading to a preferred
direction in space.
Nematic phase
In the nematic (N) phase the long axes of molecules are aligned, on
average, parallel to a particular direction which can be indicated by a global
unit vector n called director. In principle the direction of the n vector is
arbitrary in space and represents the direction of the optic axis of the system
(see Fig. 1.1). The nematic phase possesses an orientational order, but no
positional order in a long range is present (centers of mass of the molecules
are randomly distributed throughout the medium). Only the long axis of
the molecules is more or less oriented, but there is a random distribution
between the heads and the tails of the molecules. The nematic phase is
therefore optically uniaxial. The measure of the degree of order in nematic
phase is given by the so-called order parameter
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1
2
S=
,
cos ω −
2
2

(1.1)

where ω is the deviation angle of individual molecules from the director.
For isotropic liquids S = 0, for perfect orientational order (solids) S = 1
or and LCs typically have 0.5 < S < 0.7. The order parameter of the LC
decreases as the temperature increases.
On lowering the temperature of a nematic phase, additional features of
order may appear, like positional order of the molecules’ centers of mass.
This leads to the layered structures (smectic phases), which can in fact be
3

Figure 1.1: Molecular arrangement of nematic (N), smectic A (SmA), and
smectic C (SmC) phases.
regarded as two dimensional liquids.
Smectic A phase
In the smectic A phase (SmA), molecules are oriented more or less parallel to each other and their position is ordered in layers, in which the layer
spacing is approximately equal to the length of the molecules (see Fig. 1.1).
It means that in addition to the orientational order, there exists a degree
of positional order, determined by the formation of so-called smectic layers.
The director in the SmA phase is normal to the smectic layers and determines the optic axis of the system. In reality, however, the layers are not
strictly defined, but a plot of the density of centers of mass versus distance
along an axis parallel to the director usually follows a sinusoidal variation:



2πz
ρs (x) = ρ0 1 + ψ sin
(1.2)
d0
where ρ0 is the mean density and d0 is the smectic layer spacing, which is
typically a few nanometers. ψ is the smectic order parameter [5], which
is the ratio of the amplitude of oscillation to the mean layer density, and
hence expresses the extent to which the material is layered, typically ψ < 1.
4

Inside the layers, molecules are able to move like in liquids and there is no
correlation in the position among them in adjacent layers. Smectic layers
are flexible and slide over each other. Uniformity of the layers can be easily
distorted but the interlayer spacing tends to be preserved. The smectic A
phase, similarly to the nematic phase, is optically uniaxial.
Smectic C phase
The molecules in the smectic C phase (SmC) are still arranged in layers
but, unlike in the SmA phase, they are not free to rotate around their
long axis. The long axes of the molecules are tilted in a preferred direction
with respect to the layer normal (see Fig. 1.1). The tilt direction of the
molecules in neighboring layers is correlated. Therefore the projections of
the molecules in the plane of the layers are aligned in a common direction.
This is usually denoted by a unit vector c, called c-director. The system
remains invariant for the transformation in director n to -n but not for the
c director. The angle between the director and the layer normal k defines
the tilt angle of the material and is denoted as θ. The plane in which the
tilt angle is defined, thus the plane spanned by k and n is usually called tilt
plane. The fact that the molecules tilt away from the layer normal means
that the director is confined to a conical surface of which the layer normal
is the axis. In that sense the movement of the director is strictly limited to
the orientations defined in space by the so-called smectic cone. Since the
tilt is uniform over the whole structure, the arrangement is alternatively
called synclinic order. The SmC phase is optically biaxial because there
is no rotational symmetry around the director (there is a special azimuth
corresponding to the layer normal).
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Various LCs (especially mixtures) usually have more than one LC phase.
Typically the appearance of phases as a function of the temperature is the
following: (high temp.) isotropic phase - N - SmA - SmC - crystal (low
temp.). The order of the phases always follows the rule that more ordered
phases occur at lower temperatures than less ordered phases.
Other phases
In both SmA and SmC phases, the molecules randomly diffuse within
the smectic layer. No positional order exists within each layer, so in a sense
the positional order is in one dimension only. However, other smectic liquid
crystal phases exist in which the molecules are somewhat ordered within
the layers (bond orientational order). The molecules’ centers of mass within
a layer are then arranged on an oriented hexagonal net (hexatic phases).
The positional order is then fully three dimensional. Various arrangements
are possible, and these phases have been given names like SmB (no tilt
within layers), SmI (molecules tilt towards apex of the hexagon) and SmF
(molecules tilt towards side of the hexagon) [6].
Chiral smectic phases
When chiral molecules are mixed with achiral molecules in the SmC
phase, the ferroelectric SmC* phase is formed. Resultant compounds have a
helicoidal superstructure similarly characterized by helical pitch and its sign.
In the smectic case, unlike the nematic, the dopant allows for an existence
of a spontaneous polarization PS . This very important finding has been
deduced from symmetry considerations, and states in a more general form
that all chiral tilted smectic phases exhibit a local spontaneous polarization
perpendicular to the plane spanned by k and n (tilt plane), thus in the
6

smectic layer plane. Mixing two chiral smectic compounds, the magnitude of
the polarization, the magnitude and the sign of the pitch can be controlled.
In the SmC* phase, where the molecules tilt with respect to the layer
normal, the axis of the helix is along the layer normal. The director slowly
rotates around the smectic cone progressively from layer to layer, preserving
a constant azimuthal angle within a single layer (see Fig. 1.2). Since the
helical pitch is in the order of micrometers, the director rotates around the
full cone over several thousand smectic layers.
Since the polarization vector is always constrained to be in the smectic
layer plane, and perpendicular to the molecule, all possible directions of
PS are tangent to the basis of the smectic cone. In an undistorted fieldfree SmC* sample, where the helical superstructure is able to develop, the
spontaneous polarization will average to zero over one pitch, resulting in no
macroscopic polarization of the system. That is why the name helielectric is
more appropriate, rather than ferroelectric. Application of an electric field
(perpendicular to the helix axis) will couple the polarization vector to the
field direction and unwind the helix. It means that PS can be reoriented
according to the direction of applied field. In 1980, Clark and Lagerwall
presented a new idea of unwinding the helix by surface actions. The helixfree state obtained with this geometry exhibits ferroelectric properties by
means of hysteresis behavior in a field polarity reversal. The configuration
has been called surface stabilized ferroelectric liquid crystal (SSFLC) and
triggered extensive investigations of SmC* materials because of the potential
for display applications.
As we mentioned above, nematic is not ferroelectric. Smectic liquid
crystals have a layered arrangement of rodlike molecules. In SmA, the
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Figure 1.2: Twist of the director in the SmC* phase. Due to the resulting
helical structure the polarization is canceled out on a macroscopic scale.
director and the layer normal are parallel to each other, while in SmC there
is a tilt angle θ between them. If the molecules are chiral, the SmC layer has
no mirror plane and it develops an permanent polarization Ps in a direction
perpendicular to the plane containing the layer normal and the director,
and the resulting SmC* liquid crystal is often referred to as the ferroelectric
phase. The chiral interaction, however, generate a helical structure about
the layer normal and the polarization of a bulk medium averages out to
zero. The layer polarization prefers to be aligned parallel to an external
electric field and the relevant energy (= −Ps · E) depends linearly on the
field. Thus, the direction of the applied electric field is important unlike in
the dielectric coupling (which depends on E2 exploited in the usual nematic
displays. A deformed helix ferroelectric liquid crystal (DHFLC) mode has
been investigated to exploit ferroelectrics in LCDs, which is described in
the following.
Deformed Helix Ferroelectric Liquid Crystal Mode
The DHFLC mode is based on the material that has a helical pitch
8

shorter than the wavelength of visible light. The axis of the helix is perpendicular to the smectic layers. An externally applied electric field perpendicular to the helix axis deforms the helix, resulting in a rotation of the optical
axis (the average direction of the molecules) away from the helix axis. The
deformation is due to the interaction of the applied electric field with the
molecules on the SmC cone in the direction of the field. The net polarization of the helix has the same polarity as the applied field and is zero
for the undeformed helix. The transmission T of the cell between crossed
polarizers is given by
2

2

T = T0 sin (2α) sin



¯
πd∆n
λ



,

(1.3)

in which α is the angle between the optical axis and one of polarizer, d
¯ is the macroscopically averaged
is the thickness of the LC layer, and ∆n
birefringence of the helical structure. The thickness of the LC layer is chosen
¯ = λ/2. As the birefringence ∆n
¯ of the helical structure is
according to d∆n
smaller than the molecular value ∆n, the cell gap can be made larger than
for an SSFLC, which corresponds to the unwound helix. With the helix
axis parallel to one of the polarizers, the transmission T increases with
increasing voltage, both for positive and for negative voltages. This mode
of operation is called the symmetry mode. In the asymmetric mode, the
crossed polarizers are rotated to give extinction when the helix is deformed
by a positive or a negative voltage. The advantage of the symmetric mode
is the possibility of ac driving, preventing interface charging, which would
otherwise result in strong image-retention effects. The disadvantage is the
somewhat lower transmission as the maximum rotation of the optical axis
is limited by the cone angle, which for the present materials is smaller than
45◦ . Analog grayscale is easily obtained by amplitude modulation, as the
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optical axis rotates gradually.
Liquid crystalline polymers
Liquid crystalline polymers (LCPs) are a kind of polymer that show liquid crystal phases in solid state. They are composed of low molecular mass
LCs, which can be either rod-like or disc-like, or rod- and disc-like together
in one. The constituent blocks may be of very complicated two-dimensional
or three dimensional shape. Also, they may be composed of amphiphilic
molecules as well. According to the way the mesogenic units are incorporated into the polymers, the LCPs can be classified as main chain LCPs
in which the mesogenic units are connected in the backbone or side chain
LCPs in which the mesogenic units are attached to the backbone as side
pendants. The mesogenic units may be incorporated in both ways, that is,
a part as the backbone and the other part as side groups attached to the
backbone. This kind of LCP is called the combined LCP. The side groups
may be attached to the backbone through their centers (side-on mode or
laterally attached), or through their ends (end-on or terminally attached),
or off-center attached (shoulderly attached). Figure 1.3 depicts some examples of LCPs. LCPs may be crosslinked to each other to form a network
that retains the LC feature. The LC networks deform when a stress is applied as rubber does. They exhibit rubber elasticity. A typical example of a
thermotropic LCPs is the polyesters and the mesogen substituted polysiloxane. The aromatic amide, the super strength fiber known commercially as
Kevlar belongs to the lyotropic LCPs. The other important lyotropic liquid
crystalline polymers are poly(γ-benzyl-L-glutamate), cellulose derivatives,
the tobacco mosaic virus, etc.
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Figure 1.3: Schematic representations of macromolecules of LC polymers
with rod- and disk-shaped mesogenic groups.
The presence of photochromic groups in the macromolecules of LC polymers or in the mixtures of dopants with polymers accounts for their sensitivity with respect to light or laser irradiation, which induces certain photochemical transformations. The photochromic groups play the role of effective ’switchers’ capable of sharply changing their configuration and conformation upon photo-isomerization, photo-cyclization, and other reactions.
Any change in shape of the photochromic guest molecules necessarily leads
to the distortion of the local packing of the mesogenic groups, determining
the type of the LC phase.
LC photochromic polymers occupy a special place among high-molarmass photo-responsive materials. Note that any LC polymer shown in Fig.
1.3 may be considered as a photochromic polymer when its macromolecules
contain photochromic groups. This statement concerns LC photochromic
homopolymers and copolymers containing photochromic and mesogenic
groups providing the development of an LC phase.
These polymers successfully combine the physicochemical properties of
macromolecular compounds (with their ability to form plastics, elastomers,
films, and fibers) with the mesomorphic properties of liquid crystals and
11

the photosensitivity of chromophores chemically or non-covalently included
in LC polymers. The binary nature of photochromic LC polymers offers
great advantages with respect to processing properties, photoactivity, stability of the stored information, and possible data recording on the thin
polymer films. The pronounced ability of the above compounds for selforganization and formation of various ordered supramolecular structures
under the action of external fields creates interest in the development of
new materials with local properties controlled by optical methods. These
materials could be used as new effective media for waveguides, laser disks,
light-switched triggers, and optical storage devices for electronics, electrooptics, and holography [7, 8].

1.1.2

Shape-transformable polymers

A lot of polymers have been widely used for nano- and micro-scale applications for surface patterning and replica molding. The replica molding technique provides a new strategy for making topologically complex
structures and functional surfaces. It allows the sizes and shapes of features present on the surface of the mold to be changed in a controlled
way such as as mechanical compression, bending, stretching, or combination of these deformation and generates complex structures from simple,
regular structures on planar surface. The highly isotropic deformation of
the poly(dimethylsiloxane) (PDMS) (see Table 1.1) mold even permits patterned micro-structures to be formed with gradients in size and shape. The
relief features on the PDMS mold are reconfigured by mechanical deformation, and deformed structures are replicated by casting an UV-curable
12

Table 1.1: The material constants of PDMS.
color

clear

dielectric constant @100 Hz

2.65

dissipation factor @100 Hz

0.0005

shore A hardness

50

viscosity

3900 cps

temperature range

-45 ∼ 200 ◦ C

thermal conductivity

0.16 W/K

volume resistivity

1.2e+14 Ωcm

curing condition

48 h @ room temperature

specific gravity @ 25◦ C

1.03

working time

120 min.

etc.

hydrophobic, water resistant

polymer or a thermally curable epoxy against it. The capability and feasibility of this procedure has been demonstrated in previous research [9–11].
These polymers, such as PDMS (Dow Corning) and Norland Optical Adhesive 65 (NOA65, Norland products), are mechanically robust, optically
clear, chemically inert and stable and thus these polymers suitable for softlithography process.
PDMS stamps have been patterned usually against a master to form a
relief pattern used in soft-lithography. This PDMS stamp can be used in
either its current form as a relief surface for techniques such as micro-contact
printing or can also be attached to an external source by tubing so that
liquid may be passed through channels on its surface. In this second case,
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it will often be laminated to a surface so that chemistry can be performed
on that surface producing a pattern of the PDMS stamp on to the surface.
Alternatively, a PDMS stamp can be laminated to a second piece of PDMS
to form a contained device. It is possible to pattern PDMS with nanometer
resolution. Many techniques have been developed to modify the basic setups
to perform a range of tasks such as assays on small volumes. These kinds
of devices are often referred to as microfluidic devices. Because of the small
dimensions of these devices flow is laminar not turbulent which can lead to
many useful properties.
Ultraviolet (UV)-curable polymer of NOA65 is a clear, colorless, liquid
photo-curable polymer that will cure when exposed to UV light. Since it is
a one part system and 100 % solids, it offers many advantages in bonding of
optical materials where the bonding surface can be exposed to light and in
imprinting of microstructure. The use of the NOA65 eliminates premixing,
drying and heat curing operations common to other optical adhesive sysTable 1.2: The material constants of NOA65.
parameters

NOA65

solids

100 %

viscosity @ 25 ◦ C

1200 cps

refractive index

1.524

modulus of elasticity (psi)

20,000

tensile strength (psi)

1,500

elongation @ failure

80 %

shore D hardness

50
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tems. Curing time is remarkably fast, and is dependent upon the thickness
applied and the amount of UV light energy available. The cured adhesive
is very flexible and was designed to minimize strain. The NOA65 is especially suitable where the adhesive cross section would be relatively thick.
The NOA65 has enough elasticity to keep strain to a minimum even when
dissimilar materials with different coefficients of expansion are bonded together. Typical applications would be potting of lenses in metal mounts,
bonding plastic to glass and cold blocking. The NOA65 is cured by UV
light with a maximum absorption within the range of 350-380 nanometers.
The energy required for full cure is 4.5 J/cm2 of long wavelength UV light.
The polymer has minimum oxygen inhibition, and therefore any surfaces
in contact with air will be non-tacky when fully cured. For cleanup of the
NOA65, acetone can be used if the cure has not progressed to far. If fully
cured, methylene chloride can be used to soak assemblies apart [12].

