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Abstract

Organic and polymeric materials have attracted great interest for a long

time since their excellent performances in the optical and electronic de-

vices and fundamental success of molecular engineering in creating a new

class of materials with appropriate physical and optical properties. Par-

ticularly, liquid crystals (LCs) and liquid crystalline polymers (LCPs) are

very useful in several key areas of electronic and optical devices. More-

over, the multi-ordered LC systems have attracted great interest and have

been widely studied because of the importance of the fundamental research

and their potential for device applications to the optical systems including

displays. Recently, organic functional materials, offering far greater fabri-

cation flexibility and processing simplicity than current inorganic materials,

have extensively studied for the use as electrically active layers having the

properties of conductivity or light-emission. With increasing the demands

of mobile devices in the digital multimedia broadcasting environments, all
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organic displays where all the elements consisting of the display are made

of the organic materials have attracted much attention since several advan-

tages such as low-power consumption and simple fabrication processes. In

addition, optical elements, such as optical retardation plates, color filters,

polarization converters, and interference filters, based on LCPs are one of

the classes that have been widely used for the advancement of LC displays

(LCDs) that provide improved optical performances such as high light ef-

ficiency, wider viewing angle properties, and complicated optical functions.

In such cases, it is not only necessary to produce the LCP into an optically

anisotropic film structure being divided into multi-domains. Thus, the em-

ployment of these structures as alignment layers is in need of ordering and

patterning for organic materials.

For fabricating anisotropic structures with multi-optic axes in order to

align and pattern the optical film with multi-domain, a rubbed surface or

photo-treated surfaces have been used previously. However, the rubbing

process inevitably involves the mechanical damage and dust particles on

the alignment surface and the multi-ordered pattern size is limited to a few

hundred micrometers on the double rubbing process. Photoalignment is an

alternative process to rubbing. Although the photoalignment process could

be patterned with micro-size domains, the process suffers from the weak

ii
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anchorage on the surface of the photo-treated surface. Moreover, in above

mentioned processes, supplemental alignment layer onto the optical films is

needed to order LC molecules for LC based optical elements and/or LCDs.

In this thesis, we have investigated the mechanism of imprinting tech-

nique and proposed to fabricate functional optical elements and/or non-

display and/or display applications having the functional optical elements.

In addition, nano- or microstructures on the surface of functional optical

elements induce self-aligning capability of introduced LC molecules. Also,

the novel optical element concepts of the in-cell dye-polarizer using an im-

printing technique and display applications with the novel optical elements

for high device performances are proposed and demonstrated.

In theoretical aspect, the controlling of liquid crystalline order has been

investigated focused on the induced imprinted system. The subjects of

research are divided into two categories. One is the concept of the imprint-

ing technique and the other is optical characteristics of the imprinted LCP

structures such as birefringence, physical properties, surface anchoring en-

ergy and anisotropic wettability. Furthermore, well-defined nano-structures

were fabricated by a nano-imprinting lithography with fluorine-based self-

assembled monolayer. Novel imprinting technique provides a functional op-

tical elements such as a patterned retarder (A-plate) and a C-plate, which

iii
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can be used electrically tunable retarder and wide-viewing angle enhance-

ment film inside devices (in-cell). Also, thin film polarizers such as dye-

doped polarizer can be fabricated by using an above mentioned imprinting

technique. Next, as the in-cell functional optical elements with imprinted

surface structures, three types of display application such as the transflec-

tive LCDs are described.

First, we demonstrate a novel design of a transflective LC cell using an

inverse twisted nematic (ITN) mode and embedded optical layers in a single

gap configuration. To overcome several disadvantages in the twisted nematic

(TN) and electrically controlled birefringence modes, the ITN mode based

on a homeotropic to twisted planar transition is proposed for our transflec-

tive LC cell. The embedded films in the LC cell were aligned and patterned

by an imprinting technique using silane treated polymer mold. The im-

printed optical films (IOFs) can be used function as an in-cell patterned

retarder or a viewing angle enhancement film. In addition, the geometri-

cally generated microstructures of the surface of IOFs have a self-aligning

capability of LCs due to Berreman effect and thus, the inverse nematic LC

layer undergoes a vertical to 90◦-TN state in the transmissive (T) part and a

vertical to 45◦-TN state in the reflective (R) part during operation. More-

over, it achieves compensation of optical path difference (OPD) between

iv
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both parts and possesses higher transmission, wider viewing, and achro-

matic characteristics. This device is expected to have high transmittance

and high reflectance simultaneously. Moreover, an imprinting technique,

using a photopolymerizable LCP material, is a a simple and versatile tech-

nique for fabricating micro-patterned optical films with multi-array.

Second, we proposed a single cell gap transflective LCD using multi-

TN based LC cell and embedded patterned dye-polarizer which functions

as a polarization direction dependent polarizer to avoid the need of any

patterned retarder. For fabricating multi-TN LC mode, the LC cell is com-

posed of both a patterned dye-polarization film and an imprinted quarter

wavepalte (QWP) with unique alignment direction inside glass substrates.

In addition, the geometrically generated microstructures of the surface of

two in-cell functional films have a self-aligning capability of LCs due to

Berreman effect. This device is expected to have high transmittance and

high reflectance simultaneously. Moreover, an imprinting technique, using

a photopolymerizable LCP material without and with dichroic dye, is a

simple and versatile technique for fabricating micro-patterned optical films

with multi-array and unique alignment direction.

Third, we demonstrate a new design of a single LC mode transflective

LCD having a wire grid polarizer (WGP) and an inner patterned retarder in

v
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a single gap configuration. The WGP is served as a polarizer in the T-part

and a reflector in the R-part. This device is expected to have high transmit-

tance and high reflectance simultaneously. Moreover, the patterned retarder

has two domains, i.e., an anisotropic part and an isotropic part, that are

placed in the T and the R parts, respectively. The patterned retarder based

on LCP material can be fabricated on the inner side of lower glass sub-

strate. Due to different liquid crystalline phases of the patterned LCP layer

between the two parts, two induced optical properties of the LCP layer in

the T-part and the R-part were different in dielectric constant, respectively.

As well be discussed later, the appearance of the different dielectric con-

stants is essential to significantly reduce the electro-optic disparity between

the T and the R parts.

In conclusion, throughout this thesis, patterning and aligning the organic

functional materials by imprinting technique with self-aligning capability of

imprinted surface structures for injected LC molecules has been extensively

explored from the viewpoints of scientific researches and device applications.

Basically, almost optical and electronic elements and/or applications can

be practically realized in the functional organic passive and active systems

produced and may be a foundation for the future scientific researches and

novel applications.
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Chapter 1

Introduction

Liquid crystals (LCs) have found wide commercial application over the last

three decades in electro-optical (EO) flat panel display (FPD) devices for

consumer audiovisual and office equipment, such as watches, clocks, stereos,

calculators, portable telephones, personal organizers, notebooks, and lap-

top computers. There are many other applications for LC displays (LCDs),

such as information displays in technical instruments and in vehicle clocks,

speedometers, navigation, and positional aids. They are also used in low-

volume, niche products, such as spatial light modulators and generally as

very fast light shutter. More importantly, they have come to dominate

the displays market in portable instruments due to their slim shape, low

weight, low-voltage operation, and low power consumption. LCDs are now
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starting to win market shares from cathode ray tubes (CRTs) in the com-

puter monitor market. The market share of LCDs in the total market for

displays is expected to significantly increase over the next decade. There

are a number of existing competing FPD technologies, such as plasma dis-

plays (PDs), vacuum fluorescence displays (VFDs), inorganic light-emitting

diodes (OLEDs), light-emitting polymers (LEPs), and field emission dis-

plays (FEDs). The first production lines for LEP technology were recently

commissioned. However, the value of LCDs is still expected to exceed that

of the CRT tube in the near future. Manufacturing facilities for FPDs are

very capital intensive. For example, a plant for twisted nematic LCDs with

active matrix addressing can cost upward of $1 billion. As consequence of

the capital already invested in LCD plants, it will take many years for com-

peting technologies to gain a significant market share in the displays market

in general. In particular, LCDs can be expected to maintain a dominant

position in portable applications.

The successful development of LCD technology was dependent on par-

allel developments and progress in an unusual combination of scientific dis-

ciplines such as synthetic organic chemistry, physics, electronics, and de-

vice engineering. These include improvements in batteries, polarizers, elec-

trodes, complementary metal-oxide semiconductor (CMOS) drivers, spac-
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ers, alignment layers, and nematic liquid crystals (NLCs). These devel-

opments were made in response to a clear market requirement for a low-

voltage, low-power-consuming FPD screen for portable, battery-operated

instruments to display graphic and digital information of ever increasing

volume, speed, and complexity. In this chapter, we attempt to illustrate

this development using the three most important types of LCDs currently

in large-scale manufacture. We also describe ferroelectric LCDs, which have

the potential to become a major commercial product, to illustrate the prob-

lems to be overcome before an LCD tchnology can be successfully estab-

lished in the displays market. All of these technologies can be incorporated

in gels and polymer-dispersed LCDs. Therefore, they will not be dealt with

here in any detail, because the general principles of operation are essentially

the same.

In this thesis, organic device configurations with multi-ordered interfaces

produced by the imprinted optical films and/or alignment layer are studied

in the viewpoints of the scientific researches and device applications. By

using imprinting technique, the surface-induced ordering effects of the or-

ganic materials on the device performances and self-aligning capability of

injected LC molecules are numerically and analytically investigated. Also,

the novel optical component concepts of the patterned retarder or patterned

3
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polarizer on the inside of the cell and novel LC devices embedded these op-

tical components are proposed and demonstrated. First, in this chapter, the

importance of the necessary of an imprinted optical film and/or alignment

layer, which produce the imprinting technique, is briefly introduced.

1.1 Liquid Crystalline Materials

The LCs are extremely important in several key areas of FPDs and fiber-

optic communications since their large optical anisotropy are electrically

and/or geometrically controlled in a simple fabrication process. The basis

of the majority of specific LC EO effects, anisotropy of the electrical and

optical properties of the LCs, is found in the reorientation of the LC director,

described as the average axis of preferred orientation of the LC molecules, in

the macroscopic volume of the material under the influence of an externally

applied field [1].

LCs are novel mesophases whose mechanical and symmetrical proper-

ties are intermediate between features of a liquid and those of a crystal [2].

Molecules of a specific shape form liquid crystalline phases. The most typi-

cal are rod-like molecules or rod-like molecular aggregates, which have orien-

tational order (like crystals), but lack positional order (like liquids) [1]. This

4
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orientational order results in strong electrical and optical anisotropy. De-

pending on the degree of order of the medium, various intermediate phases

(mesophases) may exist.

Typically, the LC phases are classified in to two types: lyotropic

and thermotropic. Lyotropic LCs, where the control parameter for the

mesophase is the concentration of the compounds, are of great interest in

biological researches naturally appearing in living systems [3]. Thermotropic

LCs, where the control parameter is the temperature, are widely studied in

both scientific researches and the engineering applications such as informa-

tion display and optical elements [4].

Thermotropic LCs with rod-like molecular shape are categorized into

the nematic, the cholesteric, and the smectic phases as shown in Fig. 1.1.

The NLCs are anisotropic liquids with a lowest degree of order having an

only long-range orientational order with no positional one (Fig. 1.1(a)).

The orientational order of the LCs produces large anisotropy of the optical

and electrical properties. The cholesteric LCs are the NLCs with a helical

structure on a macroscopic scale (Fig. 1.1(b)). In the smectic LCs, the

molecules are parallel to each other, but their centers are stacked in parallel

layers within which they have random positions, so that they have positional

order in one direction (Fig. 1.1(c) and (d)). In the smectic A phase (Fig.

5
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LC

phases: (a) nematic, (b) cholesteric, (c) smectic A, and (d) smectic C

phases. Here, n depicts the LC director which is the average axis of

preferred orientation of the LC molecules.

1.1(c)), the LC director is parallel to the layer normal direction whereas in

the smectic C phase, the LC director is tilted with respect to the smectic

layer (Fig. 1.1(d)).

For examining the intrinsic properties of the LCs and adopting a variety

of the practical applications, sandwich-type cells consisting of two treated

substrates and the LCs between them are generally used. In those LC

cells, the ideal conformation, in which the molecules are aligned along a

common direction, will not be compatible with the constraints that are

6
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imposed by the limiting surfaces of the device and by external fields acting

on the molecules. Thus, there will be some degree of deformations in the

alignment of LC molecules, resulting in the change of the electrical and the

optical properties.

For LC devices including LCDs, particularly, the interaction of the LC

molecules with a treated substrate predominantly governs their EO proper-

ties since a surface alignment layer strongly influences the collective reorien-

tation of the LC molecules. For the fundamental researches as well as device

applications, the surface anchoring energy is one of the important factors

used to characterize the surface orientation of the LC molecules. Through

the modification of the surface layer governing the LC molecular configura-

tion, a variety of practical devices, such as the LCDs with improved view-

ing characteristics [5, 6], optical filters in fiber-optic communications [7, 8],

diffractive devices used for optical information processing [9,10], and biosen-

sors for recognition of biomolecular reaction [11,12], are developed with the

improved performances.

Liquid crystalline polymers (LCPs) are the polymers having liquid crys-

talline ordering. The structures, a main chain and a side chain, of LCPs

are illustrated in Fig. 1.1. The LCPs [13–16] combine the self organization

of the mesogenic gropus into the ordered structure of LC phases with some

7
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Figure 1.1: Different types of LCPs. The nematic phases formed by rigid

and flexible linear chain polymers [15,16].

typical polymer properties, such as the freezing of the disorder of the poly-

mer chain at the glass transition temperature. Thus, in most cases, the LC

phases also freeze glassy on cooling. In addition, an induced orientation can

be frozen-in. LCPs can be prepared by incorporating the anisotropic meso-

genic gropus into polymeric systems. Three different ways as shown in Fig.

1.1 to do this will be discussed, the first two of which are most commonly

used. First, the mesogenic groups can be linked to the polymer chain as side

groups, to produce LC side group polymers (Fig. 1.1.(a)). Second, they can

be incorporated into the polymer chain, to obtain LC main chain polymers

(Fig. 1.1.(b)) Third, both structural principles can be combined, to prepare

combined main chain/side group polymers (combined LCPs) (Fig. 1.1.(c))
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[15,16].

Mesogen

As shown in Fig. 1.2, mesogen is the fundamental unit of a liquid crystal

that induces structural order in the crystals. Typically, a liquid-crystalline

molecule consists of a rigid moiety and one or more flexible parts. The rigid

part aligns molecules in one direction, whereas the flexible parts induce

fluidity in the liquid crystal. This rigid part is referred to as mesogen, and it

plays a crucial role in the molecule. The optimum balance of these two parts

is essential to form liquid-crystalline materials. In a calamitic liquid crystal,

the mesogen is a rod-like structure composed of two or more aromatic and

aliphatic rings connected in one direction as shown in Fig. 1.2(a). In a

discotic liquid crystal, the flat-shaped aromatic core that makes molecules

Figure 1.2: The example of Mesogenic Structures [17].
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Figure 1.3: The schematic representation of a crosslinked LCP. The linkage

between polymeric chains and mesogenic groups is not yet specified.

stack in one direction is defined as the mesogen as shown in Fig. 1.2(b).

These rod-like and disk-like structures are formed not only by covalent

bonds, but also by non-covalent interactions, such as hydrogen bonds, ionic

interactions, and metal coordination. In such cases, key structures which

define the macromolecular shapes of the assembled molecules are called

mesogens or mesogenic parts.

The structure of polymeric mesophase is largely influenced by a shape of

the mesogenic groups, the rigidity of the main chain and the length of the

flexible spacers separating mesogenic groups [18]. Polymer molecules shown

in Fig. 1.3 form thermotropic and photopolymerizable LCPs. Among them,

all the types of mesophases known for low-moleculear weight compounds are

virtually revealed. Figure 1.3 combined the properties already discussed,
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with rubber elasticity. In these systems a macroscopic deformation of the

crosslinked sample leads to a corresponding equilibrium deformation of the

polymer chains. Different degrees of orientation of the polymer chains can

be achieved by stretching the macroscopic sample to different degrees. Af-

terwards an orientation of the mesogenic groups, which results due to inter-

actions of polymer chains and mesogenic groups, can be determined under

equilibrium conditions. However, in uncrosslinked LCPs, non equilibrium

orientations resulting from flow above the glass transition temperature have

to be frozen-in below Tg. Therefore the LCP seems to be ideal systems in

which to investigate the interaction of the orientation of the polymer chains

(induced by mechanical fields) and that of the mesogenic groups (induced

by electric fields). As polymer networks, which are not liquid crystalline,

cannot be swollen with mesogenic groups in the LC phase due to incom-

patibility, the mesogenic grups must be linked covalently to the polymer

chains to prevent a demixing. The importance of LCP has been increased

in connection with patterned retarder which will be discussed in the later

part of thesis.
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1.2 Importance of the Liquid Crystalline Or-

dering at Surface Structures

During the last decade, the technical progress in LCD industry have trig-

gered a considerable scientific interest in the microscopic origin of surface

alignment. The alignment of LC is closely connected with the contacting

surface properties, and many researches have been reported on the bound-

ary effects on the LC alignment [19–21]. In other words, to orient LC,

a solid substrate is treated by applying some kind of actions. Figure 1.4

and table 1.1 show classification [22] and characteristics [23] of various LC

Figure 1.4: Classification of various LC alignment techniques [22].
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alignment techniques, respectively. The surface treatment, a rubbing pro-

cess [24], is the most widely used in display industry, but has some dis-

advantages coming from the mechanical contact. As an alternative of the

rubbing, many methods modifying surfaces have been reported to align

LC, such as SiO2 evaporation [25], ion-beam alignment [26], and surface

modification using atomic force modulation (AFM) [27, 28], and the pho-

toalignment technique [29, 30]. In such cases, it is not only necessary to

produce the LCP into an optically anisotropic film structure being divided

into multi-domains. Thus, the employment of these structures as alignment

layers is in need of ordering and patterning for LCP molecules. For fab-

ricating anisotropic structures with multi-optic axes in order to align and

pattern the LCP optical film with multi-domain, for aligning and patterning

the LCP optical films with multi-domain, a rubbed surface [31] or photo-

treated surfaces [32, 33] have been used previously. However, the rubbing

process inevitably involves the mechanical damage and dust particles on

the alignment surface and the multi-ordered pattern size is limited to a few

hundred micrometers on the double rubbing process. Photoalignment is

an alternative process to rubbing. Although the photoalignment process

could be patterned with micro-size domains, the process suffers from the

weak anchorage on the surface of the photo-treated surface [34]. Moreover,
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in above mentioned processes, supplemental alignment layer onto the LCP

optical films is needed to order LC molecules for LC based optical elements

and/or LCDs.

For modification of the drawbacks among the listed methods, we have

focused on the surface treatment by soft lithography, imprinting technique.

The technique offers a unique possibility of a more complex structuring and

patterning of the interfacial order. Moreover, new studies on the imprinted

alignment, including the gliding of easy axis, are reported which requires

scientific approach to understand the microscopic mechanism. The motiva-

tion of this thesis is divided into two parts: The detailed study on imprinted

alignment itself and the new application of imprinting technique.

In the first part of thesis, we investigate the control of easy axis in both

polar and azimuthal directions. Since the first development of the imprint-

ing technique, most of researches have been focused on the phenomenolog-

ical aspects.

1.3 Outline of Thesis

This thesis contains six chapters. Chapter 1 introduces liquid crys-

talline materials such as LC and LCP and the importance of the surface
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Table 1.1: Characteristics of various LC alignment techniques [23].
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structures for aligning liquid crystalline materials. The novel alignment

layer, imprinting technique, of the research is also included in this chap-

ter. Chapter 2 provides the detail information of imprinting technique.

The optical properties such as optical anisotropy, dichroism, and dielectric

anisotropy and the surface phenomena and anchoring energy for self-aligning

capability of the introduced LC molecules on the imprinted polymeric align-

ment layers. In the end of this chapter, the experiments of the polymeric

alignment layers using the imprinting technique. In Chapter 3, novel im-

printing technique provides a functional optical elements, which are in-cell

patterned optical films, in-cell polarizer such as dye-doped polarizer and

wire gird polarizer. Chapter 4 contains the display applications of the

organic molecules such as the LC and imprinted LCP layer. The new trans-

flective LCD in the single gap configuration having an imprinted patterned

retarder, in-cell patterned polarizer, and wire grid polarizer for high effi-

cient optical performances. Finally, some concluding remarks are made and

further studies are suggested in Chapter 5.
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Chapter 2

Imprinting Process for

Patterning and Self-Aligning

Capability

2.1 Aligning Properties on Imprinted Sur-

face Structures

The interaction of LCs with neighbor phases (gas, liquid, solid) is a very

interesting problem relevant to their EO behavior. The structure of liquid

crystalline phases close to an interface is different from that in the bulk,
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and this ”surface structure” changes boundary conditions and influences the

behavior of a LC in bulky samples. The nematic phase is of great importance

from the point of view of applications in EO devices; thus, in this section

we shall concentrate mainly on the surface properties of nematics.

2.1.1 Typical types of alignments and the methods of

their implementation

In most practical applications and when examining LCs, sandwich type

cells are used. A flat capillary with a thickness of 1-10 microns and above

is formed from two glass plates with transparent electrodes. The separation

between the plates is fixed by means of an insulating spacer (mica, polyethy-

lene, etc.). To fix a very narrow gap (about 1 micron), glass balls or pieces

glass thread of proper diameter are put between glasses. In sandwich cells,

light is incident along the direction of the electric field or, if required, at a

specified angle to it.

Tin dioxide (SnO2) or indium oxide (In2O3) are most often used as

transparent conducting coating. Layers of SnO2 with a resistance of 20

Ω/m2 and less are obtained. This method can produce layers of varying

thickness, depending on which is more important things such as the optical
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transparency or the electrical resistance. Fine wires can be attached to the

layers of SnO2 using a very diluted ethanol solution of the glue based on

polyvinylbutyral resin. Layers of In2O3 are produced by cathodic sputtering

of the indium in a vacuum of 10−5 torr. This method is more efficient, and

the properties of the coating (mechanical strength, optical transparency,

electrical resistance) are approximately the same as with SnO2.

In order to investigate the anisotropy of the properties of LCs and the

character of their EO behavior, it is necessary to make a definite orientation

of their molecules at the boundary walls of the cell. Molecules in the succes-

sive layer ”attach” themselves to the molecules on the surface layer and the

whole sample will become a monocrystal, either ideal or deformed, depend-

ing on the orientation of these surfaces. The orientation of the molecules

on the surface is characterized by two parameters: the average angle of the

molecules to the plane of the surface θ0 (preferred direction at the surface)

and the anchoring energy W . Using the angle θ0, we can distinguish various

orientation: homeotropic (θ0 = 0), planar (θ0 = π/2), and tilted (0 < θ0 <

π/2).
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Figure 2.1: Illustration of the mechanism for: (a) planar orientation and

(b) homeotropic orientation [1].

A. Planar (homogeneous) orientation

Most commonly, a planar orientation is produced by a mechanical rubbing

of the surface of the glass with paper or cloth (Chatelain’s method). The

rubbing creates a microrelief in the electrode coating or glass in the form of

ridges and troughs, which promotes the orientation of the molecules along

these formations. It is very simple, but unfortunately it does not always

provide a sufficiently strong anchoring of the director to the surface. Better

results are given by the evaporation of metals or oxides (e.g., SiO) onto the

surface at oblique incidence [25]. The mechanism of planar orientation of

NLCs by means of an obliquely evaporated thin film of metal is illustrated

in Fig 2.1 (a).

In order to explain why longitudinal ridges and troughs on the surface

of the glass promote a planar orientation of a NLCs, it is important to
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study the interaction of a NLC with such surfaces from the viewpoint of a

minimum elastic energy [24]. For convenience, the shape of the cross-section

perpendicular to the ridges and troughs is taken as sinusoidal:

φ(z = 0) = A sin qx (2.1)

where x is the direction perpendicular to the rubbing of the surface of

the substrate, q is the wave vector of the surface structure, and A is its

amplitude By comparing Fig. 2.1 (a) and Fig. 2.1 (b), it can be seen that

orientation of the director perpendicular to the surface (a) requires elastic

energy for deformation of the medium, whereas positioning the director

along the troughs in surface (b) is not accompanied by such a deformation.

The extra energy in the case of (a) can be calculated once the azimuthal

φ(x, z) of the deviation of the director from the x-axis has been determined.

The excess of the elastic energy between the two configurations of the

LC molecules parallel and perpendicular to the grooves can be calculated

by minimizing the NLC elastic energy F = Wφ in the half-plane (z > 0)

with the boundary conditions in the form

F =

∫ ∞

0

q(z)dz =
1

4
KA2q3 (2.2)

where K is elastic constant of the LC and q(z) is defined from Eq. 2.1.

Thus, the additional elastic energy is quadratic, dependent on the depth of
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Figure 2.2: Illustration of Berreman’s model [1,24]. (a) Deformation of the

molecular distribution when the director is oriented perpendicular to the

ridges on the surface. (b) No deformation is present with an orientation of

the molecules parallel to the ridges and throughs on the surface.

the relief (amplitude A) and inversely proportional to the cube of the period

of the relief q.

Thus, the orientation of the director, shown in Fig. 2.2(a) (φ0 = π/2)

has an excess energy (when compared with the orientation in Fig. 2.2(b),

φ0 = 0).
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B. Homeotropic orientation

As was already mentioned, etched glass surfaces promote a homeotropic ori-

entation. Some crystalline cleavages (Al2O3, LiNbO3) also orient nematics

homeotropically. However, the most popular technique for the homeotropic

orientation is utilization of surfactants.

The mechanism of homeotropic orientation by a monomolecular layer of

a surfactant is demonstrated in Fig. 2.1(b). An orienting monolayer can be

achieved by withdrawing the substrate from the solution by polymerization

of the organosilicon films directly onto the substrate, and, in particular,

by using a plasma discharge. Moreover, surface-active impurities can be

introduced directly into the LC (e.g., lecithin or alkoxybenzoic acids). Using

this method, different types of LC can be oriented (nematic, cholesteric,

and smectic). Treatment of the walls with organometallic complexes also

produces a stable homeotropic orientation in NLCs.

Homeotropic orientation can be also produced by a UV aligning tech-

nique [35,36]. In this case, the sample with a photosensitive layer is illumi-

nated by a normally incident nonpolarized light. The LC molecules tend to

orient perpendicular to the light polarization vector, and consequently the

only ”allowed” preferred direction remains along the light propagation.
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C. Tilted orientation

Orientation of molecules at a given angle to the surface is achieved using

layers of SiO produced by oblique evaporation at a very large angle (80

- 90◦) between the normal to the surface and the direction to the source

[37]. In this case, quasi-one-dimensional surface structure is achieved that

is oriented at an angle to the surface. This induces a tilt of the NLC

molecules in the same direction [38].

Another method of the pretilt angle generation includes a proper rubbing

of polymer (polyimide) films. In this case, the chemical structure of the

oriented NLCs must be taken into consideration [39]. A very important

thing is the presence of alkyl-branches in a rubbed polyimide film [36]. The

absence of the alkyl-branches results in a low pretilt (≈ 2◦), polyimide films

with a low density of the alkyl-branches leads to a medium pretilt (≈ 5◦),

while a high pretilt angle (≈ 20◦) may be achieved for the high density of

the alkyl-branches. The physical reason for this is evident. The presence

of the alkyl-branches increases the tendency for a homeotropic orientation,

because they work similar to surfactants on the polyimide surface. Tilted

orientation of the NLC molecules can also be achieved by using surfactants

[38]. The pretilt angle irreversibly increases with temperature due to the
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increase of the flexibility of the polymer side chains. The effect is more

pronounced for the larger dielectric constants of LCs [40].