1.1.3

Fluorinated polymers

Fluorous-solvents are perfluorinated or very highly fluorinated liquids,
which are highly environmentally friendly, non-flammable and rarely toxic
to humans. They also shows zero ozone depletion potential as well as low
global warming potential. Moreover, the most important characteristics are
that fluourous-solvents are typically immiscible with organic solvents and
water, and they thus can satisfy the chemical orthogonality for processing general organic materials. Especially, fluorinated surfaces derive their
characteristics from the unique molecular properties associated with the
C-F bond that imparts a specific, unique chemistry and physics at inter15

faces. Their low surface tensions, low electrostatic loading, and low friction
coefficient can play an essential role in microelectronics, anti-fogging and
anti-fouling applications and there are promising in medical applications.
It is well known that there are materials that have a lower surface tension
than polytetrafluoroethylene (PTFE) [13]. These surfaces are often dominated by mainly CF3 groups in the surface compared to the CF2 groups of
PTFE. The higher effectiveness of CF3 compared to CF2 groups in lowering
the surface tension is attributed to the bulky F atom leading to a lower density of attractive centers per unit area at the surface [14]. Previous research
established that the surface tension depends on the constituent groups and
decreases in the order of CH2 (36 mN/m) > CH3 (30 mN/m) > CF2 (23
mN/m) > CF3 (15 mN/m) [15]. The properties of fluorinated surfaces depend not only on the coverage of the surface by the fluorocarbons but also
on the degree of order in the surface [16]. A uniformly organized array of
CF3 groups can create a surface with a surface tension as low as 6 mN/m.
In this regards, fluorinated polymers, including EGC-1700 (3MT M
Novec) and DS-1120F (Harves Co., Ltd.) are chosen for a commanding
layer, which can be well dissolved in highly fluorous-solvents, to guarantee
the chemical compatibility. Table 1.3 describes the general physical properties of EGC-1700. Note that this fluorinated polymer solution, EGC-1700,
is comprised with fluorinated polymer which is very hydrophobic, and thus
the commanding layer can be successfully applied to provide selective wettability as well. In addition, the commanding layer of the fluorous-solvent,
HFE-7100, can be easily formed on a variety of substrates including a glass,
a metal foil, and even a plastic substrate, due to the very low (61 ◦ C) boiling points of fluorous-solvent, by the method of dip-coating in a uniform
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Table 1.3: The physicochemical properties of EGC-1700.
properties

EGC-1700

appearance

clear,
colorless or light-colored

specific gravity @ 25 ◦ C

1.5

solvent

HFE-7100

boiling point of solvent

61 ◦ C

surface energy of dry film

11 ∼ 12 dynes/cm

dielectric constant @ 25 ◦ C, 1 kHz

3.1

coating thickness

∼ 1 µm

refractive index of dry film

1.38

thickness ranging from a few tens of nanometers to micrometer by simply
varying the dip-coating speed and the solution concentration.
The use of a fluorinated polymer layer as a commanding layer is always
possible provided two conditions are met. The first is that the fluorinated
polymer layer can be easily patterned into fine features in a simple and
cost-effective way. The other is that it can be clearly erased without any
debris on a substrate. The fluorinated polymer can simply be removed
by adding a fluorous-solvent even after the formation of thin films. For
the patterning of commanding layers, in this thesis, two unconventional
techniques, one of which is based on the optical method and the other on
the soft-lithography, are devised to provide appropriate way of patterning
such fluorinated polymer layer.
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1.2

Patterning Techniques for Polymeric
Materials

Structured thin polymer films have important applications in plastic
electronics, biomedical devices, optical components, such as gratings or
photonic crystals, and so on. In addition to conventional methods, such
as shadow mask patterning, photolithography, and ink-jet printing, a number of bottom-up methods have been developed in recent years for making
broad types of polymer patterns, such as microcontact printing, imprint
lithography, soft-contact lamination, transfer patterning, phase separation,
evaporative assembly, and various kinds of surface instabilities. Compared
to conventional top-down methods, those bottom-up strategies share the
common characteristics of natural design and facile manipulation.

1.2.1

Conventional methods

Shadow Mask Patterning with thermal deposition
Thermal sublimation in vacuum is the most common means for depositing small molecular organic thin films. This process involves the heating of
the source material in a vacuum chamber, with the substrate located several
centimeters distant, usually placed above the source. Thermal evaporation
is widely used in the processing of inorganic semiconductor devices because
of the precision with which layer thicknesses can be controlled (typically
to within 0.5 nm), and the relative simplicity of the process. One partic18

ular advantage of thermal evaporation is its ability to grow an unlimited
number of layers, each optimized for a different function, to complete the
device structure. This flexibility in device design is an inherent feature of
dry processing that is, the several material layers that are deposited to form
a device structure do not physically interact because there is no solvent that
might transport material and chemically attack the pre-deposited film. This
compatibility between layers provides for enormous flexibility in choosing
materials and structures to be used in complex, modern electronic devices.
In thermal evaporation, various patterns can be easily produced by adding
a shadow mask, which is usually a thin metal film with holes of desired patterns, between a source material and a substrate in a chamber. However,
blurs and errors can be generated, as the size of the substrate increases or
the features become smaller, by the sagging of thin metal mask due to the
gravitational force, resulting in the limitation of pattern resolution over the
large-area.
Ink-jet Printing
One emerging patterning strategy for solution-processed polymers is inkjet printing. Patterns can be generated by ejecting a droplet of the solvated
polymer from a micrometer-scale nozzle from a modified ink-jet printer and
subsequently driving off the solvents from the droplet landed at the substrate. The ink-jet printing method enables to locally produce the parallel
patterns of different classes of materials, while the entire substrate is coated
with only a single material by the general solution processes including ’spinon’ or ’spray-on’, and is demonstrated to fabricate full color organic light
emitting diode displays. However, it is still difficult to produce precise
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patterns through ink-jet printing since the pattern dimension is usually determined by the range where the polymer ink spreads out. Some kinds of
preprocessing, therefore, are additionally required such as a fabrication of
well structures to physically block the spread of polymer ink. Such structures might limit the freedom of designing device structures, and thus various surface treatments using plasma or UV are recently attracted much
attention to locally control the surface wettability.
Photolithographic
Photolithographic techniques have been widely used in the inorganic
semiconductor industry, which have the capability of high-resolution and
high-throughput as well as the availability of well-established equipment
and expertise. Patterning of thin films based on the photolithographic processes can be generally divided into two different methods, one of which
is ’additive’ and the other are ’subtractive’. In the ’additive’ method, the
target film is deposited onto the preformed photoresist (PR) patterns and
subsequently lifted-off by removing the PR simultaneously with the residual
thin films on it, leaving only the desired thin film patterns on a substrate.
On the contrary, the etching process is used in the ’subtractive’ method.
The PR is first patterned on a pre-deposited thin film to be used as a ’etch
mask’. The following etching process to erase the thin film exposed to the
solvent completes the pattern generation on a substrate. Such two types of
photolithographic patterning processes commonly have not been used in the
fabrication of organic electronic devices mainly due to the chemical incompatibility. Organic solvents or other agents used in the photolithography
might chemically attack or dissolve the pre-deposited organic films.
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1.2.2

Soft-lithographic techniques

Microcontact printing (µCP)
Micro-contact (µCP) printing is one of the soft lithography that uses the
relief patterns on a master PDMS stamp to form patterns of self-assembled
monolayers of ink on the surface of a substrate through conformal contact.
Its applications are wide ranging including microelectronics, surface chemistry and cell biology. The µCP printing can be used in several different
ways. The pattern generated by the printing can serve as an etch mask or
it can become a patterned active area or it can define the electrodes. It can
also be used to create a medium by which selective deposition is possible.
Moreover, the µCP printing has been used to advance the understanding of
how cells interact with substrates. This technique has helped improve the
study of cell patterning that was not possible with traditional cell culture
techniques.
Imprint lithography
Imprint lithography [17] can also be used for the patterning for the fabrication of organic electronic or electro-optic devices. One distinct advantage
of imprint lithography is its simplicity. The single greatest cost associated
with device fabrication is the optical lithography tool used to print the circuit patterns. Also, imprint lithography is inherently a three-dimensional
patterning process. Imprint molds can be fabricated with multiple layers of
topography stacked vertically. Resulting imprints replicate both layers with
a single imprint step, which allows device manufactures to reduce device
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fabrication costs and improve product throughput. Moreover, the imprint
material does not need to be finely tuned for high resolution and sensitivity.
A broader range of materials with varying properties are available for use
with imprint lithography. The increased material variability gives chemists
the freedom to design new functional materials rather than sacrificial etch
resistant polymers. A functional material may be imprinted directly to form
a layer in a chip with no need for pattern transfer into underlying materials.
The successful implementation of a functional imprint material would result
in significant cost reductions and increased throughput by eliminating many
difficult chip fabrication processing steps.
Transfer patterning
Transfer patterning [18] can be used not only for the transfer of one layer
but also for multiple layers. Therefore, the method can be used to realize
entire device transfer for patterns in the vicinity. In one example the multilayer structure of the organic light emitting diode including the cathode is
transferred onto a patterned ITO anode on a glass substrate. Fluorinated
ethylene propylene is, often, first deposited on a mold to reduce the work
of adhesion at the mold interface, followed by sequential depositions of the
aluminum cathode and organic multilayer stacks. Device transfer is accomplished by pressing the coated mold onto the substrate at a pressure ranging
from 1 to 5 MPa at 50 ◦ C for 5 min. After cooling to room temperature,
the mold is simply removed, thereby, transferring the device structure on
the protruding parts of the mold to the substrate. After the 1st pixel is
fabricated, the same procedure can be followed for aligning and transferring
2nd and 3rd pixels for RGB pixelation in organic light emitting diodes. The
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Table 1.4: Comparison between photolithography and soft lithography [19].

Definition of patterns

Photolithography

Soft-lithography

Rigid photomask

Elastomeric stamp or
mold

Material that can be Photoresists
patterned directly

(poly- Photoresists

mers with photosensi-

(µCP,

SAM)

tive additives)
SAMs on Au and SiO2

SAMs on Au,

Ag,

Cu, GaAs,Al, Pd, and
SiO2
Conducting polymers
Colloidal materials
Sol-gel materials
Organic and biological
macromolecules
Surfaces and struc-

Planar surfaces 2-D Both planar and non-

tures that can be pat-

structures

planar Both 2-D and

terned

3-D structures

Limits to resolution

∼20 nm

∼30nm (laboratory)

Minimum feature size

20 nm

30-100 nm

performance of the devices thus fabricated is equivalent to those formed in
the conventional way.
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1.3

Outline of Thesis

This thesis contains five chapters including Introduction and Conclusion. In Chap. 1, the various functional polymers will introduce such
as liquid crystalline polymers (LCPs), shape-transformable polymers, and
fluorinated polymers. Among them, the LCPs are given a full explanation
because it has a unique optical anisotropy in solid state and the controllability of the optic axis in various geometries. In addition, the brief introduction
of ferroelectric liquid crystals (FLCs) is provided in the view point of material properties. Moreover, In order to understand the issues regarding
the fabrication processes, several methods in the range from the typical
fabrication techniques, which have well been applied to the industry, to the
unconventional patterning method mainly based on the soft-lithography are
explained on the basis of respective merits and drawbacks. In Chap. 2, we
will provide novel concepts of spontaneous pattern formation processes in
LCP films through utilizing surface modifications. The LCP, incorporating
the anisotropic mesogenic groups into polymer chains, is a polymer having
LC state in solid state. The proposed methods enable the pattern formation of well aligned one- or two- dimensionally periodic micro-structures
over the large area, without additional template or patterning steps. Chapter 3 contains the electro-optic device applications including display and
optical components. The FLC device with confined channel structure is
first demonstrated. Second application is symmetric-viewing liquid crystal display with alternating alignment. And finally, we demonstrated the
controllable lenticular LC lens for 2D/3D convertible display. In addition,
we discussed that a certain external influence (such as, surface anchoring,
electric fields, and optical fields) is used to (re)orient the LC in a certain
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way. In turn, the LC then changes the light that is propagating through
it. Of course, it is impossible to list all the fascinating new scientific results
or breakthroughs. In Chap. 4, we present a new concept of biomimetic
application of artificial iris that provides a self-regulation of light intensity
without peripheral devices and spoke pattern formation like radial muscles
of human eye where an LCP is used as an anisotropic (radially) patterned
material. In addition, this biomimetic artificial iris is anatomically as well
as functionally close to human eyes with unique regulation mechanism. Finally, some concluding remarks for our thesis are made in Chap. 5.
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Chapter 2
Pattern Formations of Liquid
Crystalline Polymer