The angle of tilt of the molecules to the surface can be determined by op-

tical methods, by studying the birefringence of the layer of the crystal with

a change of angle of incidence of the light onto the cell [37]. The UV align-

ing technique is also capable of generating tilt angles on the photosensitive

surface. One of the most attractive possibilities includes the application of

the two subsequent illuminations [39, 41]. The director tilt angles of more

than 4◦ on the surface can be produced, which is highly important for the

applications in supertwist liquid crystal display cells [42,43].

2.1.2 Surface parameters

A. Easy axis and anchoring energy

The macroscopic behavior of NLCs depends on the boundary conditions for

the orientation of the direction −→n . For this reason, the proper description

of physical properties of alignment layer is important to investigate LC-

interface systems. The major surface parameters of alignment layer are easy

axis, pretilt angle and anchoring energy. We first describe the definition and

expression of anchoring energy.
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The director orientation at the interface between a NLC (z > 0) and

alignment medium (z < 0) is characterized by two angles: the surface

polar angle θS and the surface azimuthal angle φS. At equilibrium and

in the absence of external torques, the surface free energy is minimized if

the director is aligned along one direction (easy axis) characterized by the

two angles θ0 and φ0. Depending on the nature of the interface, several

kinds of easy director orientations can be obtained. If the substrate is

an isotropic medium without preferential direction on the surface plane,

the easy axis is characterized only by a well-defined polar angle θ0. If

the substrate is an anisotropic medium (solid crystal, isotropic substrate

rubbed along a given direction) the easy axes are characterized by well-

defined polar and azimuthal angles. Depending on the values of the easy

polar angle, the director configuration is divided into homeotropic, tilted

and planar configuration.

Let us consider the interface between a semi-infinite NLC (z > 0) and

another semi-infinite medium (z < 0). At large distance from the interface

the system exhibits a translational symmetry and thus the local physical

parameters of the NLC do not depend on the position in space. Near the

interface, the translational symmetry is broken and the local parameters

depend on the distance z from the interface and one easy direction exists
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for the director at the interface. The free energy per unit area contributed

from an interface γ is given by [44]

γ =

∫ ∞

0

[FLC(z)− FLC(∞)]dz +

∫ 0

−∞
[Fsub(z)− Fsub(∞)]dz (2.3)

where FLC(z) is the free energy density of the NLC per unit volume at the

distance z from the interface and FLC(∞) is its asymptotic value in the bulk

(z → −∞).

γ is assumed that a function of the two surface angles θ and φ of the

director. At equilibrium and in the absence of external forces, the director

at the surface is aligned along the easy axis, θ0 and φ0. The free energy γ

can be written as

γ(θ, φ) = γ(θ0, φ0) + W (θ, φ) (2.4)

where γ(θ0, φ0) is the equilibrium value γ(θ, φ) and W (θ, φ) corresponds

to the work needed to deviate the director from the equilibrium position

(θ0, φ0), the anchoring energy function.

For the small deformation,

W (θ, φ0) =
1

2
Wp

2(θ − θ0) (2.5)

and

W (θ0, φ) =
1

2
Wa

2(φ− φ0) (2.6)
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where Wp and Wa are the polar and azimuthal anchoring strength, respec-

tively. They have dimensions of a surface tension and give a direct measure

of the strength of the orientational interactions between the LC and the

substrate. However, to describe the large deformation from the equilibrium,

modifications are needed. The most commonly used analytical approxima-

tion for the surface free energy of a NLC is Rapini Papoular formula.

W (α) =
Wα

2
sin2 α (2.7)

Furthermore, other approximations are more productive in describing some

other phenomena. The expression of W in Legrendre polynomials was pro-

posed.

W (α) =
∑

i

Wi sin
2i α (2.8)

B. Polar anchoring energy

The polar anchoring strength is related to the energy required to deviate

the polar angle of LC director from the easy axis. Many kind of methods are

proposed to measure the polar anchoring strength. The anchoring strength

deduced from the distorted LC director in wedge cell [45], surface disclina-

tion [46], the Freedericksz transition [47], and the distortion induced by

applying high field [48, 49]. In this thesis, we adopted Yokoyama’s high
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field method [48] to measure the polar anchoring energy.

Let us consider the NLC layer with thickness d assuming that both

substrates at z = 0 and z = d are identically treated. The free energy of

NLC is written as

F =
1

2

∫ d

0

[(K1 cos2 Θ + K3 sin2 Θ)(
dΘ

dz
)2

+
D2

(ε1 sin2 Θ + ε2 cos2 Θ)
]dz + 2f(θ) (2.9)

where Θ, f(θ), and D denote the angle between the director and the sub-

strate, anchoring energy, and electric displacement, respectively. The angle

θ is related to Θ as θ = Θ(0) = Θ(d). Here K1 and K3 are the Frank elastic

constants for splay and bend deformation, and ε1 and ε2 are the dielectric

constants parallel and perpendicular to the director, respectively.

After minimizing the elastic free energy by the Euler-Lagrange approach

and combining the torque balance equation at the interface between the

substrate and LC, the equation can be obtained as,

dΘ

dz
=

∆εD2
z

K1ε1
2

cos2 Θ− cos2 Θm

(1 + γ sin2 Θ)(1− α cos2 Θ)(1− α cos2 Θm)
(2.10)

where ∆ε = ε1 − ε2, α = ∆ε/ε1, and γ = (K3 − K1)/K1. And Θm is the

angle at z = d/2.

For a normally incident light of wavelength λ, linearly polarized, the
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retardation R can be expressed as,

R =
2π

λ

∫ d

0

(neff (φ)− no)dz (2.11)

neff (φ) =
no√

1− ν cos2 φ

ν =
ne

2 − no
2

ne
2

where ne, no, and φ are the extraordinary, ordinary refractive index, and

the angle between the director and the substrate, respectively. By inserting

Eq. (2.10) into Eq. (2.11), a simple relation between R/R0 and 1/CV can

be obtained as

R

R0

=
ξ

CV
I(α, γ, ν, θ) (2.12)

I(α, γ, ν, θ) =
2

π

∫ π/2

θ

1− ν + (1− ν)1/2

1− ν cos2 Θ + (1− ν cos2 Θ)1/2

×(1 + γ sin2 Θ)1/2(1− α cos2 Θ)1/2cos ΘdΘ (2.13)

where ξ = (πCV/d)(K1/∆ε)1/2, R0 = 2πd(ne − no)/λ.

For simplicity, f(θ) can be approximated by the Rapini-Papoular form

and rewritten as Wθ sin2 (θ − θ0)/2 ∼ W 2
θ (θ − θ0)/2, where θ0 is the pretilt

angle. After some simplification [48] of Eq. (2.14), the relation between

R/R0 and 1/CV is obtained as

R

R0

=
ξ

CV
I(α, γ, ν, θ)− 2(K1 cos2 θ0 + K3 sin2 θ0)

Wθd
(2.14)
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The measurements of the optical retardation and capacitance of a ho-

mogneously aligned NLC cell, as a function of applied voltage, can produce

the polar anchoring strength using Eq. 2.14.

C. Azimuthal anchoring energy

For the measurement of azimuthal anchoring energy, the torque balance

method in a twisted-nematic (TN) cell has been proposed using a single

wavelength [50] or spectral distribution of light [51, 52]. In this thesis, the

azimuthal anchoring strength was evaluated by using a twist angle of TN

cell which was fabricated with an imprinted alignment (IA) substrate and a

rubbed polyimide (PI) substrate. According to continuum theory, the free

energy per unit area can be written as a sum of the energies as follows.

F = Fbulk + FIA + FPI (2.15)

where Fbulk, FIA, and FPI are the bulk elastic energy, the surface anchoring

energy of IA and the anchoring energy for PI, respectively. The bulk elastic

energy and the surface anchoring energy of photopolymer are written as

Fbulk(φ) =
K2

2d
(φ− 2π

d

p
)2 (2.16)

FIA =
W

2
sin2 ∆φ (2.17)
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where K2, φ, and d denote the elastic constant, the twist angle and the cell

gap, respectively. We assume the strong anchoring for the polyimide. If Φ

is the angle between two aligned directions, the deviation of the surface LC

director from the aligning direction is denoted as ∆φ as

φ = Φ−∆φ (2.18)

By minimizing F or δF/δ∆φ = 0, the surface anchoring strength W is

express as

Wφ =
2K2(φ− 2πd/p)

d sin (2Φ− 2φ)
(2.19)

and evaluated from the twist angle φ of the TN cell.

2.2 Imprinted Surface Structures

LCs and LCPs are very useful in several key areas of electronic and opti-

cal devices. Moreover, the multi-ordered LC systems have attracted great

interest and have been widely studied because of the importance of the fun-

damental research and their potential for device applications to the optical

systems including displays. In addition, optical elements, such as optical

retardation plates, color filters, polarization converters, and interference fil-

ters, based on polymers, including LCPs, are one of the classes that have
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been widely used for the advancement of LCDs that provide improved op-

tical performances such as high light efficiency, wider viewing angle proper-

ties, and complicated optical functions. In such cases, it is not only neces-

sary to produce the LCP into an optically anisotropic film structure being

divided into multi-domains. Thus, the employment of these structures as

alignment layers is in need of ordering and patterning for organic materials.

For fabricating anisotropic structures with multi-optic axes in order to

align and pattern the optical film with multi-domain, a rubbed surface or

photo-treated surfaces have been used previously. However, the rubbing

process inevitably involves the mechanical damage and dust particles on

the alignment surface and the multi-ordered pattern size is limited to a few

hundred micrometers on the double rubbing process. Photoalignment is an

alternative process to rubbing. Although the photoalignment process could

be patterned with micro-size domains, the process suffers from the weak

anchorage on the surface of the photo-treated surface.

In this chapter, we have investigated the mechanism of imprinting tech-

nique and proposed the application to functional optical elements. In addi-

tion, display and/or non-display applications with the novel optical elements

for high device performances are proposed and demonstrated.
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Figure 2.3: The schematic diagram showing the fabrication of an imprinted

polymeric patterns. (a) Fabrication of the polymer (PDMS) mold. (b)

Patterned structure transferred from a PDMS mold to a polymer-coated

substrate using imprinting technique.
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2.2.1 Imprint lithography

The formation of patterned structures on micro- or nanometer length scales

is essential for the fabrication of many electronic, optics, microfluidics, and

biological devices. Patterning technologies are well established for semi-

conductors and metals, but are relatively undeveloped for organic polymers

with the notable exception of the specialized polymers used in photolithog-

raphy.

The limitations of the conventional photolithography such as their high

costs and the resolution limit due to diffraction, motivate the exploration

and development of unconventional nanofabrication techniques. These un-

conventional approaches, of course, have limitations of their own. Uncon-

ventional routes may offer alternatives to photolithography in manufactur-

ing. These techniques create opportunities for fabrication on non-planar

surfaces (particularly smooth, curved surfaces) and over large areas and

may offer competition in nanofabrication where cost and materials make

photolithography difficult. Unconventional techniques have the potential to

be the ultimate, low-cost method for nanomanufacturing. They are also op-

erationally much simpler to use than are conventional techniques and thus

help to open nanoscience and nanotechnology.
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1. Mold (master) preparation

Silicon elastomers are resistant to ozone and ultraviolet (UV) degradation,

have good chemical stability and are available in a variety of useful forms

as conformal coatings, encapsulants and adhesives. We used polydimethyl-

siloxane (PDMS, Sylgard 184, Dow Corning) as an elastomeric mold, which

was supplied as two part liquid component kits comprised of

Table 2.1: The mixing ratio of two part liquid component kits.

Mixing ratio Components

(by weight or volume) (as supplied)

10 : 1 Base/curing agent

When liquid components are thoroughly mixed, the mixture cures to a

Table 2.2: Physical properties of the PDMS (Sylgard 184) used in our ex-

periment.

Color Viscosity Specific gravity Thermal conductivity

(cP) (Watt-m-deg.)

Clear 3900 1.03 0.18
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flexible elastomer. Physical properties of the PDMS used in our experiment

are shown in Table 2.1. We fabricated a PDMS master that has a planar

surface with recessed or protruding patterns by casting PDMS against a

complementary relief structure prepared by photolithography or electron-

beam method.

As shown as Fig. 2.3(a), the PDMS was first poured on the master to

give the polymer mold thickness of 5 cm. It was then cured on a hot plate

at about 70◦C, at which the adhesion between the PDMS mold and the

master is relatively small, for 5 hours. The PDMS mold was finally peeled

off from the master.

2. Film coating and placement of the mold

For the polymer, we used commercial UV curable photo-polymer, NOA65

(Norland Products Inc.), and polyurethane (PU, Minuta Tech.). Typically,

glass was used as the substrate, which can readily be expanded to other

kinds of organic or inorganic substrate if the surface is planar enough to

allow a conformal contact with the PDMS mold. The glass substrates were

cleaned by ultrasonic treatment in acetone solvent for 30 minutes and dried

at 80◦ for 30 minutes in air atmosphere. As shown upper part in Fig. 2.3(b),

polymer films were spin-coated onto the glass substrate to 300 nm to 1.5
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µm thickness, which was measured by the alphastep and the PDMS mold

was placed on the polymer surface. In spite of the spontaneous wetting

property of the PDMS mold, care should be taken to avoid small gaps or

bubbles between the mold and the polymer surface. The film was then

annealed at a temperature above the glass transition temperature, Tg.

As is well known, the difference in the thermal expansion coefficient be-

tween the PDMS mold and the substrate is considerably large. As a result,

the mold tends to separate from the polymer surface when the annealing

temperature is high. In order to prevent the separation, the mold can be

made soft (curing agent (∼ 6 %) and the annealing can be carried out grad-

ually from room temperature to the setting temperature. In this case, no

weight or pressure is needed to keep the mold in contact with the surface.

However, repeated annealing causes cross-linking of the mold, thereby lead-

ing to poorer wetting properties. We found that the same mold can be used

about 15 times but a weak pressure (∼ 100 g/cm2) is need for further use

of the mold.

3. Curing and characterizations

Typically, polymer films of NOA65 and PU were cured for 5 minutes and

2 hours using a UV exposure to make the polymer chain sufficiently pho-
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topolymerized as shown lower part in Fig. 2.3(b). PDMS has a very low

reactivity toward the polymers and its elasticity is sufficient to allow its

separation from the polymeric structure. After curing and cooling to ambi-

ent temperature, the mold was removed from the surface and the remaining

polymer structure was examined by AFM and scanning electron microscopy

(SEM).

4. Mechanism of imprinted LCP optical films

Figure 2.4 shows the mechanism of fabrication of imprinted LCP optical

films. By taking the Berreman’s effect, micro- or nanostructure of PDMS

mold induces orientation of LCP molecules. During the imprinting process,

Figure 2.4: The mechanism of imprinted optical films based on LCP. (a)

Spin-coating of LCP materials onto ITO glass substrate. (b) UV exposure

during imprinting using a PDMS mold. (c) Imprinted LCP optical films

with surface microstructure.
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mesogenic groups of coated LCP materials were oriented by surface struc-

ture of PDMS mold (Fig. 2.4(b)) and polymer chains were crosslinked by

exposure of UV light under a nitrogen atmosphere (Fig. 2.4(c)). Thus, the

imprinted LCP optical film was fabricated.

2.2.2 Anisotropic wettability

Surface wettability is an important property of materials, which is generally

characterized by measuring the contact angle of a liquid droplet sitting on

the surface. When water is used, a contact angle less than 90◦ is indicative

of a hydrophilic surface while a contact angle greater than 90◦ is indica-

tive of a hydrophobic surface. If a surface show identical contact angles

when measured from different directions, the surface is said to be isotropic

in wettability, otherwise it is anisotropic. Modification of surface wettabil-

ity is achieved through either chemical or physical means or through both.

Chemical means such as silanization [53, 54], fluorination [55–57], plasma

treatment [58–61], and photolytic treatment [62–64] have been widely used;

some of these, however, suffer the drawback of a short-lived effect. Phys-

ical means of modifying surface wettability are typically achieved through

surface roughening, which results in either ordered or disordered surface

structures. Very often, surface roughening or patterning works together
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with chemical treatments to alter surface wettability [65,66].

Meanwhile, the natural world has provided some inspirations for surface

wettability modifications. For example, the hierarchical surface texture is

responsible for the superhydrophobic and self-cleaning properties of the lo-

tus leaf [67]; the hierarchical structure in a gecko’s foot gives rise to its

ability to adhere to the wall and ceiling [68]; and the heterogeneous surface

on a Stenocara beetle’s back consisting of hydrophilic spots on a hydropho-

bic background endows the beetle with a unique water harvesting capability

in the desert [69]. These inspirations have led to a lot of efforts to mimic

these biological structures, in particular the hierarchical structure of the lo-

tus leaf and thus the remarkable superhydrophobic property [70–74]. Most

of these examples reported isotropic hierarchical structures with the aim to

achieve superhydrophobicity on different materials such as on silicon and

polymer substrates.

Anisotropic wettability has attracted much interest more recently. Sim-

ilar to the approaches taken on tuning the surface wettability, anisotropic

wettability is also achieved either through chemical patterning [75–77] or

surface roughening [78,79]. Surfaces with controlled anisotropic wettability

have the advantage of restricting liquid flow to a desired direction, which has

potential applications in microfluidic devices [80]. For example, Sommers
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et al. reported enhancement with the aid of wetting drainage enhancement

with the aid of wetting anisotropy on an aluminum (Al) surface [81]. In

nature, anisotropic wettability has been observed on the surface of the rice

leaf, and it has been mimicked by growing aligned carbon nanotubes on a

substrate [82]. Anisotropic wettability was also reported on parallel PDMS

grooves [83]. While most literature addressed anisotropic wetting behav-

ior on single level parallel line structures, there are relatively few papers

on the study of anisotropic wettability of surface with fabricated micro- or

nanoscale structures and none reported the combined effects of wettability

of imprinted surface patterns, which is based on conventional nanoimprint

lithography (NIL) [84]. These structures allow the anisotropic wettability

on polymeric films without the use of chemical treatment.

2.2.3 Fluorine-based self-assembled monolayer

(SAM)

Conventional process such as photolithography has been a dominant tech-

nology for nanostructure fabrication. However, as the cost of short wave-

length light source systems and photosensitive polymers increases signifi-

cantly and the required feature size is reduced, photolithographic technol-
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ogy will eventually reach its limit. For these reasons, extensive efforts have

been made to replace photolithography with simple techniques employing a

replica mold for patterning nanometer scale features.

Simple techniques such as imprint lithography, soft lithography, cap-

illary force lithography, polymer transfer printing, and others have been

developed for patterning nanoscale features, and displayed substantial re-

sults. Particularly, NIL based on a soft polymer mold has been utilized

successfully as an alternative for nanostructure fabrication applicable for

electron and/or optical devices.

In NIL, soft polymer, such as a PDMS, mold with fine features is pressed

on a polymeric optical film. After the PDMS mold is released, the fine pat-

tern on the mold is transferred to the polymer layer. Each type of happened

problems was unsuccessful in imprinting process according to procedures il-

lustrated in Fig. 2.5 [85]. As shown in Figs. 2.5 (a) and (b), polymer

layer was separated from substrate due to adhesion between polymer layer

and PDMS mold and polymer layer was irregularly broken because adhesion

energy between polymer layer and substrate is similar to that between poly-

mer layer and PDMS mold. In all cases, the fatal defects were occurred due

to adhesion energy of interaction of layers. Moreover, in NIL, it should be

more significantly considered when the high resolution patterns with sub-
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Figure 2.5: Illustration of failure types in NIL: (a) failed patterning by the

lift-up of polymer layer, (b) failed patterning by the fracture of polymer

layer, (c) failed pairing patterning by the elongation of polymer layer [85].

nanometers would be fabricated by NIL because the pattern aspect ratio

gets larger as a pattern width is small. Therefore, the failure such as pairing

in forming patterns with sub-nanometer was frequently observed as shown

in Fig. 2.5 (c). To overcome the adhesion problem, mold surface treatment

by a fluorine-based self-assembled monolayer (SAM) [53–57] is introduced

to decrease the energy of the mold. Consequently, the surface treatment
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may be successful for high resolution patterns transfer.
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Chapter 3

Functional Optical Elements

by an Imprinting Technique

3.1 Introduction

Many polymer based optical films are currently used in both active matrix

and passive matrix LCDs [86]. For a long time the classical absorption

based polarizer was the only optical films in a LCD. More recently other

films with new functionalities have been introduced in LCDs. Brightness

enhancement films and reflective polarizers are used to improve the light

efficiency of LCDs. Compensation films and retarders are used to improve

the angular and spectral dependence of the viewing angle properties. Front
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scattering films and holographic films are components that are attracting

interest for application in reflective displays. A common feature of these

films is that they have to perform complicated optical functions. A ded-

icated production technology is usually required to obtain films with the

desired properties.

At this moment, all of these optical films have uniform optical proper-

ties across the surface area. For some applications, however, it is useful

to locally tailor the optical properties. Examples of such applications are

patterned polarization rotators for stereoscopic displays, polarization sen-

sitive gratings, reflective color filters and patterned polarizers. Recently, a

number of new technologies based on the manipulation of the organization

of LCs have become available that allow the preparation of such structured

films. Some of the most promising technologies are based on manipulation

of the orientation of LCs by light.

In this chapter, novel imprinting technique provides a functional optical

elements, which are in-cell patterned optical films, in-cell polarizer such as

dye-doped polarizer.
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A. Optical waveplates

Traditional optical waveplates are made of crystalline materials, such as

calcite, mica, quartz, and potassium dihydrogen phosphate (KDP), that

exhibit anisotropic optical properties. These solid crystals have relatively

low birefringence (≤ 0.01). Therefore, waveplates fabricated using these

materials are generally quite thick (50 ∼ 100 µm), hence are not suitable

for applications requiring thin waveplates, such as passive waveplates incor-

porated within a Fabry-Perot etalon. Furthermore, zero-order solid crystal

waveplates are fragile, and their manufacture difficult and labor-intensive

due to the need for precision cleaving and polishing of the optical elements.

Thus, such waveplates are impractical for large aperture applications.

The advent of stretched polymer retardation sheets, designed for ap-

plications such as LCDs, has expanded the application realm of passive

waveplates to large aperture devices. These polymer sheets are flexible

films that can be attached directly to a substrate using adhesives. However,

stretched polymer sheets exhibit low birefringence. Hence even zero order

waveplates made of these sheets are thick (on the order of 100 µm), and their

transmittance characteristics are temperature- and humidity-dependent.

Conventional LC monomers used in devices such as variable retarders,

48



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

light valves, and tunable wavelength filters are well documented [87, 88].

LC monomers are advantageous in terms of low cost and high birefringence,

and devices made with these LC materials are active devices whose optical

characteristics can be varied by application of an electric field across the LC

layer. However, the LC material must be confined between two substrates.

Incorporation of these materials into a compact, single unit device with

multiple components is problematic.

LCP materials also exhibit high birefringence, therefore can be used to

achieve thin (on the order of a few microns in thickness), zero order quarter

waveplates (QWPs) in the visible wavelengths. High quality optical films

can be processed easily on a single substrate, and are therefore suitable for

use as a part of a compact, multiple component device.

B. Polarizers

Now that we have some idea of what polarized light is, the next logical step

is to develop an understanding of the techniques used to generate, change,

and manipulate it to fit our needs. An optical device whose input is natural

light and whose output is some form of polarized light is a polarizer. For

example, recall that one possible representation of unpolarized light is the

superposition of two equal-amplitude, incoherent, orthogonal P-states. An
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instrument that separates these two components, discarding one and passing

on the other, is known as a linear polarizer. Depending on the form of the

output, we could also have circular or elliptical polarizers. All these devices

vary in effectiveness down to what might be called leaky or partial polarizers.

Polarizers come in many different configurations, but they are all based

on one of four fundamental physical mechanisms: dichroism, or selective

absorption, reflection, scattering, and birefringence or double refraction.

There is, however, one underlying property that they all share, there must

be some form of asymmetry associated with the process. This is certainly

understandable, since the polarizer must somehow select a particular po-

larization state and discard all others. In truth, the asymmetry may be

a subtle one related to the incident or viewing angle, but usually it is an

obvious anisotropy in the material of the polarizer itself.

By definition, if natural light is incident on an ideal linear polarizer only

light in a P-state will be transmitted. That P-state will have an orientation

parallel to a specific direction called the transmission axis of the polarizer.

Only the component of the optical field parallel to the transmission axis will

pass through the device essentially unaffected. If the polarizer is rotated

about the z-axis, the reading of the detector will be unchanged because of

the complete symmetry of unpolarized light. Keep in mind that we are
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dealing with waves, but because of the very high frequency of light, our

detector will measure only the incident irradiance. Since the irradiance is

proportional to the square of the amplitude of the electric field, we need

only concern ourselves with that amplitude.

Now suppose that we introduce a second identical ideal polarizer, or

analyzer, whose transmission axis is vertical. If the amplitude of the electric

field transmitted by the polarizer is E0, only its component, E0cosθ, parallel

to the transmission axis of the analyzer will be passed on to the detector

(assuming no absorption). The irradiance reaching the detector is then

given by

I(θ) =
cε0

2
E0

2cos2 θ (3.1)

The maximum irradiance, I(0) = cε0E0
2/2, occurs when the angle θ be-

tween the transmission axes of the analyzer and polarizer is zero. Equation

3.1 can be rewritten as

I(θ) = I(0)cos2 θ (3.2)

This is known as Malus’s Law, having first been published in 1809 by Eti-

enne Malus, military engineer and captain in the army of Napoleon.

Observe that I(90◦) = 0. This arises from the fact that the electric field

that passed through the polarizer is perpendicular to the transmission axis
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of the analyzer (the two devices so arranged are said to be crossed). The

field is therefore parallel to what is called the extinction axis of the analyzer

and has no component along the transmission axis.

C. Wire-grid polarizer (WGP)

The simplest device of this sort is a grid of parallel conductiong wires, as

shown in Fig. 3.1. Imagine that an unpolarized electromagnetic wave im-

pinges on the grid from the right. The electric field can be resolved into the

usual two orthogonal components, in this case, one chosen to be parallel to

the wires and the other perpendicular to them. The y-component of the field

drives the conduction electron along the length of each wire, thus generating

a current. The electrons in turn collide with lattice atoms, imparting energy

Figure 3.1: Optical principles of the WGP.
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to them and thereby heating the wires (joule heat). In this manner energy

is transferred from the field to the grid. In addition, electrons accelerating

along the y-axis radiate in both the forward and backward directions. As

should be expected, the incident wave tends to be canceled by the wave

reradiated in the forward direction, resulting in little or no transmission of

the y-component of the field. The radiation propagating in the backward

direction simply appears as reflected wave. In contrast, the electrons are

not free to move very far in the x-direction, and the corresponding field

component of the wave is essentially unaltered as it propagates through the

grid. The transmission axis of the grid is perpendicular to the wires. It is a

common error to assume naively that the y-component of the field somehow

slips through the spaces between the wires.

One can easily confirm our conclusions using microwaves and a grid made

of ordinary electrical wire. It is not so easy a matter, however, to fabricate

a grid that will polarized light, but it has been done. In 1960 George R.

Bird and Maxfield Parish, Jr., constructed a grid having an incredible 2160

wires per mm [89]. Their feat was accomplished by evaporating a stream of

gold (or at other times aluminum) atoms at nearly grazing incidence onto a

plastic diffraction grating replica. The metal accumulated along the edges

of each step in the grating to form thin microscopic ”wires” whose width
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and spacing were less than one wavelength across.

Although the wire grid is useful, particularly in the infrared, it is men-

tioned here more for pedagogical than practical reasons. The underlying

principle is shared by other, more common, dichroic polarizers.