Wrinkles or folds are ubiquitous in nature and often regarded as an undesirable defect [20,21]. When membranes are exposed to compressive strains,
they typically respond already at rather low stresses by a so called buckling
instability. The membrane deforms perpendicular to the stress direction
and thus wrinkles are formed. In spite of their omnipresence, wrinkles have
received comparably little attention by scientists so far. This is mainly due
to the fact that buckling processes underlying wrinkle formation are instabilities that can only be described by nonlinear theories, often an analytical
description is not possible which limits accessibility to specialists. However,
due to the periodic nature of wrinkles, this spontaneous pattern formation
is becoming increasingly attractive as a simple method to produce surface
structures of micrometer scale that does not require predefined photo-masks
or templates [22,23]. Moreover, these processes are interesting for their pat26

tern complexity as well as ease of formation with a dominant periodicity.
The processes that underlie the formation of these spectacular patterns are
usually governed by a physical instability whose evolution results in the selection of a characteristic wrinkling length scale. This length scale is often
determined as the result of a compromise between two or more competing physical processes that favor structure formation on different length
scales. Recently, structured surfaces are very attractive in various applications including stretchable electronics [24], photonics [25–27], wettability
control [28], micro-fluidic devices [29], cell-based biosensors [30]. They also
have been used to measure the mechanical properties of thin films [31] and
to manufacture optical components such as diffraction gratings and optical diffusers [32]. To pattern, various techniques have been employed for
the fabrication of micro- and nano-structures on solid substrates, such as
colloidal lithography [33], surface relief grating [34], electro spinning [35],
dip-pen lithography [36] or nano-imprinting [37]. However these methods
have severe drawbacks, including high cost, the substantial inconvenience of
using clean room facilities and their inability to generate complex patterns
with gradients of amplitudes and tailor-made geometries.
In this chapter, we will provide novel concepts of pattern formation processes in liquid crystalline polymer (LCP) films through utilizing surface
modifications such as plasma treatment and high power UV irradiation. The
LCP, incorporating the anisotropic mesogenic groups into polymer chains,
is a polymer having liquid crystal (LC) phase in solid state. The proposed methods enable the pattern formation of well aligned one- or twodimensionally periodic micro-structures over large area, without additional
template or patterning steps.
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These methods of a plasma treatment and a high power UV irradiation
for the pattern formation of LCP will be introduced in the viewpoint of the
physical and mechanical properties of the patterns in the following section.
Two types of patterning approaches will be explained in the Chap. 2.1
and Chap. 2.2, respectively. And the properties of materials of polyimideand fluorinated- polymer for the surface modifications will be introduced.

2.1

Polymerization of Liquid Crystalline
Polymer

Before discussing the wrinkling of LCP, in this section, the chemical
mechanism of polymerization in LCP film is briefly introduced. In chemical
compounds, polymerization occurs via a variety of reaction mechanisms that
vary in complexity due to functional groups present in reacting compounds.
In more straightforward polymerization, alkenes, which are relatively stable
due to bonding between carbon atoms, form polymers through relatively
simple radical reactions. On the other hand, more complex reactions such as
those that involve substitution at the carbonyl group require more complex
synthesis due to the way in which reacting molecules polymerize.
When a LCP with reactive mesogenic group is formed as a thin film and
irradiated with UV light of a wavelength to match the initiation wavelength
of the photoinitiator break down to form free radicals, starting a rapid
polymerization process as shown in Figs. 2.1 (a) and (b). New chemical
bonds are formed as the polymerizable groups of reactive mesogens begin to
link together. This causes the formation of cross-linked network of carbon28

Figure 2.1: Schematic diagrams ((a) and (b)) and optical microscopic images ((c) and (d)) show the before and after polymerization of LCP film
using UV irradiation, respectively.
carbon bonds. The LC core structures will remain ordered, but stop to move
freely in LC phase. There is no chemical modification of LC core during
the polymerization. In this way, a solid polymer film is formed with similar
optical properties to those of LC phase prior to polymerization. Figures
2.1 (c) and (d) show optical microscopic images of before and after UV
exposure under crossed polarizers, respectively. Here, P, A, and R represent
the polarizer, the analyzer, and the rubbing direction, respectively.
For uniform LCP alignment, the polyimide (PI, AL22620, Japan Synthetic Rubber Co.) was spin-coated (3000 rpm for 30 s) on the glass substrate and thermally cured at 180 ◦ C for 1 h. The surface of the coated
PI film was subsequently rubbed by a conventional roller type rubbing machine. As shown in Fig. 2.1, the LCP film has uniform alignment regardless
of polymerization.
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2.2

Anisotropic

Wrinkling

Patterns

Through the Plasma Treatment
Base on previous research [38], in the polymerization of polymers, external energy intensity, such as light and thermal, is a critically important
factor of film uniformity because it is directly related the number of photons delivered. During the polymerization, lower energy density for a long
time obtained uniform cured film. On the other hand, at higher energy
densities, polymers had a higher coefficient of thermal expansion than at
lower energy densities. So, higher energy density in a short time can cause
non-uniformity of the cured surface. In this section, in order to form the
non-uniform surface, the LCP film cure by using plasma exposure instead
of low-dose UV light for polymerization.
Upon curing using the plasma, the liquid LCP develops a depth-wise
gradient in degree of cross-linking or solidification as shown in Fig.2.2. The
LCP layer starts developing a modulus. The top layer being most cured
develops a modulus first and behaves like a solid skin, which is capable of
supporting stresses as shown in Fig. 2.2(c). During the plasma treatment,
the edges of the LCP layer appear to solidify first and thereby anchor the
skin to the substrate. The strength and thickness of the skin depends on
curing conditions. The skin under in-plane compressive (or tensile) stress
can form wrinkles. During the polymerization, as the freely moving LCP
molecules come close and cross-linking with each other, the skin shrinks
or its stress-free state shrinks [39]. The stress-free state of the skin is the
state that the skin would attain if it were allowed to deform freely. But the
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Figure 2.2: Schematic diagrams show the postulated steps of wrinkle formation.
skin is physically attached to the substrate at its edges and therefore cannot shrink freely. This frustrated shrinkage is expected to produce in-plane
tensile stresses in the skin. On the other hand, the depth-wise gradient in
the degree of cross-linking also results in un-reacted oligomer concentration
in the opposite direction. This results in a gradient in chemical potential
of the un-reacted oligomer, which is usually monotonic in its concentration
that causes the oligomer to diffuse upward into the skin. Such low molecular weight diffusible oligomers are available. The skin, more specifically its
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Figure 2.3: Cured LCP with plasma treatment: (a)Surface topology and
(b) microscopic image under crossed polarizers.
stress-free state, swells by absorbing oligomers. The stress-free state of the
skin, which was initially shrunken by reaction, gets progressively swollen
by diffusing oligomers. Again, the skin being anchored to the substrate
at its edges cannot swell freely and can therefore experience a compressive
stress. There appears a competition between the tensile stresses resulted
from shrinking of stress-free state by reaction, and compressive stresses resulted from swelling. Further diffusion of oligomer into the skin can slowly
change the state of stress of the skin from tensile to compressive. It is hypothesized that the diffusing oligomer alone can generate enough in-plane
compressive stress to make the plane state of the skin unstable with respect
to buckling. The skin relieves stresses by out of plane deformation to produce wrinkles. Further curing solidifies the remainder of the LCP film and
sets the wrinkle patterns.
Figure 2.3 shows the microscopic images of plasma treated LCP layer
with wrinkled microgrooves that were observed with an optical microscope
(Optiphot2-Pol, Nikon) under crossed polarizers. Since the modulus of the
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curing, the LCP layer form isotropic wrinkles as shown in Fig. 2.3(a). Also,
LCP molecules randomly aligned along the wrinkle pattern as shown in
Fig. 2.3(b). These experimental results show that plasma treated LCP
layer obtains wrinkle patterns and molecules of LCP aligned randomly.

2.2.1

Unidirectional wrinkling patterns on rubbed
surfaces

As mentioned above, a variety of interesting applications takes advantage of the periodic nature provided by highly ordered wrinkling patterns,
which were used as building blocks for hierarchical structures. This includes
the utilization of wrinkled substrates as diffraction gratings and colloidal
crystal assembly. Topographically patterned surfaces with periodicities order of micrometer are conventionally fabricated by lithography which is
experimentally demanding in terms of equipment. We are proposing an
alternative and simple method for the formation of anisotropic wrinkle pattern through utilizing anisotropic nature of molecularly aligned LCP. The
proposed method enables the self-organized patterning of well aligned oneor two- dimensionally periodic micro-structures over the large area, in the
absence of any additional template or elastomeric substrate.
Figure 2.4 depict the fabrication process of the anisotropic wrinkling.

In this work, we use the LCP of reactive mesogenic so-

lution (RMS03-001C, Merck Ltd.)

which is UV curable, acrylate-

based LC monomer solution for planar alignment [40].

The RMS03-

001C is composed of four different acrylate-based monomer including 4-(6-Acryloyloxyhexyloxy)-benzoic acid (4-cyanophenyl ester), 4-(333

Figure 2.4: Schematic diagrams of the anisotropic wrinkling process with
unidirectional rubbing technique. Here, d and d′ represented the thickness
of LCP, respectively. And w and p are width and period of wrinkle pattern,
respectively.
Acryloyloxypropyloxy)-benzoic acid 2-methyl-1,4-phenylene ester, 4-(6Acryloyloxyhexyloxy)-benzoic acid-(4-methoxyphenylester), and 2-methyl1,4-phenylene-bis[4-(6-acyloyloxyhexyloxy)benzoate]. The molecular structures of RMS03-001C are illustrated in Fig. 2.5.
To align liquid LCP in a specific direction, the PI of AL22620 was spincoated (3000 rpm for 30 s) and baked at 180 ◦ C for 1 h. The surface of
the coated PI film was subsequently rubbed by using rubbing method in a
specific direction. When LCP was spin-coated (3000 rpm for 30 s) onto the
rubbed PI film, the molecules of liquid LCP in contact with the PI film were
aligned along the rubbing direction, and formed a unidirectional alignment
state like nematic LC phase. At this step, the aligned LC state of the
LCP film was confirmed by the visual inspection using crossed polarizers as
shown in Fig. 2.1. Then, the sample was baked for 1 min at 60 ◦ C so as
to remove the residual solvent in liquid LCP. The LCP film thickness was
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Figure

2.5:

Chemical

acryloyloxyhexyloxy)-benzoic

constitution
acid

of

RMS03-001C:

(4-cyanophenyl

ester),

(a)

4-(6-

(b)

4-(3-

acryloyloxypropyloxy)-benzoic acid 2-methyl-1,4-phenylene ester,

(c)

4-(6-acryloyloxyhexyloxy)-benzoic acid-(4-methoxyphenylester), and (d)
2-methyl-1,4-phenylene-bis[4-(6-acyloyloxyhexyloxy)benzoate].
measured by an atomic force microscopy (AFM, XE-100, Park Systems),
exhibiting ∼800 nm as the initial film thickness (d).
For the wrinkle formation, the prepared (uncured) LCP films were exposed to plasma environment. At this work, oxygen (O2 ) was used as both
carrier gas and reactive gas (at 0.1 torr). During the plasma exposure,
the film of unidirectionally aligned LCP expands and the plasma induced
cross-linking and oxidation occurs on the top surface. The formation of the
cross-linked top skin layer can be explained by the plasma polymerization as
mentioned above. As a result, the film has a bilayer constitution comprised
of the polymerized hard skin layer supported on the still liquid LCP under
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Figure 2.6: Optical microscopy images of the wrinkles induced by the plasma
treatment of LCP film. LCP films prepared on alignment layer of rubbing
(drum) speed of (a) 200, (b) 1000, and (c) 3000 rpm. Each insets show the
image of FFT depending on the wrinkle morphology. (d)-(f) show the AFM
images as a function of rubbing drum speed of 200, 1000, and 3000 rpm,
respectively.
layer behaving viscoelastically. After a short (30 s) exposure to plasma,
uniformly undulated patterns evolved on the LCP film surface.
Let us determine how the rubbing strength of alignment layer influences
the wrinkle formation of the LCP upon the plasma treatment. We fabricated the anisotropic wrinkle formation with various rubbing condition
(drum speed) of 200, 1000, and 3000 rpm. Figure 2.6 shows the rubbing
condition-dependent anisotropic wrinkles as a function of the rubbing drum
speed. Each inset (Fig. 2.6) show the image of fast Fourier transform (FFT)
depending on the wrinkle morphology. According to the distributivity law,
the FFT image obtains the strong anisotropy with increasing the rubbing
(drum) speed. Note that, the FFT is used to gain information about the
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Figure 2.7: (a)-(c) Optical and (d)-(f) AFM images of the anisotropic wrinkle pattern with different RMS film thickness. The changes in thickness and
period show the effect of film thickness on the morphology of anisotropic
wrinkle. Each insets of (b) and (c) show the diffraction pattern image depending on the period of wrinkle.
geometric structure of the spatial domain image. The FFT is an important
image processing tool which is used to decompose an image into its sin and
cos components. The output of the transformation represents the image in
the Fourier domain, while the input image is the spatial domain equivalent.
In the Fourier domain image, each point represents a particular frequency
contained in the spatial domain image. While an low speed rubbed layer
has a relatively low uniformity and random molecular orientation, an high
speed rubbed layer has a periodic wrinkle one-dimensionally aligned molecular orientation as shown in Fig. 2.6 (d)-(f).
Next, to examine the relationship between the thickness of coated LCP
film and geometric dimension of wrinkle, plasma treatment condition (exposure time and power) was set and only the thickness of the LCP film was
controlled by varying spin-coating speed from 2000 to 6000 rpm with 2000
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rpm increment. Figure 2.7 shows the anisotropic wrinkle pattern with different (700, 1000, and 1500 nm) thickness of LCP film. As shown in Fig. 2.7,
the topology of anisotropic wrinkle pattern can be controlled by changing
the thickness of the LCP coating. The increasing film thickness (d) resulted
′

in the formation of patterns with higher thickness (d ) and larger period
(p). Because, almost the same amount of strain was induced in the surface
layer with the same duration of plasma exposure, and thus the thickness
of the pattern with longer period tends to be larger than that with shorter
period. As a consequence, the thickness of the pattern with increasing film
thickness becomes larger. Each insets of Fig. 2.7(b) and (c) depict images
of laser diffraction pattern. These showed the well-ordered periodicity of the
anisotropic wrinkle pattern and period of wrinkles is reflected to the interval of each diffracted beam. A He-Ne laser of 632.8 nm was used as a light
source for measuring the diffraction property of our wrinkled LCP sample.
All the measurement were carried out at room temperature. So, well-defined
wavy patterns of the anisotropic wrinkling in various film thicknesses also
reflect that molecular alignment is well maintained over a sufficiently wide
range of film thickness as shown in Fig. 2.8. Note that, with increasing film
thickness, the sinusoidal waveform of wrinkle pattern was transformed into
a rectified sinusoidal waveform due to the pinning.