3.2 Optical Properties

The rodlike shape of LCs means that their physical properties [2, 90, 91]

also possess a degree of anisotropy; that is, they exhibit different values

when measured parallel or perpendicular to the director [90]. Free rotation

around the long molecular axis gives an axis of symmetry parallel to the

director, so that the values of the physical properties measured perpendic-

ular to the director (i.e., along the y and z axes) are identical; however,

they do differ from those measured parallel to the director (i.e., along the x

axis). The anisotropic nature of the physical properties of LCs, due to their

shape anisotropy, combined with the ability of magnetic and electric fields

to influence the bulk spatial orientation of these molecules renders them of

such importance to EO display devices. Their fast reorientation under the

influence of a moderate electric field is a result of their fluid nature. The

physical properties also depend on temperature and pressure, as well as the
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type of LC state (e.g., nematic, smectic, columnar) and the degree of order-

ing in the liquid crystalline state. The anisotropic properties of relevance

to LCDs [92,93] are described in general in the next section.

A. Optical anisotropy (birefringence)

Aligned calamitic LCs are uniaxial, due to their shape and polarization

anisotropy, and are therefore birefringent, exhibiting different properties

for light travelling with the electric field propagating parallel and perpen-

dicular to the director or optic axis. Birefringence is a property usually

associated with transparent crystals with a noncentrosymmetrical lattice

structure (e.g., calcite). The free rotation in liquids averages out any asym-

metry of molecular shape and renders the optically isotropic. The electric

vector of incident plane polarized light entering a birefringent medium is

split into two mutually perpendicular components called the ordinary (o)

and extraordinary (e) ray. The electric field of the o-ray is always perpen-

dicular to the optic axis, so its refractive index no is a constant independent

of propagation direction. The electric field of the e-ray lines in a plane that

contains the optic axis, so its refractive index neff (θ) varies with the ray

propagation angle θ with respect to the optic axis according to

neff (θ)
2 = (

cos2 θ

n2
o

+
sin2 θ

n2
e

)
−1

(3.3)
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The birefringence of the medium, ∆n(θ), depends on the propagation

direction and is defined as

∆n(θ) = neff (θ)− no (3.4)

The maximum birefringence occurs when θ = 90◦ (i.e., when the electric

field of the e-ray is parallel to the optic axis) and is given by

∆n = ne − no (3.5)

where ne = neff (θ = 90◦). ∆n is defined as the difference between the

refractive indices for the o- and the e-rays of a fully oriented nematic phase

[94] propagating parallel and orthogonal, respectively, to the optic axis of

the nematic medium. Most NLCs have positive birefringence (∆n > 0),

meaning that the e-ray is delayed with respect to the o-ray on passage

through the material.

Birefringence is responsible for the appearance of interference colors in

LCDs operating with plane-polarized light. Interference between the e-

ray and the o-ray, which have travelled through the medium with different

velocities, give rise to the colored appearance of these thin films. For a wave

at normal incidence, the phase difference in radians between the o- and e-

rays caused by traversing a birefringent film of thickness d and birefringence
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∆n is referred to as the optical retardation δ given by

δ =
2π∆nd

λv

(3.6)

where λv is the wavelength of light in a vacuum. The retardation is wave-

length dependent, so that positive and destructive interference occur at

different wavelengths, resulting in the suppression of some part of the visi-

ble spectrum and therefore, a nonwhite color. Moreover, the birefringence

is also wavelength and temperature dependent, because the refractive in-

dices also vary with these parameters. Above the nematic clearing point in

the isotropic liquid, the material is no longer birefringent (ne = no) and an

isotropic refractive index ni is observed.

Birefringence measurement

The experimental setup for measuring the birefringence of the cells is shown

in Fig.3.2. Assuming that the amplitude and the frequency of the photoe-

lastic modulation (PEM) [95] are A0 and Ω and the retardation of sample

is B, respectively the light intensity at the detector in Fig.3.2 is as follows

[96].

I = 1− cos(B)J0(A0) + 2 sin(B)J1(A0) cos(Ωt) (3.7)

+2 cos(B)J2(A0) cos(2Ωt) + · · ·, (3.8)
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where Jk(A0) denotes the kth order coefficient of Bessel function. The dc

term, the first harmonic (1f) term, and the second harmonic (2f) term

are all identified. If A0 is chosen such that J0(A0) = 0, then the DC or

average signal is independent of the birefringence B. The DC signal may

be used to normalize the 1f and the 2f signals measured by using the lock-

in amplifier. However, the lock-in amplifier presents the root-mean-square

(RMS) voltages. Therefore, the ratios can be defined by the equations.

R1f =
V1f,RMS

VDC

=
√

2 sin(B)J1(A0) (3.9)

R2f =
V2f,RMS

VDC

=
√

2 cos(B)J2(A0) (3.10)

Figure 3.2: Schematic diagram of the birefringence measurement using PEM

method [95].
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Therefore, the birefringence is

B = sin−1[
R1f√

2J1(A0)
], (3.11)

= cos−1[
R2f√

2J2(A0)
] (3.12)

= tan−1[
R1fJ2(A0)

R2fJ1(A0)
] + mπ (3.13)

where m is a integer.

B. Dielectric anisotropy

The interaction between a LC and an electric field is dependent on the mag-

nitude of the dielectric permittivity measured parallel ε‖ and perpendicular

ε⊥ to the director and to the difference between them, i.e., the dielectric

anisotropy ∆ε. The dielectric permittivity measured along the x axis is

unique, whereas the dielectric permittivities measured along the y and z

axes are identical. Therefore,

∆ε = ε‖ − ε⊥ (3.14)

where the dielectric permittivity ε of a material is defined as the ratio of the

capacitance Cm of the parallel plate capacitor that contains the material to

the capacitance Cv, of the same capacitor that contains a vacuum:

Cm

Cv

= ε (3.15)
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The dielectric constants are dependent on the temperature and the fre-

quency of the applied field up to the transition to the isotropic liquid Above

the clearing point, the dielectric constants measured along all three axes are

equal due to the isotropic nature of a liquid and, therefore, the dielectric

anisotropy decreases to zero. The resultant dielectric constant εi is the di-

electric constant of the liquid. The sign and magnitude of the dielectric

anisotropy are dependent on the anisotropy of the induced polarizability,

∆α, and the anisotropy and direction of the permanent polarization at-

tributable to the resultant of permanent dipole moments.

C. Dichroism

Absorption anisotropy (dichroism) in LCs takes place either due to the

presence of the short wavelength (< 400 nm) oscillator, usually coinciding

with the direction of its long molecular axis, or due to the impurities, such

as dichroic dyes (”guests”) dissolved in LCs (”hosts”). We will consider the

second case as the most important for practical applications (”guest-host”

effect [97]).

Consider a molecule ndye of the ”guest” dye whose long molecular axis

forms an angle θ with the director nLC of a LC ”host”. Let the absorption

oscillator O be located at angle β with respect to the long molecular axis
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of the dye. Then the order parameter of the dichroic dye Sdye, β, and the

dichroic ratio

N =
Ap

Ac

(3.16)

where Ap and Ac are absorption with direction of parallel and perpendicular

between dyes and polarizer and thus, the following relationship are known

to satisfy [97]:

Sdye =
N − 1

N + 1
[1− 2

3
sin2β]−1 (3.17)

D. Polarization efficiency

The most essential passive optical element in LCDs is the polarizer. Po-

larizers are indispensable for the displaying of the information content and

important front-of-screen performance parameters, such as brightness and

contrast, are strongly influenced by the performance of the polarizer. Cur-

rently, the most widely used polarizers for LCD applications are derivatives

of the H-sheet polarizer as invented by E. H. Land in 1938 [98]. These

dichroic polarizers are based on uniaxially stretched poly(vinyl alcohol) that

is impregnated with iodine or doped with dichroic dyes. These sheet po-

larizers show excellent optical performances that can be expressed by the

polarization efficiency (PE) in combination with the single-piece transmit-
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tance (Tsp), which means a transmission of unpolarized light through a

single polarizer, as

PE =

√
Tp − Tc

Tp + Tc

× 100% (3.18)

where Tp and Tc are defined as the transmission of unpolarized light through

two polarizers with their transmission axis parallel and perpendicular, re-

spectively.

Tsp =
10−Ap + 10−Ac

2
(3.19)

where Ap and Ac are defined as the absorbance parallel and perpendicular

to the average orientation of the long axis of the chromophores, respectively.

The polarizer performance can also be expressed by a single parameter; the

extinction ratio (ER)

ER =
Tp

Tc

(3.20)

3.3 In-Cell Multi-Functional Optical Films

We developed a novel imprinting technique, based on a soft lithography,

in combination with the exposure of UV light to produce a wide range of
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anisotropic optical films of the LCP. It is extremely important to produce

a patterned LCP film which can be used as both an in-cell retarder and an

alignment layer for next-generation LCDs. The anisotropic surface forces

of the LCP produced at a nano- or micro-scale level during the imprinting

process result in the LC alignment on the patterned LCP film without

any surface treatment. The anisotropic LCP film with chain ordering by

imprinting was implemented into a LC cell to serve as an alignment layer

of the LC as well as an in-cell retarder.

3.3.1 Patterning by imprinting technique

1. Fabrication of a polymer (PDMS) mold

The master made of a UV curable photopolymer material (NOA63, Norland

Ltd.) was used to fabricate a polymer mold. We used a PDMS (RTV615,

GE silicones) [99] as a polymer mold with micro-patterns. As shown as

Fig. 3.3(a), the PDMS was first poured on the master to give the polymer

mold thickness of 5 cm. It was then cured on a hot plate at about 70◦C at

which the adhesion between the PDMS mold and the master is relatively

small, for 5 hours. The PDMS mold was finally peeled off from the master.

The period of the PDMS mold was varied from 3.0 to 8.0 µm with the
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line-to-space (LS) ratio from 0.5 to 2.0, and the depth was fixed as 1.2 µm.

The feature sizes were determined using a SEM and field emission SEM

(FESEM) for detailed observation.

2. Imprinting technique for fabricating a patterned LCP film

We used a commercial LCP material, RMS 03-001 (E. Merck), to fabricate

an anisotropic optical film. Figure 3.3(b) shows a schematic diagram of pro-

ducing a patterned LCP film through an imprinting process which utilizes

our PDMS polymer mold. The LCP material was first spin-coated on a

glass substrate at the spinning rate of 2500 rpm for 30 seconds without a

pre-coated alignment layer, giving the layer thickness of 1.5 µm, and baked

Figure 3.3: Schematic diagram showing the fabrication of a PDMS mold

and a patterned LCP film by the imprinting technique [100].
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Figure 3.4: The FESEM images of the PDMS molds having different periods

with different LS ratios: (a),(b) 3.0 µm with 0.5, (c),(d) 3.0 µm with 1,

(e),(f) 8.0 µm with 1, and (g),(h) 3.0 µm with 2.
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Figure 3.5: The FESEM images of the imprinted LCP layers having different

periods with different LS ratios: (a),(b) 3.0 µm with 2, (c),(d) 3.0 µm with

1, (e),(f) 8.0 µm with 1, and (g),(h) 3.0 µm with 0.5.
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subsequently at 65◦C for 1 minute. By pressing the PDMS mold onto the

prepared LCP layer, micro-patterns of the mold were replicated on the LCP

layer. The micro-patterns of the PDMS mold were well transferred to the

surface of the LCP layer under an imprinting pressure resulting from just

above a gravitational force of the PDMS mold. After the micro-patterns

were formed on the LCP layer, the LCP layer was exposed to the UV light

at the intensity of 40 mW/cm2 for 5 minutes under a nitrogen (N2) atmo-

sphere so as to preserve the shapes of the micro-patterns. The patterned

LCP film was then peeled off from the PDMS mold. During imprinting

process, mesogenic groups of coated LCP materials were oriented by mi-

crostructure of PDMS mold and polymer chains were crosslinked by expo-

Table 3.1: The material constants of RMS03-001.

Parameters Values

ne 1.629 + 18360/λ2 †‡

no 1.501 + 10010/λ2 †‡

Viscosity 5.8 cPs †

Clearing point 75 ± 1◦C

† The results are measured at 20 ± 1◦C.

‡ λ is a wavelength of incident light in nm.
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Table 3.2: The characteristics of RMS03-001 cured film.

Parameters Values

ne 1.684 ± 0.005 at 589 nm †

no 1.529 ± 0.005 at 589 nm †

On-axis retardation 150 ± 10 nm (1 ± 0.1 µm)

Polar surface energy 5.4 ± 0.5 mN m−2 †

Disperse surface energy 30.2 ± 0.5 mN m−2 †

Total surface energy 35.6 ± 0.5 mN m−2 †

Pencil hardness HB

† The results are measured at 20 ± 1◦C.

sure of UV. Thus, the imprinted optical film based on LCP was fabricated.

The optical anisotropy was observed with a polarizing optical microscopy

(POM, Optiphot2-Pol, Nikon) and the phase retardation was measured us-

ing a PEM method.

3.3.2 Results and discussion

1. Microstructures imprinted on the LCP

Figure 3.6 shows the SEM images of microstructures produced on various

PDMS molds and those transferred on the LCP films from the PDMS molds.

68



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

Figure 3.6: The SEM images of the PDMS molds having different periods

with different LS ratios: (a) 3.0 µm with 0.5, (b) 3.0 µm with 1, (c) 8.0

µm with 1, and (d) 3.0 µm with 2. The SEM images of the imprinted LCP

layer, the negative patterns of the PDMS molds, having different periods

with different LS ratios: (e) 3.0 µm with 2, (f) 3.0 µm with 1, (g) 8.0 µm

with 1, and (h) 3.0 µm with 0.5.
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The SEM images shown from Fig. 3.6(a) to Fig. 3.6(d) correspond to the

patterns having the periods of 3.0 µm with the LS ratio of 0.5, 3.0 µm

with the LS ratio of 1.0, 8.0 µm with the LS ratio of 1.0, and 3.0 µm with

the LS ratio of 2.0. The depth of the mold patterns was about 1.2 µm.

Figures 3.6(e), (f), (g) and (h) show the SEM images of the imprinted LCP

films, corresponding to the negative line shapes of the PDMS molds, whose

periods are 3.0 µm with the LS ratio of 2.0, 3.0 µm with the LS ratio of

1.0, 8.0 µm with the LS ratio of 1.0, and 3.0 µm with the LS ratio of 0.5,

respectively. Note that the PDMS mold has sufficient rigidity to prevent

the collapse of microstructures, and at the same time, it is soft enough to

release the LCP film. Using our imprinting process combined with the UV

exposure, micro-scale lines will be patterned with high regularity at precisely

determined micro-scale intervals, strongly indicating that microstructures

can be patterned with high feature density and precision.

2. The imprinted LCP film as an in-cell patterned retarder

Figure 3.7 shows microscopic textures of our imprinted LCP films, observed

with the POM under crossed polarizers, having different pattern sizes of 3.0

µm and 8.0 µm in period and the LS ratio from 0.5 to 2. The depth of each

mold pattern is about 1.2 µm. The dotted lines represent the boundaries
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Figure 3.7: Microscopic textures of imprinted LCP films observed with the

POM under crossed polarizers. The dotted lines represent the boundaries

between the imprinted region with patterns and the bare region with no

patterns. The direction of the mold patterns on the imprinted LCP film is

parallel (0◦) to the optic axis of the polarizer in (a)-(d) while it makes an

angle of either 45◦ or 135◦ to the optic axis of the polarizer in (e)-(h) [100].
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Figure 3.8: The optical retardation of the imprinted LCPs, which different

periods with different LS ratios are 3.0 µm with 2 for (a) and (e), 3.0 µm

with 1 for (b) and (f), 8.0 µm with 1 for (c) and (g), and 3.0 µm with 0.5 for

(d) and (h), were measured as a function of the azimuthal rotation angle.

between the imprinted region with patterns and the bare region with no

patterns. The direction of the mold patterns on the imprinted LCP film

is parallel (0◦) to the optic axis of the polarizer or that of the analyzer in

Figs. 3.7(a), 3.7(b), 3.7(c), and 3.7(d) while it makes an angle of either 45◦

or 135◦ to the optic axis of the polarizer in Figs. 3.7(e), 3.7(f), 3.7(g), and

3.7(h). The microscopic textures from Fig. 3.7(a) to Fig. 3.7(d) [or from
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Fig. 3.7(e) to Fig. 3.7(h)] correspond to the patterns having the periods

of 3.0 µm with the LS ratio of 2, 3.0 µm with the LS ratio of 1.0, 8.0 µm

with the LS ratio of 1.0, and 3.0 µm with the LS ratio of 0.5. Except for

the period of 8.0 µm as shown Fig. 3.7(g), all the cases of 3.0 µm in period

show a completely bright state when the direction of the mold patterns

makes an angle of either 45◦ or 135◦ to the optic axis of the polarizer. The

insufficient phase retardation as the QWP in Fig. 3.7(g) indicates that

the LCP molecules did not fully aligned at a nano-scale level during the

imprinting process.

We now describe the phase retardation of an imprinted LCP film itself

and that of the LC cell with an in-cell LCP film to examine the two-fold

functionality of the imprinted LCP film as an alignment layer and an in-cell

QWP. Figure 3.8 (a) shows the schematic diagram of our LC cell configu-

ration where the LC layer behaves as another QWP. The planar alignment

of the LC molecules was used in our study. As shown in Fig. 3.8(b), the

phase retardation of π/2 through the imprinted LCP film itself, measured

using the PEM method as a function of the azimuthal rotation angle at

the wavelength of 632.8 nm, corresponds exactly to the QWP. The mea-

sured phase retardation of π through our LC cell with the in-cell LCP film

behaving as a QWP tells us that the LC molecules were well aligned on

73



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

the imprinted, in-cell LCP film and the LC layer alone produces the phase

retardation of π/2. The total phase retardation through the LC layer and

the in-cell LCP film corresponds to the half-wave plate. In fact, the use of

a patterned in-cell retarder such as our imprinted LCP film allows for high

transmittance, no parallax, and wide viewing characteristics in a variety of

the LC-based optical devices.

3. The imprinted LCP film as a C-plate

Another imprinted film was fabricated by a same imprinting process of

fabricating the above mentioned C-plate using another LCP with negative

dielectric anisotropy such as RMS 03-015 (E. Merck) instead of LCP with

positive dielectric anisotropy such as RMS 03-001. As shown in Fig. 3.9,

the imprinted, patterned C-plate shows bright and dark states along the LS

patterns and small white and gray arrows coincide with the directions of

Table 3.3: The material constants of RMS03-015.

Parameters Values

Viscosity 2.7 cPs †

Clearing point 96 ± 1◦C

† The results are measured at 20 ± 1◦C.
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Figure 3.9: Microscopic textures of imprinted C-plate observed with the

POM under crossed polarizers between the plate and polarizer at angle of

(a) 0◦, (b) 45◦, and (c) 90◦, respectively.

45◦ and 0◦ aligned LS multi-domains, respectively. As shown in Fig. 3.9(b),

microscopic textures of the imprinted, patterned C-plate was rotated by an

angle of 45◦ with respect to Fig. 3.9(a).
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Table 3.4: The characteristics of RMS03-015 cured film.

Parameters Values

ne 1.667 ± 0.005 at 589 nm †

no 1.525 ± 0.005 at 589 nm †

On-axis retardation 150 ± 10 nm (1 ± 0.1 µm)

Polar surface energy 6.7 ± 0.5 mN m−2 †

Disperse surface energy 40.3 ± 0.5 mN m−2 †

Total surface energy 47.0 ± 0.5 mN m−2 †

Pencil hardness 5B

† The results are measured at 20 ± 1◦C.
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3.3.3 High resolution patterning technique

Conventional process such as photolithography has been a dominant tech-

nology for nanostructure fabrication. However, as the cost of short wave-

length light source systems and photosensitive polymers increases signifi-

cantly and the required feature size is reduced, photolithographic technol-

ogy will eventually reach its limit. For these reasons, extensive efforts have

been made to replace photolithography with simple techniques employing a

replica mold for patterning nanometer scale features.

Simple techniques such as imprint lithography, soft lithography, cap-

illary force lithography, polymer transfer printing, and others have been

developed for patterning nanoscale features, and displayed substantial re-

sults. Particularly, NIL based on a soft polymer mold has been utilized

successfully as an alternative for nanostructure fabrication applicable for

electron and/or optical devices.

1. NIL for fabricating nanoscale optical films

Figure 3.10 illustrates the procedures for NIL using polymer molds derived

from master, which was made of ultraviolet (UV) curable photopolymer

material, PUA. Preferentially, we used a PDMS mold with nanoscale pat-

terns. The PDMS was poured on the PUA master and eliminate captured
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Figure 3.10: Schematic illustrations for the fabrication of PDMS mold and

patterned LCP layer by NIL process.

air bubbles of the uncured PDMS in vacuum chamber for about 1 hour.

After that, the PDMS cured on a hot plate at about 70◦C, at which the

adhesion between the PDMS mold and the master is minimized, for 5 hours.

The PDMS mold was then peeled off from the master. The different half-

pitches of the PDMS molds for the imprinting technique were from 250 nm
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to 800 nm with same LS distribution ratio and the depth was fixed 500 nm.

For fabricating polymeric optical films, we used a commercialized LCP

material, RMS 03-001C (E. Merck). The LCP material was first spin-coated

on a glass substrate at the spinning rate of 2500 rpm for 30 seconds with-

out a pre-coated alignment layer, giving the layer thickness of 1.5 µm, and

baked subsequently at 65◦C for 1 minute. Due to get relatively weak ad-

hesion between the LCP layer and the PDMS mold compared to the inter-

action between the LCP layer and the glass substrate, fluorine based SAM

is treated on the surface of the PDMS mold or the non-cured LCP layer as

shown in Figs. 3.10 (a) and (b), respectively. By pressing the PDMS mold

onto the prepared LCP layer, nano-patterns of the mold were replicated on

the LCP layer. Under our standard process condition, we have successfully

transferred the pattern of the PDMS mold to the surface of the LCP layer

with low imprinting pressure, which is only gravitational force of the PDMS

mold. Once the nanostructures of the imprinted LCP layer were formed,

they were polymerized by the UV light exposure at 40 mW/cm2 for 5 min-

utes in a nitrogen atmosphere at room temperature so that the shapes of

the nanostructures were preserved. The imprinted LCP optical film was

then peeled off from the PDMS mold.

79



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

Figure 3.11: The SEM images of polymer molds having different half-pitches

with (a) 250 nm, (b) 350 nm, (c) 400 nm, (d) 450 nm, (e) 600 nm, and (f)

800 nm, respectively.

2. LC cell fabricated with in-cell nanoscale optical films

For measurement of the optical anisotropic, the phase retardation and the

aligning capability, LC cells were fabricated with imprinted optical film

and with the rubbed polyimide (PI) layers. Nanostructures were pro-

duced on the LCP layer for spontaneously aligning, planar aligned (PA)

or homeotropic aligned (HA), of LC molecules without using an alignment

layer by taking the Berreman approach. By producing LC cell having the

imprinted LCP layer as alignment layer, we also examined imprinted LCP
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Figure 3.12: The SEM images of polymer molds having different half-pitches

with (a) 250 nm, (b) 350 nm, (c) 400 nm, (d) 450 nm, (e) 600 nm, and (f)

800 nm, respectively.

layer for their aligning capability. It is composed of crossed polarizers and

our LC cell was made using two glass substrates and in-cell imprinted LCP

layer on the lower glass substrate with no extra-coated alignment layer for

LCP alignment and/or LC molecular ordering. PI, JALS 146-R50 or JALS

684 (JSR co., Japan), was coated on the upper glass substrate for the re-

spective PA or HA LC molecules and baked at 160◦C for 1 hour. For LC

molecular layer has the same optical anisotropic value as that of QWP,

the cell thickness was maintained 1.6 µm and 2.6 µm thickness using glass

spacers in the PA and the HA LC cells, respectively. The LC material used
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MLC-6012 and MJ-96758 (E. Merck), which were injected into the cells by

capillary action at room temperature.

3. Results

Figures 3.11 and 3.12 show the SEM images of nanostructures of PDMS

mold and transferred on the LCP layers based the PDMS molds by using

NIL. In this NIL process, the half-pitches of the PDMS mold were 250, 350,

400, 450, 600, and 800 nm, respectively as shown in Fig. 3.11. Parts of

the nanostructures on the PDMS mold possessed shapes of lines, and the

width ratio of the resulting lines and the space between them was 1. The

depths of the mold patterns for preparing fixed about 500 nm. As shown

in Fig. 3.12, the SEM images of the imprinted LCP layer after separation

from the mold of the PDMS pattern of LS prepared under low temperature

and a low pressure condition. Comparison of the patterns on the PDMS

mold and imprinted LCP layer revealed that the patterns of nanostructures

were successfully transferred from the PDMS mold onto the LCP layer. In

imprinting process, polymer mold requires rigidity to prevent the collapse of

microstructure, and at the same time, it should be sufficiently soft to release

the transferred polymer layer. Taking these into account, PDMS is a suit-

able material to be employed as a template for manufacturing microscale
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Figure 3.13: The measured PEM results of nanoscale imprinted optical

films.

polymer structures. However, there are typically three above mentioned

failures when nano-patterns are fabricated by NIL. Therefore, it was in-

duced lower adhesion energy that fluorine-based SAM produced between

PDMS mold and LCP layer. Therefore, nanoscale lines were patterned

with high regularity at precisely determined nanoscale intervals, strongly

indicating that nanostructures could be patterned with high feature density

and precision using this NIL technique using PDMS mold.

Figure 3.13 shows optical retardation of the imprinted LCP films pre-

pared with different pattern sizes measured as a function of azimuthal angle

by the PEM technique. The different half-pitches of the imprinted LCP
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films were from 250 nm to 800 nm with 1 in line/space ratio and about

500 nm in depth. The symbols, such as circles, inverse triangles, rectangles,

diamonds, triangle, and sexangles, denote the measured optical retardation

results through the imprinted LCP films with different half-pitches, respec-

tively.

3.3.4 Thermal patterning (different phase states)

We used a patterned retarder based on a LCP, RMS 03-001C (E. Merck).

The patterned retarder has two different phase states, an anisotropic

state and an isotropic state, respectively. The optical retardation of the

anisotropic region and that of the isotropic region correspond to a half

waveplate (HWP) and a dummy layer, respectively. The optical axis of

the HWP makes an angle of 45◦ with respect to the direction of the po-

larizer. Figure 3.14 shows fabrication process of inner patterned retarder

by two-step UV treatments. As shown in Fig.3.14(a), first UV exposure

on the coated LCP layer during imprint process using metal mask through

metal-mask for crosslinking and second UV exposure in the non-exposed

(uncrosslinked) region preserved imprint process during heating at 200◦C

as shown in Fig.3.14(b).

As shown in Fig. 3.14(a), single directional LS patterns of PDMS mold
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Figure 3.14: Fabrication process of inner patterned retarder by two-step UV

treatments. (a) First UV exposure on the coated LCP layer during imprint

process using metal mask through metal-mask for crosslinking. (b) Second

UV exposure in the non-exposed (uncrosslinked) region during heating.
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were used for fabricating a patterned retarder with λ/2 and 0 retardation.

The patterned retarder was subsequently crosslinked by UV light in the

first irradiation region through a metal-mask under N2 atmosphere at room

temperature. The retardation of λ/2 was then produced. As shown in

Fig. 3.14(b), during heating about 200 ◦C the patterned retarder became

isotropic in the non-exposed (uncrosslinked) region. The isotropic was then

crosslinked by the second UV exposure.

Figure 3.15 shows microscopic textures of the patterned retarder with

multi-domain on the ITO glass substrate observed at an angle of 45◦ and 0◦

between the rubbing and that of one of crossed polarizers using a POM. The

patterned LCP retarder has anisotropic and isotropic domains, as shown in

Figs. 3.15(a),(c) and 3.15(b),(c). The isotropic region shows the dark state

in any direction of the optical axis. In contrast, the anisotropic region shows

bright and dark states depending on the direction of the polarizer. Here, I

and A coincide with an isotropic state and an anisotropic state, respectively.