2.2.2

Selective wrinkling patterns on alternating surfaces

Based on the above the results, we now describe the applicability of the
selective wrinkling patterns on alternating surface. First of all, the transfer
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Figure 2.8: Influence of the LCP film thickness on the geometric dimension of wrinkle. The morphological changes as a function of the LCP film
thickness.
printing method for alternating surface is briefly introduced. The transfer printing is one of the representative soft-lithographic techniques. From
the general characteristics of soft-lithography, the transfer printing can also
provide a capability of high-resolution patterning, large-area coverage, and
a applicability even to curved surface. One of the attractive applications of
the transfer printing is patterning of thin films to act as resists for following
etch or rubbing processes [10, 41]. The transfer printing is particularly appealing to these systems since solvents used in traditional photolithographic
processing can damage or degrade a bottom layer, such as alignment layer
or substrate. Thus, the transfer printing method can be reasonably applied
to the patterning of commanding layer in our work.
Such characteristics are essentially derived from the intrinsic nature of
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Figure 2.9: Schematic illustration of the procedure for transfer printing
based on the work of adhesion.
the transfer printing which is based on the work of adhesion. Figure 2.9
shows the basic concept of transfer printing. A mold prepared for the
desired pattern is coated with a film to be transferred. In our case, a
fluorinated polymer thin-film was dip-coated on a predefined polydimethylsiloxane (PDMS) stamp. Note that a fluorinated polymer solution was successfully dip-coated on a surface of a PDMS stamp. PDMS is well known to
be very hydrophobic, and thus most solutions can hardly be coated without
any surface treatment on a surface of a stamp. However, the fluorinated
polymer solution of EGC-1700 (3MT M Novec) can be clearly coated on a
hydrophobic surface with very high uniformity due to the use of highly
volatile fluourous-solvent of HFE-7100 (3MT M Novec). The solvent rapidly
evaporated before the solution slips down from the surface of the PDMS
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mold, leaving the fluorinated polymer molecules on it, and the uniform thin
film of commanding layer can consequently be formed. Then, the mold is
brought into contact with a substrate to transfer a fluorinated polymer film
from a mold to a substrate. Without any need to apply heat or pressure, intimate contact between the fluorinated polymer thin film and the substrate
is produced when the stamp is placed on a substrate. When the mold is
peeled-off, the film on the protruding parts of the mold gets transferred to
the substrate.
For this transfer to take place, the work of adhesion at the mold-polymer
interface W mp has to be smaller than that at the polymer-substrate interface
W ps [42, 43]. In our work, for the case of intimated contact and absence of
specific chemical interaction, this work of adhesion can be approximately
determined as
Wmp − Wps = (γs − γm ) − (γps − γmp )

(2.1)

where, γ m , γ p , and γ s are the surface energies of the mold, the fluorinated
polymer film, and the substrate, respectively. The γ ps and γ mp are the
interfacial binding energies between the fluorinated polymer film and the
substrate and between the mold and the fluorinated polymer film. The first
term (γ s -γ m ) can be much larger than the second term (γ ps -γ mp ), since it
is often the case that γ p ≪ γ m or γ s . The difference in work of adhesion is
then roughly equal to the difference in surface energies of the substrate and
the PDMS mold. For most substrate including a glass or a plastic which
are widely used for the electro-optic devices, the PDMS mold interface is
weaker than the substrate interface. Accordingly, the fluorinated polymer
film can be easily transferred from the mold to the substrate [44].
Now, we will introduce the novel fabrication method of bidirectional
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Figure 2.10: SAR technique for achieving the bidirectional alignment of
LCP layer: a stamping process involving transferring the commanding layer
of a fluorinated polymer onto the first rubbed alignment layer, the substrate
with the commanding layer on top of the first alignment layer, the second
rubbing process on the first alignment regions that are not covered with the
commanding layer, the fabricated bidirectional alignment layer which the
rubbing directions are perpendicular to each other.
wrinkled layer based on the stamping assisted rubbing (SAR) technique.
The SAR technique for achieving bidirectional alignment is illustrated in
Fig. 2.10. The alignment layer of PI (AL22620) was spin-coated on a substrate and then rubbed unidirectionally to promote homogeneous alignment.
To generate bidirectional LC alignment, a commanding layer on a patterned
stamping mold of PDMS was transferred onto the first rubbed PI by stamping, and was cured at room temperature. The second rubbing process was
then performed on the uncovered regions with a commanding layer, along

42

Figure 2.11: Microscopic images of the bidirectional alignment of LCP layer:
(1) first alignment region, (3) second alignment region that are not covered
with the commanding layer, and (2) region of between first and second
alignment region.
the direction of perpendicular to the first rubbing direction. The substrate
was rubbed twice to ensure the saturation of the tilt bias angle [45]. Finally, the commanding layer was dissolved in the hydroflouroether solvent
of HFE-7100, and bidirectional alignment was readily achieved. Then, LCP
layer spin-coated and bidirectional wrinkles induced in the LCP layer with
the plasma treatment as mentioned above.
Figure 2.11 shows microscopic images of LCP layer with bidirectional
wrinkled domain by using SAR technique. Since the direction of wrinkles is
determined by the rubbing, direction of wrinkles that the second alignment
region (region of uncovered with the commanding layer) changed along the
second rubbing direction as shown in Fig. 2.11(3). Note that, intermediate
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Figure 2.12: Influence of the second rubbing condition on the first rubbed
substrate.

AFM images of (a) homogeneous alignment layer and (b)

homeotropic alignment layer with different rubbing condition. (c) The angle
of wrinkles changes as a function of second rubbing conditions.
region coexist both aligning properties.
To further elucidate the mechanism of pattern formation and transition, a series of in situ studies were performed under AFM. Figures 2.12(a)
and (b) show AFM images of wrinkled LCP layer on the homogeneous
(AL22620) and homeotropic (AL60702, Japan Synthetic Rubber Co.) alignment layer, respectively. Also, (1)-(4) are LCP layer with different align-
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Figure 2.13: Variety of alternative patterns via surface wrinkling. (a)-(c)
Optical microscopy images of various wrinkling patterns produced on 700
nm thick LCP layer with SAR technique (the scale bar is 100 µm).
ment conditions such as (1) un-rubbed, (2) 1st rubbing of 2000 rpm, (3)
(2)+2nd rubbing of 4000 rpm, and (2)+2nd rubbing of 6000 rpm. When
alignment layer rubbed in one direction, one dimensional wrinkles appeared
along the first rubbing direction. When the second rubbing (perpendicular with the first rubbing direction) was subsequently applied to the first
rubbed alignment layer before LCP coating, the final released wrinkle pattern was found gradually transition itself from 0

◦

to 90

◦

respect to the

first rubbing direction as shown in Fig. 2.12(c).
A variety of patterns was observed by using SAR technique with dif-
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ferent predefined elastomeric mold. These included concentric circles, lineby-line with alternative wrinkles are shown in Fig. 2.13. Wrinkles of these
patterns aligned along the rubbing direction and the anisotropic molecular
orientation of the LC phase at the surface layer is preserved in the crosslinked polymer network. Optical microscopy (Optiphot2- Pol, Nikon) under
crossed polarizers was used to examine the topology of the resulting patterns.
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2.3

Symmetric Wrinkling Pattern Through
UV Irradiation

Based on the wrinkling patterns produced by plasma treatment, we now
describe another technique of wrinkling by using UV irradiation. It is very
simple and generic platform to pattern functional polymer films without
vacuum process. As mentioned above, the LCP film starts developing a
modulus due to the polymerization. The top layer being most cured develops a modulus first and behaves like a solid skin, which is capable of supporting stresses. The skin relieves in-plane compressive (or tensile) stresses

Figure 2.14: Schematic diagrams show the postulated steps of wrinkle formation using UV irradiation: (a) uniform surface before UV irradiation,
(b) wrinkled surface after UV irradiation. Microscopic images of right side
show the surface topography (the scale bar is 50 µm).
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Figure 2.15: Microscopic images of the growth of a wrinkled surface obtained
after UV exposure. (a) high (100 mW/cm2 ) and (b) low (5 mW/cm2 ) power
UV. Here, the scale bar is 100 µm.
by out of plane deformation to produce wrinkles through UV irradiation as
shown in Fig. 2.14. In this section, symmetric wrinkling pattern of LCP
film produced by using UV irradiation and selective wettability.

2.3.1

Key factors of the wrinkle formation

To investigate the relationship between the UV intensity and the wrinkle
formation, LCP films were irradiated with different UV intensity. Figure
2.15 shows microscopic images of the LCP film according to the UV exposure time. As shown in Fig. 2.15(a), LCP films prolonged exposure to low
intensity UV (5 mW/cm2 ) cannot form wrinkles. On the other hand, when
exposure to high (100 mW/cm2 ) intensity UV, even a relatively small time
exposure it is the formation of wrinkles. It is found that UV intensity is
one of the critical factors to form surface wrinkling. Based on the above the
result, Fig. 2.16 shows the condition of the UV intensity and the exposure
time for the wrinkling pattern formation. The critical intensity and expo48

Figure 2.16: Irradiation conditions (UV exposure time and intensity) for
wrinkling formation.
sure time of the UV is denoted by region of red color at which a wrinkling
pattern formation. Prolonged exposure to UV even at low intensity UV
that there are no wrinkles can be formed.

2.3.2

Control of wrinkling patterns by the surface
wettability

As mentioned above (Fig. 2.5), a material of LCP which is used in
the work has both hydrophilic and hydrophobic groups, these means that,
the LCP can be aligned by using the surface wettability. We develop a
simple and powerful method of fabricating wrinkled microstructure arrays
through UV assisted inscription technique. Figure 2.17 shows the schematic
illustration of each step of the fabrication process of aligned wrinkles using
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Figure 2.17: Schematic illustration of each step of the fabrication process
of symmetric wrinkling using UV assisted inscription technique.
UV assisted inscription technique.
Now let us describe the detail fabrication processes of aligned wrinkles.
First, hydrophobic fluorinated polymer (DS-1120, Harves Co., Ltd.), was
spin-coated on a glass substrate and cured at 85 ◦ C for 30 min, for use as
a commanding layer. The thickness of the commanding layer was varied
from a few tens of nanometers to a few hundred nanometers, while varying
the spinning rate and the solution concentration. Here, we used the ∼ 300
nm-thick commanding layer. And then, UV-inscription ablation technique
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is then performed. The substrate coated with fluorinated polymer commanding layer is exposed to the UV light (λ=365 nm). The total amount
of energy absorbed from the UV light should be adjusted so that it is above
the threshold of the commanding layer ablation. By exposing a commanding layer to UV light through a predefined photo-mask, desired patterns
can be inscribed onto a commanding layer as shown in Fig. 2.17(b). It
should be noted that quartz has to be used for a photo-mask, not a sodalime glass, so that total energy of UV light can reach the commanding layer
without any loss. Such UV-inscription method may be preferred for the
precise patterning in high-resolution due to the technical similarities with
the typical photolithography which shows the capability of high-resolution
patterning down even to sub-micrometer scale. The contact angles of the
water on inscribed region and commanding layer region were measured as
24

◦

and 52 ◦ , respectively. Then, a self-patterning of liquid LCP can be

achieved through a simple method of a dip-coating by spontaneously dewetting hydrophobic regions and wetting hydrophilic regions as shown in Fig.
2.17(c). Here, liquid LCP coated with the dip-coating speed of 20 mm/min.
Finally, high power UV light irradiated liquid LCP and wrinkles are formed
symmetrically relative to the center line as shown in Fig. 2.17(d).
Theoretically, Frank predicted accurate director patterns around disclinations in his continuum theory based on Oseens work [46]. The detailed
molecular trajectories are distinguished by disclination strength s and a
valve of constant parameter, c, which relates the axial position in the plane
around the disclination core (polar angle θ) and the director orientation angle θ: in the simplest case, θ=sθ+c. According to this theory, one negative
pattern and one positive pattern for s=±1/2, and one negative pattern and
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Figure 2.18: Optical micrographs of thick (thickness= 1.5 µm) wrinkled
film according to the UV irradiation time ((a) 1 min and (b) 5 min) and
(c) molecular trajectory in a two-dimensional ordered LC associated with
disclinations of s=±1/2.
three positive patterns for s=±1 can be expected in a two-dimensional
ordered LC. Under polarizing optical microscopy, all these patterns exhibit black brushes due to optical effect, following a simple function s=
brushnumber/4 [47–49].
Figures 2.18(a) and (b) show optical micrographs of the 1.5 µm-thick
LCP film according to the UV irradiation time. Compared to the thin films
as shown in Fig. 2.17(d), the thick film in Fig. 2.18(b) exhibited singularity
along both side of the edge. This result indicates that integer disclinations
are not stable in the thick films. One can still see the periodic wrinkles in
the thick films, although they become ambiguous due to the weak effect of
equilibrium instability. Figure 2.18(c) shows director pattern of molecular
trajectory in line with strengths of s=±1/2 (half-integer disclinations) in the
thick films. As predicted by Frank theory, the director patterned around
each singular point. Obviously, the film thickness plays a crucial role in
disclination instability. This is expected since the precise nature of defects
observed in the planar films will depend on the detailed balancing of distor52

Figure 2.19: Optical micrographs of wrinkles according to the occupation
width of the LCP.
tion of defects in the bulk elastic energy, and surface anchoring energy [50].
For a thin film, the surface anchoring energy due to confined environments,
and the strong interaction between LC molecules and substrate, dominates
over the bulk elastic energy.
LCs are characterized by a preferred orientational order, which is described by an apolar director n field. The most probable director configuration is determined by minimization of the total free energy with respect to
the director field. Knowing the disclination microstructure can shed light
on defect mobility, which, in turn, affects the physical properties of LCs.
In confined LCs, a disclination is an orientational symmetry-breaking defect [51] as shown in Fig. 2.19, and it is defined by characteristic length,
the region with uniform alignment, of an LC. As mentioned above, the LCP
has both hydrophilic(Acrylic and Ester group) and hydrophobic group and
thus LC molecules of the LCP prefer to be aligned perpendicular to the
edge of wetting region. However, as increase distance from the edge, (pe53