The optical retardation, 2πd∆n/λ, of the retarder was measured as a

function of azimuthal angle by the PEM technique. Here, d, ∆n, and λ rep-

resent the thickness, the optical anisotropy of the retarder, and the wave-

length of the light used, respectively. The measured results are shown in

Fig. 4.13. The open circles and the open triangles denote the patterned
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Figure 3.15: The microscopic textures of the inner patterned retarder based

on LCP molecules observed under crossed polarizers: (a),(c) an angle of 0◦

and (b),(d) 45◦ between the direction of retarder and the rear polarizer.

The isotropic region shows the dark state in any direction of the optical

axis and the anisotropic region shows bright and dark states depending on

the direction of the polarizer. Here, I and A coincide with an isotropic state

and an anisotropic state, respectively.

retarder with an anisotropic state and an isotropic state, respectively. The

maximum phase retardation was about 1.6 in the anisotropic region, which

corresponds to λ/4 for λ = 632.8 nm. In contrast, the retardation in the

isotropic region was only 0.06 [102].
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Dielectric measurement

The dielectric measurements have been performed by Impedance/gain phase

analyzer (4192A, Hewlett-Packard). The sandwitched type of capacitor

sample, metal-insulator-metal (MIM), is used for dielectric measurements.

For fabricating MIM sample, electrode metal (Au) was deposited onto the

surface of a patterned retarder with different phase state on the ITO glass

Figure 3.16: The optical retardation of the retarder was measured as a

function of azimuthal angle by the PEM technique. The open circles and

the open triangles denote the patterned retarder with an anisotropic state

and an isotropic state, respectively.
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substrate. The dielectric measurements have been done both in anisotropic

region and isotropic region. The values of capacitance will directly give the

value of real part of permittivity of the sample using following equation,

εrε0 = C · d

A
(3.21)

where C, d, and A are the capacitance, thickness of retarder, and square

measure of the sample. For accurate measurement, seven samples fabri-

cated in the same condition was measured and searched average value. The

average capacitances and permittivities were Ciso = 1.326 ×10−2 F in the

isotropic state region and Cani = 6.517 ×10−3 F in the anisotropic state re-

gion at the frequency of 1 kHz and the relative permittivities, εr = ε/εo, in

both anisotropic and isotropic regions were εiso = 14.97 F/m in the isotropic

state region and εani = 7.36 F/m in the anisotropic state region, respectively.

Here, Ciso, Cani, εiso, and εani are respectively capacitances and permit-

tivities in both isotropic state and anisotropic state regions and vacuum

permittivity is 8.85 ×10−12 C2/N·m2. [102].

3.3.5 Dual patterning (twisted retarders)

Coated twisted retarders are well known as compensators for LCDs. Since

the twist angle in such a layer changes linearly with the layer thickness, the
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production of twisted retarders requires extreme coating thickness accuracy

if the twist angle has be controlled even within a few degrees.

If different azimuthal alignment directions of twisted retarder are de-

fined by dual surface grooves, one is alignment layer on the substrate and

the other is a microstructure of PDMS mold, a twist deformation can be

induced without any chiral dopant. Rather than controlling the twist by

an intrinsic helical twisting power, the twist angle is defined by the two az-

imuthal alignment directions and therefore the twist angle is not sensitive

to thickness variations. This certainly offers a big advantage in produc-

tion since extremely high precision coating is not required to realize a well

defined twist angle.

Moreover, there is no helical sense defined by chiral dopants, thus the

volume imprinting-induced twist angles can be locally different. In partic-

ular, a pattern of left- and right handed twisted retarders can be realized.

Figure 3.17 shows a surface aligned 5 µm thick twisted retarder was gener-

ated. The ordering direction of the alignment layer was uniform, whereas

photopolymerization using imprinting technique with UV exposure, which

is used polymer mold with the LS pattern direction at +45◦ and -45◦ relative

to the alignment direction of the lower substrate.

Perfect achromatic behaviour is achieved if the Mauguin condition is
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satisfied. However, to satisfy the Mauguin condition, the layers become very

thick with the consequence of high material consumption and high exposure

energies required for alignment. On the other hand, a compromise can be

made like in the case of TN-cells, which are not perfectly achromatic, but

since they exhibit a high degree of achromaticity they are quasi achromatic.

Therefore, for a 90◦ twist angle, the first minimum condition could for

example be adjusted, which requires ∆nd to be roughly 0.48 µm, where ∆n

is the optical anisotropy of the material and d the thickness of the layer. For

lower twist angles the optimum value of ∆nd increases, whereas it decreases

for twist angles above 90◦. Typical ∆n values of LCP materials range from

0.1 to 0.25. Therefore, typical layer thicknesses for such quasi achromatic

rotators are in the range from 2 µm to 5 µm, depending on the ∆n of the

material. Figure 3.18 shows the measured results of wavelength dependence

of HWP.

If the conditions for wave guiding are fulfilled, twisted retarders work as

achromatic rotators, which rotate the polarization of light according to the

twist angle induced in the individual areas. Such properties are for example

requested for 3D-LCDs to encode the polarization information individually

for the viewer’s left and right eye. It is well known that a 3D-impression

from a display can be obtained when the left and right eye receive simi-
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lar images that are slightly shifted in position with respect to each other.

One of the methods of achieving this is to provide one of the images in

one polarization state and the other image in the second polarization state.

The information for both eyes is simultaneously present on the screen. The

viewer needs glasses provided having two polarizers with orthogonal polar-

ization directions to select the information for each of the eyes. The system

is shown in Fig. 3.19.

The twisted retarder can be used to display the information in the de-

Figure 3.17: Configuration of a patterned, volume twisted retarder with

areas of left- and right handed twist.
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sired polarization. The display has to be provided with a polarizer to be

able to generate polarized light. In case of an LCD this polarizer is always

present. We have shown earlier that it is possible to pattern a nematic LCP

film with areas that do not rotate the polarization of light and areas that

rotate the polarization over 90◦. When for example the odd data lines are

provided with the parts of the retarder that rotate the polarization by 90◦,

and the even data lines are provided with the parts of the retarder that

do not rotate the polarization of light, half of the display can be used to

provide the information for one eye and the second half for the other eye.

Figure 3.18: Wavelength dependence of QWP such as A-plate and twisted

retarder.
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Figure 3.19: Principles of polarization encoded stereoscopic vision
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The here-described method is earlier than the currently used systems based

on photolithographic structuring of the polarizer.

3.4 Self-aligning capability of LCs

3.4.1 The LC alignment on a patterned LCP film

Using the Berreman concept, microgrooves were prepared on the LCP film

to explore the possibility of aligning the LC molecules without using any

surface treatment or an extra alignment layer. An imprinted, patterned

LCP film was implemented into a LC cell to examine two-fold functionality

of an alignment layer and an in-cell phase retarder. Our LC cell have a

patterned QWP LCP film on the lower glass substrate and a polyimide

(PI) alignment layer of JALS 146-R50 (JSR co., Japan) on the upper glass

substrate for the planar LC alignment. The LC cell was placed between

crossed polarizers such that one of the optic axes was at 45◦ with respect

to the direction of the rubbing direction on the PI layer. The cell thickness

was maintained 3.2 µm thickness using glass spacers so that the LC layer

corresponds to the QWP. The LC material used was MLC-6012 (E. Merck)

and injected into the cell by capillary action at room temperature.

Through the imprinting process, an optically anisotropic optical film was
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fabricated on the inner side of glass substrate. Using the Berreman con-

cept [24], the microgrooves were prepared on the surface of the anisotropic

optical film to provide the spontaneous alignment of LC molecules on the

imprinted optical film without using any surface treatment or an extra align-

ment layer. To verify a self-aligning capability of LCs, PEM results and

azimuthal anchoring energy were measured using planar aligned (PA) and

TN LC cell configurations.

As shown in Fig.3.21, the optical retardation, 2π∆nd/λ, through the

imprinted LCP film at the wavelength of 632.8 nm was measured as about

Figure 3.20: The LC cell configuration with (a) the imprinted LCP film

behaving as both an in-cell retarder and an alignment layer and (b) phase

retardation layer having two alignment layers for aligning LC layer and LCP

layer.
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Table 3.5: The material constants of MLC-6012.

parameters values

K1 11.6 × 10−12 N

K2 5.5 × 10−12 N

K3 16.1 × 10−12 N

∆ε 8.2 †

ε⊥ 3.9 †

no 1.4620 + 5682/λ2 ‡

ne 1.5525 + 9523/λ2 ‡

† ε is measured at 1 kHz.

‡ λ is a wavelength of incident light in nm.

π/2 (open circles) by using a PEM method. This optical retardation of π/2

corresponds to that of a QWP. It is then concluded that our imprinting

technique is very powerful method of fabrication various patterned optical

films. We also examined the patterned LCP film for their aligning capability.

The optical retardation through the LC molecular layer on the patterned

LCP film was measured as about π (open triangles) by using a PEM method.

This optical retardation of π corresponds to that of two QWP and we found

that the LC molecules on the patterned LCP film had a better alignment.
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This result suggests that microgroove surfaces of the patterned LCP film

can induce the alignment ability of LC molecules. The measured azimuthal

anchoring energy, generated from the microgrooves, proved the possibility

of aligning LC molecules by a TN LC cell implemented an imprinted optical

film. Our LC cell have an imprinted optical film, which optical retardation

is equal to that of a QWP, on the lower glass substrate and a PI alignment

Figure 3.21: The optical retardation of the imprinted LCPs and aligned

LCs on the imprinted LCP plate by using PEM technique measured as a

function of the azimuthal rotation angle. Red open circles and blue open

triangles denote optical retardations of the imprinted LCPs and aligned LCs

on the imprinted LCP plate, respectively [100].
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Figure 3.22: The azimuthal anchoring energy of nanoscale optical films

having different half-pitches from 250 nm to 800 nm.

layer of JALS 146-R50 (JSR co., Japan) on the upper glass substrate. For

fabricating TN LC alignment, the direction of micro-scale LS grooves of

imprinted optical film is perpendicularly aligned that of rubbing of the PI

alignment layer. The cell thickness (d) was maintained 5 µm thickness

using glass spacers and the used LC material was MLC-6012 and injected

into the TN LC cell by capillary action at room temperature. The azimuthal

anchoring energy was measured using the cell rotation method for the TN
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cell [103]. The azimuthal anchoring energy can be written as

Wφ = 2K2φ/d sin 2φ (3.22)

where K2, d, and φ denote the twist elastic constant, the cell gap of the

LC cell, and twist angle, respectively. Using the literature value of K2 =

5.5 × 10 pN. In the microgrooves of the imprinted optical films having the

half-pitch of 2.0 µm with the LS ratio of 1, an azimuthal anchoring energy

(Wφ) was 8.43 ×10−6 J/m2. From the theoretical point of view, within the

Berreman formalism [104], the azimuthal anchoring energy is written as

WB = 2π3a2K/λ3, where a, λ, and K represent the amplitude, the pitch

of each microgroove in a sinusoidal shape, and the mean value of the splay

and bend elastic constants. Based on the parameters we used for our TN

LC cell, the amplitude a = 500 nm, the half-pitches (λ/2) from 250 nm to

800 nm, and the mean elastic constant K = (K1 + K3)/2 = 13.9 ×10−12 N,

the theoretical value of the azimuthal anchoring energy is then predicted as

from 0.1 ×10−3 J/m2 (800 nm) to 0.7 ×10−3 J/m2 (250 nm) as shown in

Fig. 3.22. Comparing the measured result with the theoretical prediction,

the measured value is fairly large due to the surface chemical effect of the

aligned LCP molecules of the imprinted optical film. It should be noted

that the magnitude of the azimuthal anchoring energy generated by the
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microgrooves, on the order of about 10−4 J/m2, is sufficient for aligning

LCs over the film surface area.

Water contact angles were measured by the sessile drop technique using

a Phoenix 300 surface angle analyzer (Surface Electro Optics, Korea) and

analyze with ImagePro 300 software. Contact angle measurements provide

a gauge of the relationship between a liquid and the surface characteristics

of a solid on which the liquid is placed. The water contact angles were

measured nanoscale optical films having different half-pitches from 250 nm

to 1.5 µm. As shown in Fig. 3.23, the water contact angles were measured

to be approximately from 110◦ (1.5 µm) to 130◦ (250 nm), respectively.

Figure 3.23: Contact angle measurements of a DI-water droplet on nanoscale

optical films having different half-pitches from 250 nm to 800 1.5 µm.
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3.4.2 Imprinted optical films with periodic multi-axes

We developed a novel optical film with multi-optic axes, fabricated based

on LCP material using an imprinting technique [84, 105]. It is extremely

important to produce an imprinted optical film (IOF) which can be used as

both an anisotropic LCP retarder and a self-aligning capability of introduced

LC molecules onto the IOF. In addition, it allows for a complementary layer

(CL) of LC which is electrically tunable. Consequently, these imply that

a simple and versatile fabrication of an in-cell patterned optical element,

such as a voltage-dependent optical retardation modulator, can be achieved.

Moreover, this imprinting technique, having only one-step process, produces

multi-optical arrays of microstructures embossed on the LCP layer.