Figure 2.20: Numbers of disclination line was varied with the width of
wetting region. The critical width of the wetting region is denoted by Wc ,
at which a transition occurs.
riodic wrinkles) orientation properties are weakened and disclination could
be formed. Figure 2.19 show the symmetric wrinkles with disclination as
the center according to the width of wetting region. An important point
to notice here is that number of disclination line can be changed by width
of wetting region as shown in Fig. 2.19(a). Here, Wc represent the critical
width of wetting region. Moreover, Figs. 2.19(b) and (c) show different size
of wetting region. These show examples that the disclination line can be
changed by width of wetting region.
As shown in Fig. 2.20, the number of disclination line on wrinkled LCP
stays fairly constant up to a certain width, Wc , after which it abruptly
increases, and then keep as width increases. This is indeed indicative of a
disclination transition whose region is about 60±2 µm.
In case of circular patterns, the radius of the circle plays an essential
role on the domain formation of a unit circle, from spoke type to 6 fold
symmetry type. The images observed with a microscope indicated that
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Figure 2.21: Optical micrographs of circular wrinkles according to the radius
of occupation region.
according to the radius of circle, a spoke type or a 2-8 fold symmetric domain
is produced through the shape of the convergence. It was observed that a
circular pattern with large radius generally produces multi fold symmetry
but it tends to obtain the non-uniformity of the wrinkles. It is interesting
to note that under the condition of radius > 50 µm, the LCP layer near
the center of circle obtain uniform surface. This can be understood from
the fact that surface modulus is weakened by limitation of alignment of LC
molecules of the LCP but a more close-packed structure (radius < 50 µm)
prefers to be formed near the center of circle than in the edge of circle.
Based on symmetric wrinkles described above, we confirmed alignment
of LC molecules of LCP by using the microscope under crossed polarizers.
The first is wrinkling in line patterns (Figs. 2.22(a) and (b)) and the second
is concentric pattern with wrinkles (Fig. 2.22(c)). As shown in Fig. 2.22(b),
LC molecules of wrinkles are well aligned perpendicular respect to the line
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Figure 2.22: Optical micrographs of variety wrinkling pattern under crossed
polarizers.
patterns. Also, concentric pattern have a radial LC alignment as shown in
Fig. 2.22.
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Chapter 3
Advanced Electro-optic Device
Applications
Liquid crystals (LCs) are organic materials that are liquid but that show
a certain degree of ordering (positional and/or orientational). With this
definition, many materials can be classified as an LC, but the majority of
LCs used in applications is of the nematic phase. Also, an LC technology has a major effect many areas of science and engineering, as well as
device technology. Applications for this special kind of material are still being discovered and continue to provide effective solutions to many different
problems. The most common application of LC technology is liquid crystal
displays (LCDs). This field has grown into a multi-billion dollar industry,
and many significant scientific and engineering discoveries have been made.
In this chapter, we will focus on electro-optic device applications including
display and optical component based on an LC. In addition, we discussed
that effect of external influences, including surface anchoring, applied electric field, and optical field, is used to (re)orient of an LC in a certain way.
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In turn, the LC then changes the light that is propagating through it.

3.1

Ferroelectric Electro-optic Device with
Microchannel Structures

3.1.1

Introduction

Smectic liquid crystals (LCs) are an attractive subject for investigations
due to their unique layered structure and variety of physical properties. The
investigation of LCs behavior in thin oriented cells is interesting because the
top and bottom substrates have significant influence on the macroscopic behavior of the LC in the cell [10, 52, 53]. Especially, in case of smectic LCs
in the confined geometry, the competition between local surface interactions and global constraints imposed by the geometry of the self-assembled
structures leads to layer deformation and the assembly of unique structures.
Recently, a variety of groups are focused on the confined smectic LC on a
curved space, geometrical constraints imposed by the curvature force the
existence of areas where the director field cannot be defined, areas that are
called topological defects [54, 55]. Because the layer deformations are considered to be anomalies in the smectic LC structure, general efforts have
been directed at minimizing the deformations. However, deformed smectic
layers possess unique rheological and optical characteristics, which could
potentially be exploited to make novel optical devices. The prerequisite for

58

doing so would be the control of ordering and spatial distribution of the
layer tilt, which had not been well addressed in previous studies. So, understanding and controlling orderings in confined LCs are important to many
technological applications such as electro-optic (EO) devices.
Here we investigate for the first time the 3-dimensionally bound SmC∗
LCs (ferroelectric LCs, FLCs) in vertically aligned configuration and find
a strong interplay of the confined geometry and the smectic layer deformation. Using a proposed model of propagation of smectic layer tilting and
molecular ordering in the topographic confined cell structure, we show that
this topographic confined geometry occur orthogonal anchoring forces and
it is cause of structural instability in the smectic layer. It was found that orthogonal anchoring forces compete with each other and these play a primary
role in the smectic layer deformation such as, spontaneous layer tilting and
unique molecular ordering. Also, numerical simulations performed using a
layer compression and dilation theory [56] within the molecular tilt angle
formalism agree well with the experimental results. Moreover, using a deformed smectic layer in the confined geometry, vertically aligned deformed
helix ferroelectric liquid crystal (VA-DHFLC) with low driving voltage is
designed.

3.1.2

Fabrication of microchannel structure

To observe a smectic layer deformation in a confined geometry, we designed microchannels structure using replica molding technique which can
easily duplicate the information, such as the geometrical shape and morphology, stored in a mater [57,58]. Microchannels of poly(dimethylsiloxane)
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Figure 3.1: Schematic diagram of the confined FLC cell with a channel
structure of PDMS. Here, w and h denote the width and height of the
channel structure, respectively. The FLC in the rectangular channel is
injected by capillary action.
(PDMS, Dow Corning) was poured onto the master mold, and subsequently
cured at 85 ◦ C for 1 hour. The cured PDMS was then detached from the
master mold and used for an upper substrate with lateral walls. Note that
the PDMS material is homogeneous and capable of aligning the LC vertically [58]. The microchannels had a square cross-section and were 5 µm
deep, 30 to 50 µm wide and 15 mm long. To produce a perfect tangential
surface anchoring of SmC∗ at the bottom substrate, a polyimide of AL00010
(Japan Synthetic Rubber Co.) was coated on the inner side of bottom substrate, followed by thermal curing at 160 ◦ C for 1 hour.
Our conceptual diagram of confined FLC cell was depicted in Fig. 3.1. A
SmC∗ phase material (ferroelectric liquid crystal, FLC), FLC-10855 (Rolic
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Figure 3.2: (a) Microscopic image of confined FLC cell under crossed polarizers. (b) The cross section of the PDMS channel structure. (c) Profile
of light intensity along the x. Here, A and P represent the direction of
analyzer and polarizer, respectively.
Technologies Ltd.), was filled into the rectangular channel with 30 µm in
width (w) and 5 µm in height (h), by capillary action in the isotropic phase
(∼95 ◦ C). The spontaneous polarization, the cone angle, and the helical
pitch of FLC-10855 are Ps = 98 nC/cm2 , θ0 = 38 ◦ , and p<0.2 µm, respectively [59]. Smectic layers in a vertically aligned configuration are normally parallel to the surfaces and every smectic layer is uniformly formed
by elongated molecules due to the anchorage of top and bottom substrates.
However, in such a 3-dimensionally bounded FLC, the alignment of FLC
61

molecules is predominantly produced by the surface energy at the lateral
walls as well as the substrates. This is clearly seen in the microphotographs
(Optiphot2-pol, Nikon) as shown in Fig. 3.2(a). Under crossed polarizers
(A and P), FLC molecules in the bulk region (the center of channels) behave as an optically isotropic medium and thus obtain the dark state. On
the other hand, bright regions along the lateral walls are observed due to
the presence of smectic layers deformation on a micrometer scale as homogeneous alignment. The deformation of smectic layers in a channel results
from the competition with the surface anchoring of lateral walls and the
bulk helical energies. As predicted above (see Fig. 3.1), we assumed that
the FLC molecules prefer to be perpendicular to the walls near the lateral
walls. These results can be satisfied only when the layers are tilt, preferably
with a minimum elastic energy cost [60]. To explain this phenomenon, we
measured the light transmission profile of the confined cell in cross section
of the channel as shown in Fig. 3.2(c). The light intensity was given as a
function of distance from the lateral wall (x=0). That is, show that FLCs
near the lateral wall had a birefringence and different from the bulk regions
as predicted above. This means that the surface interaction of lateral wall
is preponderance than bulk helical nature in lateral wall vicinity. To describe the layer tilt in detail, we observe an enlarged profile that the light
transmission decreased as the distance from the lateral wall increased as
shown in the inset of Fig. 3.2(c). The characteristic length (ξ), width of the
deformed layer region, of smectic layer is deduced as about 2.5±0.5 µm with
the help of the measured transmittance. This length is consistent with the
value of surface layer length (∼2 µm) in the previous work [61, 62]. Hence,
the FLC molecules prefer to be anchored to the surface of lateral wall and
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Figure 3.3: Schematic diagram of the propagation model of smectic layer
deformation in the confined geometry.

Figure 3.4: Variation of the layer tilt and molecular tilt angle with numerical
factor of D 2 =1000.
thus smectic layer tilted as shown in Fig. 3.1 for the x< ξ. These results
indicated that smectic layers were followed well the topography of channel
structure.

3.1.3

Theoretical description and modeling
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Figure 3.5: The transmission profiles according to the channel width.
Based on above results, we would like to discuss here model of propagation of smectic layer tilting and molecular alignment through the confined
geometry. Using the material constants of the FLC-10855 and the geometrical parameters such as the width and height of the channels structure given
above, we carried out numerical simulations of the spatial variations of the
layer tilt (δ) and the molecular tilt (θ) in our confined cell by employing the
layer compression and dilation theory [56,63] with modification. Figure 3.3
depicted the model of layer tilting with lateral wall having high anchoring
strength. Due to the local surface anchorage of the lateral wall, the smectic
layer was deformed. As a result, the θ varies along the x-axis as shown
in Fig. 3.4. In the confined geometry, the θ and δ becomes modulated
which reflects the interplay between orthogonal anchoring strengths near
the lateral wall. On the other hand, without the confined structure (normal
cell), the θ and δ remains uniform over the entire cell in a vertically aligned
configuration. The θ of the deformed layer can be written as [56, 63]
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Here, D 2 (∝ w 2 ) is numerical factor related to the elastic constant, and
φ represents the molecular twist angle. From the Eq. (3.1), the θ is there
significant in determining an applied electric field (E) and x. Taking into
account the molecular tilt along the x-axis by the component of Qx, it found
good agreement between their experimental observation of Fig. 3.2(c) and
theoretical predictions for the confined configuration. While the δ decreased,
the θ increased as distance from the lateral wall increased as shown in Fig.
3.4. Also, the smaller width of confine channels structure is, the more
deformation occurs because of the large volume-surface ratio in the smectic
layer [64]. In general, smectic layers tend to keep their thickness so that the
dilative strain is induced along the direction normal to the smectic layer and
it develops the layer modulation. This phenomenon is similar to the layer
buckling in other layered systems [65]. This localized layer buckling tends
to distort the un-buckled area in the operating region and induce a kind
of mechanical instability as described previous research [66]. Note that, if
this localized buckling is intensified further, continuum of the smectic layer
between the buckled region and un-buckled region would not be sustained
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Figure 3.6: Profiles of molecular twist (φ) depend on the confined structure.
any longer. Moreover, according to Fig. 3.5, the light transmission near
the lateral wall occurs by layer deformation (ξ ∼ 0.1w=3 µm). This is
consistent with the CCD images of light intensity profile in Fig. 3.2(c).
These results demonstrate that deformation of smectic layer (near the later
walls) could propagate across the x-axis and it affects the orientation of
FLC molecules in a bulk region.
Next, we consider a φ that is the important factor of EO properties in
FLC phase. The φ in the deformed layer can be expressed as

φ = cos−1 (−

tan δ
1 Ps · E (θ − θ0 ) sin θ0
)+
[
−
]
tan θ
2 sin θ0 cos θ0
cos θ0

(3.3)

For the profiles of the φ considered here it is reasonable to assume that
these angles depend on δ, θ and E from Eq. (3.3). Figure 3.6 describe
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Figure 3.7: Variation of the transmission under a bipolar electric field of
square wave form at 240 Hz as a function of channel width.
calculated profiles of the φ of the FLC with applied electric field at 0 and 5
V/µm. Although, the φ of normal (unconfined) cell remains uniform over
the whole area regardless of the E, the trend of confined (w=30 µm) cell
changes according to the E except in the vicinity of the lateral wall. This
corresponds to the condition that the horizontal anchorage is preponderance
than vertical anchorage at the boundary as shown in Fig. 3.3. Note that,
if the anchoring strength of the lateral wall assumed to be infinite, φ is not
going to change that but it is deemed to be physically unrealistic, therefore,
weak anchoring (W ∼ 1 ± 0.5 × 10−6 J · m−2 ) [67] could be introduced,
possibly via a Rapini-Papoular type energy. Also, it was found that the
tilted smectic layer near the lateral walls affect the Freedericksz transition
voltage in the confined geometry. Clearly, the calculated transmittance with
the contribution of smectic layer deformation was found to agree well with
the width (w) of confined channel as shown in Fig. 3.7. This means that the
ratio of ξ/w by confinement plays an important role on the EO properties
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Figure 3.8: (a) Schematic diagram of confined VA-DHFLC cell. (b) The
transmitted intensity under a bipolar electric field of square wave form at
240 Hz. The inset microphotographs, taken under crossed polarizers, correspond to the 0 and 7 V/µm.
of FLCs.

3.1.4

Electro-optic properties

Within the framework of the above unique smectic layer deformation
in the confined geometry, our confined cell is demonstrated in Fig. 3.8.
The schematic diagram of the confined VA-DHFLC cell is depicted in Fig.
3.8(a). The rectangular channel structure of the PDMS is used as the top
substrate as described above. The bottom substrate consists of a patterned
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in-plane aluminum electrode and a homeotropic alignment layer. The periodic array of the PDMS walls perched on top side of in-plane electrodes as
shown in right of Fig. 3.8(a). Here, λ1 and λ2 (∼0.5 µm) denote the left
and right margin of the electrodes, respectively. Figures 3.8(b) shows the
transmittance of the confined VA-DHFLC cell according to existence of the
confined channel. A bipolar electric field of a square waveform at 240 Hz
was applied to the cell under crossed polarizers. The confined VA-DHFLC
cell has a high transmission at low electric field as compared with the normal cell as shown in Fig. 3.8(b). Moreover, high subthreshold slope was
obtained and high contrast ratio of about 250:1 was achieved without any
additional optical compensation. In addition, it may be interesting to note
that the phenomenon in the unintended alignment breaking [68] of smectic layers, due to the vertical electric field, which occurs along the edge of
the electrode was prevented by wall structures on the electrode. Because
wall structures on in-plane electrodes were relieved vertical electric field.
Each insets of Fig. 3.8(b) shows the microscopic image of the confined VADHFLC cell and normal cell under crossed polarizers at 0 and 7 V/µm. We
also measured the dynamic response to an unipolar electric field of a square
waveform at 240 Hz [69]. It was found that the rising time τon = 185±5
µs and the falling time τof f = 76±5 µs in the confined VA-DHFLC cell.
These response times (of the order of 100 µs) are suitable for high-speed
EO devices. It may be interesting to note that the reorientation of the FLC
molecules from the unwound state to the helical state depends only on the
helical power. However, the falling time is relatively faster than the rising
time. This maybe shows that deformed smectic layers were helped that the
unwounded FLC molecules back to the original helical state.
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Figure 3.9: The threshold electric field as a function of the confined channel
width.
Finally, Fig. 3.9 depicted that the variation of threshold electric field
as a function of channel width. It was found that the layer deformation
near the lateral walls affect the Freedericksz transition of the confined VADHFLC cell as mentioned above. The threshold electric field saturated at
the channel width about 100 µm. So, when the channel width larger than
100 µm, EO properties of the confined FLC cell becomes to normal cell,
in terms of threshold electric field. As well as surface-to-volume ratio is
important, threshold electric field will be changed by cell thickness.

3.1.5

Summary

The propagation of smectic layer tilting and molecular ordering at lateral walls presented herein provides unique ordering mechanism within the
confined geometry. We show that this topographic confined geometry occur
orthogonal anchoring forces and it is cause of structural instability in the
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smectic layer. Thus, it was found that orthogonal anchoring forces compete with each other and these play a primary role in the smectic layer
deformation. Moreover, using a deformed smectic layer in the confined geometry, VA-DHFLC with high subthreshold slope and low driving voltage
was designed.
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3.2

Symmetric-viewing Liquid Crystal Display with Alternating Alignment Layers

3.2.1

Introduction

Liquid crystal displays (LCDs) based on the twisted-nematic (TN) mode
have been widely used for flat panels in portable TVs and laptop computers due to their relatively simple and cost-effective manufacturing. The
conventional TN mode resulting from the positive dielectric coupling of a
nematic LC (NLC), however, has several disadvantages such as a limited
contrast ratio, wavelength dependence, and narrow viewing characteristics.
It is known that an inverse TN (ITN) mode [70, 71] shows high contrast
because of the complete extinction under crossed polarizers, giving a dark
state, in the initial homeotropic alignment of the LC molecules. Moreover,
the ITN mode exhibits wavelength independence in the white state, but still
suffers from asymmetric-viewing properties. Therefore, a new symmetricviewing technology applicable for the ITN mode needs to be developed for
high-performance LCDs.
In this section, a stamping-assisted rubbing (SAR) method [41, 72] of
producing alternating alignment layers for a symmetric-viewing ITN-LCD
with multidomains was developed. A patterned protective layer of a fluorinated acrylate polymer was transferred onto the first rubbed alignment
layer prepared on a substrate by stamping. The fluorinated acrylate polymer covered the first alignment layer during the second rubbing process,
which promoted the vertical alignment of the LC molecules. The regions
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covered with the patterns of the protective polymer layer preserved the initial alignment generated through the first rubbing process. As shown in
Fig. 3.10, the LC cell was assembled such that the rubbing directions on
the two substrates were perpendicular to each other, so that four different
ITN domains corresponding to two clockwise and two counterclockwise directions were produced. Both splay and twist deformations were involved
in the four domains (4Ds). As a consequence, the twist directors of two
adjacent domains were different from each other [73].

3.2.2

Schematic and operation principles

The basic structure and operation principles of the developed 4D ITNLC cell are shown in Fig. 3.10. The inner surfaces of the two substrates
were treated to promote the initially homeotropic alignment of the LC
molecules [74]. An NLC material with a negative dielectric anisotropy was
placed between the two rubbed substrates. Note that a certain amount of
molecular chirality was introduced to generate a desirable amount of natural twist in the presence of an applied voltage (V). In the dark state, the
homeotropically aligned NLC cell blocked the incident light under crossed
polarizers. When a voltage above the Fredericks threshold (Vth ) was applied, the LC molecules tended to orient along the direction perpendicular
to the applied electric field, and twist distortions of the LC occurred in an
activated bright state along different directions in the alternating rubbed
domains. For V>Vth , the incident light passed through the crossed polarizers, and the resultant light transmission varied with the magnitude of the
applied voltage. The directions of the LC molecules in the dark and bright
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Figure 3.10: Schematic diagram and operation principle of the 4D ITN-LC
cell: the alternating rubbing directions and the LC alignment (a) under no
applied voltage (a dark state) and (b) in the presence of an applied voltage
(a bright state) and the directions of the LC molecules (c) in the dark state
and (d) in the bright state.
states are schematically shown in Fig. 3.10(c) and (d), respectively.

3.2.3

Fabrication process of alternating alignment
layers

The SAR method of producing alternating alignment is shown in Fig.
3.11. The vertical-alignment layer of polyimide (PI) (AL60702, Japan Synthetic Rubber) was first spin-coated onto a substrate and then rubbed uni74

Figure 3.11: SAR technique for achieving the alternating alignment of LC: a
stamping process involving transferring the protective layer of a fluorinated
acrylate polymer onto the first rubbed alignment layer, the substrate with
the protective layer on top of the first alignment layer, the second rubbing
process on the first alignment regions that are not covered with the protective layer, the fabricated bidirectional alignment layer, and two substrates
assembled such that the rubbing directions are perpendicular to each other.
directionally to promote the vertical alignment with a uniform pre-tilt of
the LC molecules. For the second rubbing process along the direction opposite to the first rubbing direction, a protective layer (Novec EGC-1700,
Sumitomo 3M) prepared on a patterned stamping mold of polydimethylsiloxane (PDMS, GE silicones) was transferred onto the first rubbed PI
by stamping and was subsequently cured at room temperature. Note that
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EGC-1700, a fluorinated acrylate polymer dissolved in a hydrofluoroether
solvent, did not chemically affect the alignment layer. The second rubbing
process was then performed on the regions that were not covered with the
protective layer along the direction opposite to the first rubbing direction.
The substrate was rubbed five times to ensure the saturation of the tilt bias
angle [45]. The protective layer was finally dissolved in the hydroflouroether
solvent (Novec HFE-7100, Sumitomo 3M), and alternating alignment was
readily achieved. For the fabrication of the ITN-LC cell, two substrates
with an alternating alignment layer were assembled such that the rubbing
directions on the two substrates were perpendicular to each other. The cell
thickness was maintained using 5 µm thick glass spacers. The LC (MLC6608, Merck Ltd) with a negative dielectric anisotropy was injected into
the cell by capillary action at room temperature. The birefringence and
the dielectric anisotropy of MLC-6608 were ∆n = 0.083 and ∆ǫ = -4.2,
respectively. A square-wave voltage at a frequency of 1 kHz was applied
to the ITN-LC cell to measure the electro-optical (EO) transmission and
the response times. The measurements were carried out using a digitizing
oscilloscope (WaveRunner 6030, Lecory) and a light source of a He-Ne laser
with the wavelength of 632.8 nm at room temperature.

3.2.4

Electro-optic properties

The microscopic textures of the ITN-LC cell with 4Ds due to the alternating alignment in Fig. 3.12 were observed with a polarizing optical
microscope (Optiphot2-pol, Nikon) under crossed polarizers at different applied voltages. In the absence of an applied voltage, the LC molecules were
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Figure 3.12: Microscopic textures of the 4D ITN-LC cell with two alternating alignment layers observed under crossed polarizers at different voltages:
(a) 0V; (b) 2V; (c) 3V; and (d) 5V.
vertically aligned, as shown in Fig. 3.12(a). Thus, under crossed polarizers,
no light propagated, and a completely dark state was obtained. At 2V,
which was above Vth , the transmission slightly increased, as shown in Fig.
3.12(b). At 3V, the LC molecules were partially twisted, and the transmission further increased, as shown in Fig. 3.12(c). At a relatively high voltage
of 5V, the LC molecules were mostly twisted in the plane of the substrate,
and a bright state was obtained, as shown in Fig. 3.12(d). It should be noted
that four disclination lines enclosing each square pattern separated the four
different domains. The adjacent domains were the oppositely twisted do-
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mains. This can be well understood from Fig. 3.12(d). The small difference
in brightness observed in Fig. 3.12(d) indicates that the first and second
rubbing processes were not identical. Due to the physicochemical nature
of the PI that was used, the LC alignment after the first rubbing seemed
dominant over that after the second rubbing. Meanwhile, as the thickness
of the fluorinated acrylate polymer was at most 100 nm (much less than
the cell thickness of 5 µm and the wavelength of visual light, typically 500
nm), it is negligible for the brightness difference arising from the cell thickness difference. As a consequence, a difference in brightness was observed.
Moreover, non-uniformity in a single domain often appeared.
Figure 3.13 shows the normalized EO transmission and the dynamic
response of the 4D ITN-LC cell in the presence of a bipolar voltage in a
square-wave form at 1 kHz. The EO properties were measured as a function
of the applied voltage under crossed polarizers. Irrespective of the small
difference in brightness among the 4Ds, as shown in Fig. 3.13(a), the EO
curve shows continuous gray scales, and the contrast ratio was found to
be about 50:1. In Fig. 3.13(b), the black and gray curves represent the
EO response of the ITN-LC cell and the applied voltage, respectively. It
was found that the rising time was τr = 28 ± 2 ms and that the falling
time was τf = 25 ± 2 ms at an applied voltage of 4V, without any driving
compensation. This switching speed range will be further improved using a
fast-response LC material for high-speed applications.
The viewing angle characteristics of the ITN-LC cell, measured at 4V
using a spatial photometer (EZ contrast 160R, ELDIM), are shown in Fig.
3.14. A conventional ITN-LC cell with a single domain exhibits asymmetric and relatively narrow viewing properties, as shown in Fig. 3.14(a).
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Figure 3.13: EO characteristics of the 4D ITN-LC cell: (a)EO transmittance
and (b) dynamic response as a function of the applied voltage in the squarewave form. The rising and falling times (τr = 28 ms and τf = 25 ms) were
measured at 4V. The dark and gray curves represent the dynamic response
and the applied voltage, respectively.
In contrast, the 4D ITN cell without any compensation film showed quite
symmetric-viewing properties with respect to the axes of the polarizers in
the vertical and horizontal directions. This is attributed to the optical
compensation among the four differently twisted domains produced by the
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Figure 3.14: Iso-contrast contours: (a) a conventional ITN-LC cell and (b)
the 4D ITN-LC cell with two alternating alignment layers.
alternating alignment in the ITN geometry, as shown in Fig. 3.10(d).

3.2.5

Summary

Demonstrated herein was a symmetric-viewing ITN-LCD with 4Ds due
to two alternating alignment layers produced via SAR. With the help of
an inert protective layer of a fluorinated acrylate polymer, the second rubbing process was successfully employed without causing any mechanical and
chemical damage to the first rubbed alignment layer. The ITN-LC cell with
4Ds presented here showed continuous gray scales with good linearity as
well as the symmetric-viewing characteristics that are needed for high image quality. The SAR approach is basically mask-free and has a potential
for the simple and cost-effective fabrication of large ITN-LCDs.
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3.3

2D/3D Convertible Display with In-cell
Undulated Electrode

3.3.1

Introduction

Among a variety of electrically tunable lenses based on an LC, spherical
LC lens structures are most extensively studied [75–78]. Of particular interest is a convertible lenticular LC array which serves as one of the essential
components for realizing 2-dimensional (2D)/3-dimensional (3D) convertible displays [79–81]. In order to obtain the characteristic of the flat-to-lens
conversion, either a homogeneous electric field in the LC layer with a nonuniform cell gap [82] or an inhomogeneous electric field in the LC layer with the
uniform cell gap [83], for example, the in-plane switching (IPS) method [80]
is necessarily employed. The IPS approach allows, in principle, a simple
scheme of modulating the EO effect of the LC but it suffers intrinsically
from the existence of inactive regions of the LC layer on the electrodes and
in the vicinity of the substrate with no electrodes. In another case, the use
of an extra solid lens involves a complex fabrication process and a bulky
structure of an LC lens array [84]. Note that the resolution format of a
lenticular LC array will govern primarily the image quality of the 2D/3D
display.
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3.3.2

Schematic and operation principles

In this section, we demonstrated a convertible lenticular LC array using an index-matched planarization layer on a periodically undulated electrode allowing the flat-to-lens conversion over the entire area of the LC
cell through the electric field modulation. It was found that the in-plane
component of the modulated electric field plays a primary role in the flat-tolens effect while the out-of-plane component contributes to the anchoring
enhancement of the LC molecules in the surface layer. The contribution
of the out-of-plane electric component to the focusing effect in a lenticular
LC array has not been described previously in the case of an inhomogeneous electric field. The periodically modulated electric field produces the
periodic LC distortions on a planar surface along the direction perpendicular to the electrode undulation. As a result, our LC device gives rise
to the flat-to-lens capability over the whole region in contrast to the IPS
case. Numerical simulation results, obtained using a relaxation method [85]
within the framework of the elasticity formalism [86], agree well with the
experimental results.
The schematic diagram of our convertible lenticular LC array is depicted
in Fig. 3.15. An indium-tin-oxide (ITO) coated glass substrate is used
as the top substrate. The bottom substrate consists of a planarization
material (PM), an undulated ITO electrode, and a lenticular cast on a
glass substrate. The key requirement is that the refractive index of the PM
should be equal to that of the lenticular cast for index matching. The inner
surfaces of the two substrates are spin-coated with polyimide (PI), baked,
and rubbed unidirectionally to promote the planar alignment of the LC.
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Figure 3.15: The schematic diagram of convertible lenticular LC lens structure with a undulated electrode, giving the lenticular lens effect, in a planar
configuration. Here, RT and RB denote the rubbing direction on the top
substrate and that on the bottom substrate, respectively.
The surface pretilt angle at the rubbed substrate was measured to be about
2 ◦ , eliminating the reverse-tilt at the boundary. The rubbing direction on
the top substrate and that on the bottom substrate are denoted as RT and
RB , respectively.
Figures 3.16(a) and 3.16(b) represent the operational principles of our
lenticular LC array. When the optic axis of the LC layer coincides with
the polarization of an input beam through a linear polarizer (see, the white
arrow in Fig. 3.15), the field-off state corresponds to an optically uniform
state with no LC distortions as indicated by the thick red arrows in Fig.
3.16(b). In the field-on state, the LC distortions are periodically modulated along the y-axis due to the undulated electrode. This means that the
effective refractive index (nef f ) becomes periodically modulated and the
lenticular lens effect is produced. Note that in contrast to the IPS case,
there are no inactive regions of the LC layer for the optical modulation in
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Figure 3.16: Schematic diagrams showing the operational principles of our
lenticular LC lens: the optical states under (a) no applied voltage and (b) an
applied voltage. Here, w and h denote the width and height of a lenticular
cast, respectively. The cell gap is d.
our case.

3.3.3

Fabrication process of convertible lenticular LC
lens

For buried electrode in bottom substrate, as shown in Figs. 3.17(a)(d), a lenticular cast of a ultraviolet (UV) curable polymer (NOA65, Norland Products Inc.) was produced on a glass substrate using a mold of
poly(dimethylsiloxane) (PDMS, GE silciones) and irradiated with UV light
for 10 minutes [78,82]. Subsequently, a 100 nm-thick ITO electrode was deposited onto the lenticular cast by thermal evaporation. The width (w) and
the height (h) of the lenticular cast were 25 and 7.2 µm, respectively. The
PM was finally spin-coated on the undulated electrode for planarization.
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Figure 3.17: The fabrication process for the undulated electrodes: (a) an
imprinting process of producing periodic lenticular casts of a UV curable
polymer (NOA65) on a glass substrate, (b) ITO electrode deposition onto
the lenticular patterns of NOA65, (c) coating of the PM (NOA65) on the
undulated electrodes for planarization, and (d) the fabricated substrate with
the buried electrode.
An image of a scanning electron microscope (SEM) and the surface profile
of the undulated electrode on the lenticular cast are shown in Fig. 3.18(a).
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Figure 3.18: (a) The SEM image of an undulated electrode, (b) the microscopic image of the substrate with the undulated electrode, and the insets
in (a) and (b) correspond to the surface profiles before and after planarization.Here, w denotes period of lenticular cast on the bottom substrate.
Due to index matching of the lenticular cast with the planarization layer, the
bottom substrate is optically uniform as shown in Fig. 3.18(b). A commercial PI (RN-1199A, Nissan Chemical Industries, Ltd.) for the homogeneous
alignment and a nematic LC (ZLI-4151-000, Merck Ltd.) with a positive
dielectric anisotropy were used. The material parameters [87] of ZLI-4151000 are three elastic constants, k1 = 1.15×10−11 N, k3 /k1 =1.62, k3 /k2 =2.90,
and the dielectric anisotropy ∆ǫ=10.6 (ǫk =15.0). The ordinary and extraordinary refractive indices are no = 1.51 and ne = 1.66, respectively. The cell
gap (d) was maintained using 20 µm-thick glass spacers and the LC was
injected by capillary action. Figures 3.19(a) and 3.19(b) show the microscopic images of the lenticular LC cell observed when the crossed polarizers
(A and P) make an angle of 45◦ and 0◦ with respect to the rubbing direction
(R), respectively. Clearly, the LC was well aligned homogeneously on the
substrate with the undulated electrode after planarization. A square-wave
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Figure 3.19: The microscopic textures of the lenticular LC cell observed
when the crossed polarizers (A and P) make an angle of (a) 45◦ and (b) 0◦
with respect to the rubbing direction (R).Here, A and P denote the crossed
polarizers.
voltage at the frequency of 1 kHz was applied to the our lenticular LC lens
to measure the EO properties. The measurements were carried out using a
polarizing optical microscope (Optiphot2-Pol, Nikon) and a light source of
a He-Ne laser with the wavelength of 543.5 nm at room temperature.

3.3.4

Electro-optic properties

The graded index (GRIN) effect of our lenticular LC cell observed from
microscopic textures at several different voltages is shown in Fig. 3.20. The
applied voltage was varied from 5 V to 25 V at an interval of 5 V. The microscopic textures were observed when one of the crossed polarizers makes
an angle of 45◦ with respect to the rubbing direction. Under no applied voltage, a uniform state is obtained. As the applied voltage increases, the LC
molecules are reoriented according to the electric field gradient generated
by the undulated electrodes as shown in Fig. 3.16(b) and the retardation
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Figure 3.20: The microscopic textures showing the GRIN effect of our lenticular LC cell under crossed polarizers at several different bipolar voltages at
1 kHz in square wave form. The symbols of P and A are the polarization
directions of the polarizer and the analyzer, respectively.
difference across each lenticular structure increases. This is what we observed in Fig. 3.20 at different applied voltages. As shown in Fig. 3.20,
the changes of both the focusing behavior and the color were appeared due
to the spatial variations of the effective refractive index nef f (or the phase
retardation) with increasing the applied voltage above 10 V in the range
of the applied voltage we studied.

We first examine the tunable focusing

properties of our lenticular LC lens using an array of 2D circular (10 µm
in diameter) patterns as an input image. The schematic diagram for the
experiment was depicted in Fig. 3.21(a). The measurements were carried
out at room temperature using a polarizing optical microscope (Optiphot2Pol, Nikon) and a He-Ne laser with the wavelength (λ) of 543.5 nm. The
input beam was linearly polarized along the rubbing direction. As shown in
Fig. 3.21(b), under no applied voltage, the image of the circular pattern observed with with a charge-coupled device (CCD) is the same as the original
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Figure 3.21: The tunable focusing capability of the lenticular LC lens: (a)
the schematic diagram of the experiment using an array of circular patterns
as an input image and the microscopic images of the circular patterns observed through the lenticular LC array at an applied voltage of (b) 0 V, (c)
5 V, and (d) 10 V, respectively.
pattern whose diameter is 10 µm. This means that the LC cell behaves as
an optically uniform plate and no lens effect occurs. At the applied voltage
of 5 V, the image of the circular pattern was blurred as seen in Fig. 3.21(c)
due to the GRIN effect resulting from the periodic distortions of the LC by
the undulated electric field. At 10 V, two images (or two viewing points)
were observed in Fig. 3.21(d) since the focal length was increased. A simple
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Figure 3.22: The tunable focusing capability of the lenticular LC lens: (a)
an optical setup for measuring the ray focusing properties of our lenticular
LC lens and the CCD images of a collimated laser beam in the focal plane
at an applied voltage of (b) 0 V, (c) 5 V, and 10 V, respectively.
optical setup for measuring the ray focusing properties of the input through
the our lenticular LC lnes is illustrated in Fig. 3.22(a). The ray focusing
properties of the lenticular LC lens under different applied voltages were
seen from the images [Figs. 3.22(b)-(d)] of a collimated laser beam in the
focal plane. The electrically tunable focal length of the lenticular LC array
was measured as a function of the applied voltage by focusing the blurred
image. The experimental results will be discussed together with numerical
simulations below.
Using the material constants of the LC and the geometrical parameters
such as the width and height of the lenticular cast given above, we carried
out numerical simulations of the spatial variations of nef f and the resultant
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Figure 3.23: Numerical simulations of (a) the equipotential lines, (b) the
spatial variations of the effective refractive index at 5 V and 10 V with Ey
(solid lines) and without Ey (dashed lines).
focal length variations of our convertible lenticular LC array by employing
both a relaxation method [85] in the elasticity theory and a commercial program, FemLabT M (COMSOL). A typical example of the equipotential lines
at 7 V obtained using the COMSOL program was shown in Fig. 3.23(a).
The white lines and red arrows represent the equipotential lines and the electric field directions, respectively. It should be noted that in the case of an
inhomogeneous (or non-uniform) electric field, either the transverse component or the longitudinal component contributes to the suppression of the LC
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distortions as if it would enhance the LC anchoring in the surface layer [88].
In our lenticular LC array with the undulated electrode, the y-component
of the electric field (Ey ) is expected to enhance the LC anchoring in the surface layer, meaning that there exists the interplay between the z-component
of the electric field (Ez ) and Ey in the LC distortions. More specifically,
denoting the LC director as (0, sin θ, cos θ), the dielectric energy density can be then written as -∆ǫE 2 (sin θ sin ky + cos θ cos ky)2 provided that
Ey = E sin ky and Ez = E cos ky. Here, θ represents the tilt angle of the LC
director with respect to the z-axis and the undulation period of the electrode
k = 2π/w. The term of −∆ǫE 2 (sin2 θ sin2 ky + 2 sin θ cos θ cos ky sin ky) resulting from non-zero Ey component was found to suppress the director
distortions in the out-of-plane. Such contribution has not been considered
previously in a uniform LC layer under the undulated electric field.
The effect of Ey on nef f is shown in Fig. 3.23(b). The variations of
nef f along the y-axis become much enhanced by Ey , particularly, in the
high-field regime. Under no applied voltage, nef f remains uniform over
the entire LC cell in a planar configuration. In the presence of an applied
voltage, nef f becomes modulated in the symmetry which reflects the shape
of the lenticular cast. This is consistent with the CCD images shown in
Fig. 3.22. Figure 3.24 shows both the experimental and simulation results
for the focal length variations of our lenticular LC array with the applied
voltage. Clearly, the calculated focal length with the contribution of Ey
was found to agree well with the experimental results. This means that the
anchoring enhancement by the Ey component plays an important role on
the EO properties of the LC. In our simulations, the anchoring energy of the
PI alignment layer alone was treated as a parameter to be determined from
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Figure 3.24: The focal length variations of our lenticular LC array with the
applied voltage. The experimental results were represented the circles. The
solid and dashed lines denote the calculated focal lengths with and without
the contribution of Ey , respectively.
the best fit of the experimental data to the calculated focal length in Fig.
3.24. The anchoring energy was determined to be 6.6×10−6 J/m2 , which is
consistent with the previous result [53]. Our LC lens cell is convertible from
an optically uniform plate (a flat surface) to a lenticular array with the focal
length ranging from about 5 mm to 10 mm in the presence of an applied
voltage. In general, both the in-plane and the out-of-plane components of
an external electric field should be taken into account for the reorientation
of the LC director in the case of an inhomogeneous electric field.
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3.3.5

Summary

We demonstrated that a delicate interplay between the in-plane and outof plane components of an inhomogeneous electric field plays a critical role
on the flat-to-lenticular lens conversion in a homogeneously aligned LC cell.
The framework of the refractive index-matching between the lenticular cast
and the PM layer provides a practical route to construction of a variety of
electrically tunable, convertible LC devices in a planar geometry. Finally,
our concept of using the electric field modulation on a flat surface should be
directly applicable for constructing 2D/3D convertible displays and optical
focusing elements in photonics. Moreover, the fine pitch of 25 µm in our
lenticular LC array is suitable for the high-resolution image in 3D displays.
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Chapter 4
Biomimetic Application
4.1

Concept of Artificial Iris

The colored part (the iris) of the human eye is very important part and
it regulates the amount of light, like that of a camera’s shutter through
the control of aperture ratio, which the pupil lets in the eye. However,
iris defects resulting from damage to the iris or congenital defects, such as
aniridia (or partial aniridia) and albinism, can compromise visual quality,
with severe glare and loss of contrast sensitivity. Moreover, partial or total
loss of the eyes in a human being have trouble with not only the functional
loss of sight, but also his/her self-esteem and social intercourse. Recently,
the surgical implantation of artificial iris in patients with anatomic or functional iris deficiencies is nearly mature and successful. These technologies
have also been developed for the surgical management of aniridia [89–92].
These artificial irises are limited by the immobility of the pupil, whereas
these are similar to the real human iris apparently. Hence their help to
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anatomic patients is limited. In order to obtain the characteristic of regulation of the incident light, either polymer-dispersed liquid crystal [93] or
liquid crystal cell [94] is necessarily employed. These approaches allow, in
principle, a good controllability of amount of incident light but it suffers
intrinsically from the use of an extra control circuits involves a complex
fabrication process and a bulky structure.
In this chapter, we present novel concept of artificial iris that provides
a self-regulation of light intensity without peripheral devices. And spoke
pattern formation like radial muscles of human eye where a liquid crystalline
polymer (LCP) is used as an anisotropic (radially) patterned material. In
addition, this biomimetic artificial iris is anatomically as well as functionally
close to human eyes with unique regulation mechanism. This photoreactionbased approach allows analogy and concurrent control of the amount of light
by ambient light intensity. The amount of light to retina (self-regulation of
light intensity) is reversibly controlled through molecular bond reformation
with irradiation of light source.
Our concept of light intensity regulation of artificial iris is illustrated in
Fig. 4.1. The iris of the human eyes is a contractile structure, consisting
of two layers such as the front pigmented fibrovascular tissue known as a
stroma and pigmented epithelial cells under the stroma [95,96]. The stroma
connects to a circular muscles group called the sphincter muscle, which
contracts the pupil in a circular motion, and a set of radial muscles called
the dilator pupillae which pull the iris radially to enlarge the pupil, pulling
it in folds. This anterior surface projects as the radial muscles as shown in
Fig. 4.1(a). The high pigment content blocks light from passing through
the iris to the retina. Fig. 4.1(b) shows the operation principle of human
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Figure 4.1: Anatomical comparisons between a real human eye and proposed
artificial eye described from the plane view. (a) An optical micrograph of
real human eye. (b) An operation principle of human eye. Human eye
change the aperture so that regulate the amount of light incident to the
retina. Here, radius of pupil is rd at the dark state and one is rb at the bright
state, this state can be changed, reversibly. (c) An optical micrograph of
proposed artificial eye. The artificial eye consists of pupil part and iris part
as real human eye. (d) The iris part of artificial eye can be self-regulation
of the transmittance by photoreaction and radius of pupil r0 is fixed.
eye [97]. If the ambient light intensity is high, the iris reduced their aperture
to rb so that reduce the amount of light incident to the retina. On the other
hand, the iris enlarges their aperture as rd if the ambient light intensity is
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low. Thus, the iris regulates the amount of light by controlling the radius
(∆r) of the pupil. The proposed artificial iris is depicted in Fig. 4.1(c). The
proposed artificial iris consists of two concentric circles like a donut shape
and it has spoke pattern between two concentric circles as radial muscles of
human eye. Although proposed artificial eye fixed (r0 ) pupil part, iris part
itself can be changed transmittance to regulate the amount of light incident
using a photo-reactive material as shown in Fig. 4.1(d). Moreover, there is
no need additional control circuit, such as an optical sensor and battery.

4.2

Photoreaction Process of Photochromic
Dyes

As mentioned above, proposed artificial iris achieves the regulation of
light incident through the change in the transmission of the photo-reactive
materials. In our case, families of the spiropyrans were used as the photoreactive dyes [98, 99]. The spiro form of an oxazine is a colorless dye. The
conjugated system of the oxazine and another aromatic part of the molecule
is separated by a sp3 hybridized spiro carbon. After light irradiation, the
bond between the spiro carbon and the oxazine breaks which eventually
lead to sp2 hybridization and its π-orbitals with the rest of the molecule,
and a conjugated system forms with ability to absorb photons of visible
light, and therefore appear color. When the light source is removed, the
molecules relax to their ground state, the carbon-oxygen bond reforms, the
spiro carbon becomes sp3 hybridized again, and the molecule returns to
its colorless state. Figures 4.2(a)-(c) show the UV/visible absorption of
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Figure 4.2: The UV/visible absorption spectra of the photo-reactive dyes for
transmittance tuning. (a)-(c) The absorption properties of three different
dye doped PMMA films with amount of incident light.
the different (dye1-3) photo-reactive dye doped poly(methyl methacrylate)
(PMMA) films as a function of the light incident. These dye doped PMMA
films were coated onto glass substrates. Each of the dyes used in the experiments was dissolved in PMMA at 6 % by weight. Note that the PMMA
was chosen for its biocompatibility and optical transparency in the visible
spectrum [100, 101]. The dye1 having an absorbance maximum at 595 nm
(Fig. 4.2(a)), while the dye2 and the dye3 have an absorbance maximum
at 455 nm (Fig. 4.2(b)) and 580 nm (Fig. 4.2(c)), respectively. Since the
iris of human eye is blocked the light over a wide range of wavelength, these
dyes cannot solely adopt the required properties of light blocking in our
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Figure 4.3: The UV/visible absorption spectra of the photo-reactive dyes
for transmittance tuning. (a) The absorbance and (b) optical images of the
blended dye composed of dye1, dye2, and dye3 in PMMA at 6 % by weight.
artificial iris.
Figure 4.3(a) shows the the absorbance of the blended dye composed
of dye1, dye2, and dye3 with ratio of 1 : 2 : 1 in PMMA at 6 % by weight.
The blended dye blocked wider range of wavelength than each dye. Also, its
absorption spectra can be changed by energy of incident light. Figure 4.3(b)
show the microscopic images of the different (0, 12, and 60 mJ) light energy.
As shown in images, transmittance of dye doped PMMA film resulted in
decrease of incident light energy.
We now describe that the transmittance of the blended dye compared
to those of human eye as shown in Fig. 4.4. The profiles of transmittance
were determined using sigmaplot, by fitting the transmittance to the following equation Tn ∼ e−kx , where Tn is the normalized transmittance ((T T0 )/∆T ), k is the constant of transmission rate and x is the light intensity.
Here, T0 denote the transmittance at 0 mW/cm2 of incident light intensity.
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Figure 4.4: The normalized transmittance ((T - T0 )/∆T ) of human eye and
proposed material for artificial iris (blended dye doped PMMA film).
From the characterization of profiles, the k of human iris and photo-reactive
dye are 0.248 and 0.137, respectively. Although there are differences of k,
blended dye has similar transmission trend with human eye. Moreover, this
little difference should be complemented by optimization of the material
properties.

4.3

Fabrication Process of Spoke Pattern
Formations

In light of the above idea, artificial iris is created in flexible substrate by
a selective wetting inscription (SWI) process [102,103]. Fabrication process
of proposed artificial iris is shown in Fig. 4.5. A commanding layer (CL)
of a hydrophobic material (DS-1120F; Harves Co., Ltd.) is first formed on
a substrate. Selective-wetting regions are generated through a predefined
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Figure 4.5: Schematic illustration of each step of the fabrication process of
proposed artificial iris using UV inscription.
photo-mask by the UV assisted SWI on the CL. Here, R1 and R2 are 4 mm
and 11 mm for simulate pupil and iris of human eye, respectively. The donut
shape (concentric circles) pattern of the LCP is then spontaneously formed
only in the wetting regions on the inscribed CL by simple dip-coating in solution of the LCP. The selective wetted LCP subsequently irradiated with
the UV light. Note that, the spoke pattern of the interior of the LCP, consisting mainly of the radial wrinkles, correlated with the circular edges of
initial wetting regions after dip-coating of LCP [104]. After spoke pattern
forming, the dye doped PMMA is spin-coated on the substrate, followed by
the thermal treatment (10 min. at 100 ◦ C) for curing of the PMMA layer.
Figure 4.6(a) shows the condition of the UV intensity and exposure time for
the wrinkling pattern formation. The critical intensity and exposure time
of UV is denoted by region of red color at which a wrinkling pattern formation. Microscopic images are correspond to Fig. 4.6(b) the wrinkled surface
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Figure 4.6: (a) The condition of the UV intensity and exposure time for the
wrinkling pattern formation. The critical intensity and exposure time of UV
is denoted by region of red color at which a wrinkling pattern formation.
Microscopic images of right side correspond to (b) the wrinkled surface and
(c) the uniform surface. The scale bar is 30 µ m.
(50 mW/cm2 in 3 min.) and Fig. 4.6(c) the uniform surface (5 mW/cm2
in 30 min.). We used the liquefied LCP (RMS03-001C, Merck Ltd.) based
on multifunctional acrylate monomers for spoke pattern formation. Unsaturated bonds of the multifunctional acrylate monomers are activated by
the photo-initiator of the LCP solution under the UV exposure [105, 106].
Upon curing, the liquid LCP layer develops a depth-wise gradient in degree
of cross-linking or solidification, and in physical properties, such as diffusivity, modulus. The LCP film starts developing a modulus. The top LCP
layer being most cured develops a modulus first and behaves like a solid skin,
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Figure 4.7: The experimental setup to measure the transmittance of the
artificial iris using a controllable UV lamp. The artificial iris sample is
placed in a temperature control system.
which is capable of supporting stresses. Moreover, the edges of the LCP film
appear to solidify first and thereby anchor the skin to the substrate. The
strength and thickness of the skin depends on curing conditions. Finally,
when the film is not able to withstand the stress, the skin relieves stresses
by out of plane deformation to produce wrinkles. Note that, intensity of
UV light gets attenuated with thickness due to absorption of the LCP film.
Reduced radiation level decreases the photo-initiator activation in the LCP
film near the substrate, causing the LCP film near the substrate to cure
at a slower rate compared to the top surface. Moreover, in the liquid LCP
containing solvents, solvent depletion near the surface increases the reactant
concentration there, and thereby enhances the rate of cure and promotes
the depth-wise gradient in solidification further [105].

4.4

Self-Regulation of Light Intensity
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Figure 4.8: The dynamic response of our artificial iris under a UV light
exposure at 0.8 mW/cm2 .
We now discuss the optical properties of the artificial iris in the presence
of light exposure. A simple optical setup for measuring the transmittance
through the artificial iris is illustrated in Fig. 4.7. The rate of change in
light intensity of artificial iris was performed by using the light source of
UV lamp (λ=365 nm) and it is examined with a He-Ne laser of 632.8 nm
through the pinhole. Also, the sample of artificial iris was mounted on a
temperature controller (central processor of Mettler Toledo FP90 with hot
stage of FP82HT) to examine the temperature dependence.
First of all, the modulated transmittance in response to the light source
intensity is shown in Fig. 4.8. The gray solid line and opened circles represent the applied light source and the dynamic light response of artificial
iris, respectively. It was found that the response of dark-to-bright (rb ) and
the response of bright-to-dark (rd ) are 25 ± 5 and 35 ± 5 s, respectively.
Accordingly, the artificial iris regulates the light by itself within few ten
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Figure 4.9: (a) Schematic diagram of fabricated artificial iris. Here, Ri
and Rp represented diameter of iris and that of pupil, respectively. (b)-(e)
Photographic images of artificial iris in the presence of an applied UV light
of 0, 5, 30, and 60 mJ, respectively.
seconds. It should be noted that a few ten seconds of the measured switching speed are not suitable for replacement of human iris at this point in
time. However, responsiveness of photo-reactive dyes will be improved by
material optimization [107]. It may be interesting to note that spiro carbon
also excite thermally and thus the rb at body temperature (36.5· C) is relatively faster than at room temperature. Figure 4.9(a) depicts the structure
of fabricated artificial eye and Rp (∼ 4 mm) and Ri (∼ 11 mm) represent
radius of pupil and iris. Particularly, Rp reflected in pupil size of human
eye in bright. Photographic images of the artificial iris in Figs. 4.9(b)-(e)
were observed at different intensity of radiation. In the absence (0 mJ) of
a light source, the photo-reactive dye remained optically transparent state.
Thus, almost light propagate to retina. At 10 mJ, the transmission slightly
reduced due to the increasing of absorption of photo-reactive dye. At 20
mJ, the transmission further reduced. At a relatively high energy of 40 mJ,
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Figure 4.10: A photographic image of artificial iris fabricated on a flexible
substrate.
most of visible light is absorbed into the layer of dye doped PMMA layer
and a bright state (low transmittance) was obtained.
Finally, we now describe the applicability of the artificial iris on plastic
substrates such as polyethersulphone (PES) for prosthetic iris implantation.
The artificial iris was fabricated on the PES substrate by simultaneously
forming all the polymer layers produced through the UV assisted SWI technique as mentioned above. The artificial iris has the dimension that of the
radius of pupil (Rp ) and the radius of pupil (Ri ) are 4 mm and 11 mm,
respectively. Figure 4.10 shows a photographic image of artificial iris fabricated on the PES substrate (2 cm × 3 cm in size) in bent environment.
Neither delamination of spoke pattern of the LCP and/or dye doped PMMA
layers nor deterioration of the light responsiveness of the artificial iris was
observed under a bent state with the curvature radius of a few centimeters.
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4.5

Summary

In conclusion, the photoreaction approach presented herein provides a
unique concept to design self-regulation artificial iris with a pseudo spoke
pattern formation. This approach within the framework of transmission
modulation of photo-reactive polymer requires neither additional operation
circuit nor complicated fabrication process. It should be directly applicable
for prosthetic iris implantation [89–92] or humanoid robotics.
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Chapter 5
Concluding Remarks
In this thesis, electro-optic device based on polymeric materials with ordered
interfaces produced by the surface treatments are studied in the viewpoints
of the scientific researches and devices applications. The surface-induced
ordering effects of the polymeric materials are numerically and analytically
investigated. Also, the novel concepts of the artificial human iris and their
application proposed and practically demonstrated. In Chap. 1, the various functional polymer and their physicochemical properties and patterning techniques for polymer materials were briefly introduced. Especially,
the liquid crystalline polymer (LCP) is given a full explanation because it
has unique physical and optical properties such as amphiphilic and birefringence. The motivation, patterning problem of functional polymer for
application, of this research was also introduced in this chapter. In Chap.
2, the novel concepts of spontaneous pattern formation processes in liquid
crystalline polymer (LCP) films through utilizing surface modifications such
as a plasma treatment and an UV irradiation was introduced. The proposed
methods enable the spontaneous pattern formation of well aligned one- or
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two- dimensionally periodic micro-structures over large area, without additional template or patterning steps.
For advanced electro-optic (EO) applications, we demonstrated three
types of novel EO devices using functional polymers, including ferroelectric
liquid crystal (FLC) device with confined structure, symmetric-viewing display with alternating alignment layer, and convertible LC lens for 2D/3D
convertible display in Chap. 3. In case of confined FLC, we report a continuous linear electro-optic effect associated with the smectic layer tilt and
molecular order in a tight-pitch FLC confined between lateral walls in a
vertically aligned configuration. In the topographic confinement by the lateral walls, two orthogonal anchoring forces exerted on the FLC result in the
continuity of the smectic layer tilt as well as the molecular order without
defects. The observed electro-optic effect should be directly applicable for
fast electro-optic devices with a high subthreshold slope and a low operation voltage. Next, we demonstrated a symmetric-viewing inverse twisted
nematic LCD (ITN-LCD) with four domains due to two alternating alignment layers produced via stamping assisted rubbing (SAR). With the help
of an inert protective layer of a fluorinated acrylate polymer, the second
rubbing process was successfully employed without causing any mechanical
and chemical damage to the first rubbed alignment layer. The ITN-LC cell
with four domains presented here showed continuous gray scales with good
linearity as well as the symmetric-viewing characteristics that are needed
for high image quality. Third, we demonstrated that a delicate interplay
between the in-plane and out-of plane components of an inhomogeneous
electric field plays a critical role on the flat-to-lenticular lens conversion in
a homogeneously aligned LC cell. The framework of the refractive index-
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matching between the lenticular cast and the planarization material layer
provides a practical route to construction of a variety of electrically tunable,
convertible LC devices in a planar geometry. Finally, our concept of using
the electric field modulation on a flat surface should be directly applicable
for constructing 2D/3D convertible displays and optical focusing elements
in photonics.
In Chap. 4, biomimetic application of artificial iris was demonstrated.
We present a concept of artificial iris that provides a self-regulation of light
intensity without peripheral devices. Also, spoke pattern formation like radial muscles of human eye where an LCP is used as an anisotropic (radially)
patterned material. The artificial iris is anatomically as well as functionally
close to human eyes with unique regulation mechanism. This mechanism
achieved analogy and concurrent control of the amount of light. The amount
of light to the retina, associated with the photoreaction, is reversibly controlled through molecular bond reformation with irradiation of light source.
In conclusion, throughout this thesis, advanced EO devices and
biomimetic application using various functional polymers have been explored from the viewpoints of scientific researches and practical applications. Especially, micro wrinkling pattern formation which is a matter of
concern in biomimetic application was achieved by depth-wise gradient in
solidification of liquid crystalline polymer. This wrinkling pattern formation is expected to have significant impact on micro patterning technique
and surface modification areas. Moreover, researches on the new functional
polymers and new device geometries are highly expected to provide a foundation for realizing the electro-optic applications.
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