1. Imprinting technique and replicated patterns

We used a PDMS mold with multi-directional micro-patterns and a com-

mercial LCP material, RMS 03-001C (E. Merck) [106], to fabricate an

anisotropic IOF. As shown as Fig. 3.24(a), the LCP material was spin-

coated on an indium-tin oxide (ITO) glass substrate at the spinning rate

of 3000 rpm for 30 seconds without any surface treatment and/or a pre-

coated alignment layer, giving the layer thickness of 1.2 µm, and baked

subsequently at 65 ◦C for 5 minutes. Figure 3.24(b) and (c) show schematic
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diagrams of producing a patterned LCP film with multi-optic axes through

an imprinting process which utilizes our PDMS mold with thickness of 5

cm. To prevent the PDMS mold from adhering to the patterned LCP

film during the imprinting process, the surface of the PDMS mold was

treated with vacuum evaporation of a silane agent, (tridecafluoro-1, 1, 2,

2,-tetrahydrooctyl)-1-1-trichlorosilane, for 1 minute [108]. By pressing the

Figure 3.24: The schematic diagram showing the fabrication of a LCP based

IOF with multi-optic axes. (a) Spin-coated LCP material onto ITO glass

substrate. (b), (c) Patterned structure transferred from a PDMS mold to a

LCP-coated substrate using imprinting technique. (d) IOF with multi-optic

axes [107].
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PDMS mold onto the prepared LCP layer, micro-patterns of the mold were

replicated on the surface of the LCP layer. The patterns of the PDMS mold

were well transferred to the LCP layer. After the patterns were formed on

the LCP layer, the LCP layer was exposed to the UV light at the intensity

of a 40 mW/cm2 for 300 seconds under a N2 atmosphere so as to preserve

the shapes of micro-patterns. The IOF was then peeled off from the PDMS

mold. Figure 3.25 show the SEM and FESEM images of microstructures

produced on PDMS mold and those transferred on the LCP layer from the

mold. As shown as the SEM image in Fig. 3.25(a), the PDMS mold con-

sists of multi-domains with different directions, -45◦ and 0◦, of LS of PDMS

Figure 3.25: The SEM image of (a) a PDMS mold and (b) an imprinted

LCP layer consist of multi-domains. In each domain, the pitch and the ratio

of LS were 4.0 µm and 1 with different directions of LS. Enlarged images

using FESEM show in a red-colored boxes [107].
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mold and widths of an individual domain were varied from 10 µm to 100

µm. The half-pitch of the LS pattern was 2.0 µm in the LS ratio 1 and the

depth was fixed as 300 nm. The feature sizes were determined using a SEM

and the enlarged images using a FESEM show in the red-colored boxes.

During the imprinting process, the PDMS mold served as a confinement for

the rodlike LCP molecules and so imprinted LCP film with multi-domains

of different optic axes, 0◦, 45◦, was induced. Figure 3.25(b) shows the SEM

image of the imprinted LCP film corresponding to the negative LS shapes

of the PDMS mold.

Figure 3.26: The POM images of the IOFs having different domain widths

of (a) 10 µm, (b) 20 µm, (c) 50 µm, and (d) 100 µm, respectively [107].
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Figure 3.27: The microscopic textures of IOF with multi-axes observed un-

der crossed polarizers (a) an angle of 0◦ and (b) 45◦ between the domain

direction of IOF and the rear polarizer. Small white and gray arrows co-

incide with multi-domains with the directions of 45◦ and 0◦ aligned LS

patterns, respectively.

Figure 3.26 show the POM images of microstructures transferred on the

LCP layer from the PDMS molds with various widths of separated domain.

The POM images shown from Fig. 3.26(a) to Fig. 3.26(d) correspond to

IOFs having the domain widths of 10 µm, 20 µm, 50 µm, and 100 µm,

respectively. As shown in Fig. 3.26, the IOF, the half-pitch of which was 2

µm with the LS ratio 1, shows bright and dark states along the directions of

45◦ and 0◦ between the direction of LS patterns in multi-domain and that

of the rear polarizer. The patterns of IOF through an imprinting process

which utilizes PDMS molds with multi-domains were well transferred to
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the surface of LCP layer and thus, the POM images with different domain

widths show well defined IOF with multi-optic axes. Note that the PDMS

mold is soft enough to release the LCP film, and at the same time, it has

nearly sufficient rigidity to prevent the broken of microstructures after the

PDMS mold was peeled off [100]. Using our imprinting process combined

with a UV exposure, micro-scale lines will be patterned with high regularity

at precisely determined micro-scale intervals, strongly indicating that mi-

Figure 3.28: The optical retardation of the IOF measured as a function

of azimuthal angle by the PEM technique. The open circles and the open

triangles denote the IOF with multi-domains with the directions of 0◦ and

45◦ aligned LS patterns, respectively [107].
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Figure 3.29: Optical retardations dependent spin-coating speed and thick-

ness.
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crostructures can be patterned with high feature density and precision. The

micro-patterns of the PDMS mold were well transferred to the surface of the

LCP layer under an imprinting pressure resulting from just above a grav-

itational force of the PDMS mold. After the micro-patterns were formed

on the IOF, the film was exposed to UV light under a nitrogen atmosphere

so as to preserve the shapes of the micro-patterns. The IOF with multi-

patterned domains was then peeled off from the PDMS mold and resulting

micro-patterns were preserved while the mold was released from the IOF.

Figures 3.27(a) and (b) show microscopic textures of IOF with multi-

domains on the ITO glass substrate observed at an angle of 45◦ and 0◦

between the optic axes of the IOF and that of one of crossed polarizers

using a POM. Two directions of LS pattern in the PDMS mold with multi-

domains give rise to the multi-optic axes of the IOF. As shown in Fig.

3.27(a), the IOF shows bright and dark states along the directions of 45◦

and 0◦ between the optic axes of the IOF as an optical retarder and the rear

polarizer. Small white and gray arrows coincide with multi-domains with

the directions of 45◦ and 0◦ aligned LS patterns, respectively. Figure 3.27(b)

shows microscopic texture when the IOF with multi-optic axes was rotated

by an angle of 45◦ with respect to Fig. 3.27(a). In this case, the bright and

dark states were reversed. This is direct evidence demonstrating that the
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imprinting technique is capable of ordering LCP molecules and patterning

LCP layer with multi-domains. As shown in Fig. 3.28, the measured optical

retardation of the IOF using the PEM technique was about π/2 corresponds

approximately to QWP (λ/4) of the wavelength used. A He-Ne laser of

632.8 nm was used as a light source. The optical retardation of the IOF

could be controlled from π/2 to π by spinning rate and/or content of liquid

crystalline molecules in a LCP mixture as shown in Fig. 3.29.

2. Thermal stability

The thermal stability was monitored in terms of the retardation change in

time at 150 ◦C and 200 ◦C. Note that the two temperatures correspond

to the baking temperature of the LC alignment layer and the deposition

temperature of metal electrodes. Figure 3.30 shows the measured thermal

stability of the imprinted optical films in time dependence at 150 ◦C and

200 ◦C, which temperatures correspond to the baking temperature of the

LC alignment layer and the deposition temperature of metal electrodes fab-

ricated onto the optical films. The initial phase retardation of the LCP film

was about 1.978 and the measured optical retardations of the imprinted film

with curing times of 10 minutes were about 1.9159 at 150 ◦C and about 1.884

at 200 ◦C after heating for 6 hours, respectively. In conclusion, reductions
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Figure 3.30: (a) The high stability of an imprinted optical film measured

at 150 ◦C and 200 ◦C after 6 hours. (b) Initial optical retardation of the

optical film. The optical retardation of the optical film at (c) 150 ◦C and

(d) 200 ◦C after 6 hours [101].

of the phase retardation of the imprinted film at different heating tempera-

tures were observed about 3 % and under 5 %, respectively. The measured

results with adequate curing time, over 10 minutes, are on the high stable

level with those of the photo-alignment induced LCP optical film (20 %

reduction ratio) and the rubbing-induced LCP optical film (10 % reduction
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Figure 3.31: In-cell ETR fabricated with IOFs. The ETR configurations

in (a) the absence of an applied voltage (0 V) and (b) the existence of an

applied voltage (10 V). The microscopic textures of the retarder observed

under crossed polarizers (c) an angle of 0◦ and (d) 45◦ between the direction

of IOF and the rear polarizer in the absence of an applied voltage (0 V) and

(e) an angle of 0◦ and (d) 45◦ between the direction of IOF and the rear

polarizer in the existence of an applied voltage (10 V). Small white and

gray arrows coincide with multi-optic axes, 45◦ and 0◦ aligned LS patterns,

respectively [107].

ratio). Consequently, our imprinted multi-axes optical LCP film has enough

thermal stability and lower degradation of optical efficiency.
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3. Electrically tunable retarder (ETR)

This imprinting technique, having only one-step process, produces an IOF

with multi-array of microstructures embossed on the LCP layer. Moreover,

it was achieved that transferred completely LCP film with multi-optic axes,

the difference of which is a 45◦ between at both domains. The optical

anisotropy of IOF was observed with a POM and the optical retardation

of the IOF was measured using a PEM method and the self-aligning capa-

Figure 3.32: The optical retardation of the IOF measured as a function

of azimuthal angle by the PEM technique. The open circles and the open

triangles denote the IOF with multi-domains with the directions of 0◦ and

45◦ aligned LS patterns, respectively [107].

113



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

bility of LCs and effect of silane treatment on the IOF were observed with

a POM and measured using a contact angles measurement, PEM method,

azimuthal anchoring energy measurement. Finally, structures and optical

properties of an in-cell ETR fabricated using the IOF were introduced in

section. Through the imprinting process, an optically anisotropic IOF was

fabricated on the inner side of glass substrate. Using the Berreman concept,

the microgrooves were prepared on the surface of the anisotropic IOF to pro-

vide the spontaneous alignment of LC molecules on the IOF without using

any surface treatment or an extra alignment layer. The measured azimuthal

anchoring energy, generated from the microgrooves, proved the possibility

of aligning LC molecules by a TN LC cell implemented an IOF. Our LC

cell have an IOF, which optical retardation is equal to that of a QWP, on

the lower glass substrate and a PI alignment layer of JALS 146-R50 on the

upper glass substrate. For fabricating TN LC alignment, the direction of

micro-scale LS grooves of IOF is perpendicularly aligned that of rubbing

of the PI alignment layer. The cell thickness (d) was maintained 5 µm

thickness using glass spacers and the used LC material was MLC-6012 and

injected into the TN LC cell by capillary action at room temperature. The

azimuthal anchoring energy was measured using the cell rotation method

for the TN cell. The azimuthal anchoring energy can be written as Wφ
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= 2K2φ/d sin2 φ where K2, d, and φ denote the twist elastic constant, the

cell gap of the LC cell, and twist angle, respectively. Using the literature

value of K2 = 5.5 ×10−12 N. In the microgrooves of the IOFs having the

half-pitch of 2.0 µm with the LS ratio of 1, an azimuthal anchoring energy

(Wφ) was 8.43 ×10−6 J/m2. From the theoretical point of view, within the

Berreman formalism, the azimuthal anchoring energy is written as WB =

2π3a2K/λ3, where a, λ, and K represent the amplitude, the pitch of each

microgroove in a sinusoidal shape, and the mean value of the splay and bend

elastic constants. Based on the parameters we used for our TN LC cell, the

amplitude a = 300 nm, the pitch λ = 4 µm, and the mean elastic constant

K = (K1 + K3)/2 = 13.9 ×10−12 N, the theoretical value of the azimuthal

anchoring energy is then predicted as 1.21 ×10−6 J/m2 [101]. Comparing

the measured result with the theoretical prediction, the measured value is

fairly large due to the surface chemical effect of the aligned LCP molecules

of the IOF. It should be noted that the magnitude of the azimuthal anchor-

ing energy generated by the microgrooves, on the order of about 10−5 J/m2,

is sufficient for aligning LCs over the film surface area.
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Contact angle measurement

Water contact angles were measured by the sessile drop technique using

a Phoenix 300 surface angle analyzer (Surface Electro Optics, Korea) and

analyze with ImagePro 300 software.

When the silane based treatment onto the surface of IOF, the micro-

patterns was not only well transferred from the mold but also controlled of

the surface wettability. Here, the effect of silane treatment was measured

using a measurement of the contact angle. Contact angle measurements

provide a gauge of the relationship between a liquid and the surface char-

acteristics of a solid on which the liquid is placed. The water contact an-

Figure 3.33: Contact angle measurements of a DI-water droplet on several

surfaces. (a) Spin-coated LCP layer and (b) Fluorinated with (tridecafluoro-

1,1,2,2-tetrahydrooctyl)-1-1-trichlorosilane on the surface of coated LCP

layer before curing. (c) Imprinted, patterned LCP film with silane layer

after curing by exposure of UV light [107].
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gle was measured before and after surface of LCP film was treated with a

silane agent, and compared with that of IOF. As shown in Fig. 3.33, the

water contact angle of a spin-coated LCP layer before silane treatment was

measured to be approximately 65.9◦. However, when the silane treated on

surface of the IOF, the contact angle increased to 130◦. Consequently, the

hydrophobic surface of the IOF induces a vertically alignment (VA) of LCs.

3.5 In-Cell Polarizers

The most essential passive optical element in LCDs is the polarizer. Po-

larizers are indispensable for the displaying of the information content and

important front-of-screen performance parameters, such as brightness and

contrast, are strongly influenced by the performance of the polarizer. Cur-

rently, the most widely used polarizers for LCD applications are derivatives

of the H-sheet polarizer as invented by E. H. Land [98]. These dichroic

polarizers are based on uniaxially stretched poly(vinyl alcohol) that is im-

pregnated with iodine or doped with dichroic dyes. These sheet polarizers

show excellent optical performances that can be expressed by the polariza-

tion efficiency (PE) in combination with the single-piece transmittance (Tsp,

which means a transmission of unpolarized light through a single polarizer,
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as

PE =

√
Tp − Tc

Tp + Tc

× 100% (3.23)

Tsp =
10−Ap + 10−Ac

2
(3.24)

where Tp and Tc are defined as the transmission of unpolarized light through

two polarizers with their transmission axis parallel and perpendicular, re-

spectively, and where Ap and Ac are defined as the absorbance parallel

and perpendicular to the average orientation of the long axis of the chro-

mophores, respectively. The polarizer performance can also be expressed

by a single parameter; the extinction ratio (ER)

ER =
Tp

Tc

(3.25)

For high-end sheet polarizers such as those applied in LCD monitors or

flat-panel televisions, the performance exceeds a polarization efficiency (PE)

of 99.9 % at a single-piece transmission of 43.5 [109, 110]. Unfortunately,

two triacetylcellulose (TAC) layers are needed in conventional polarizers to

protect the stretched poly(vinyl alcohol) film on both sides against moisture

and to obstruct relaxation effects under influence of heat and/or humidity

by which the PE value would deteriorate. Further, an adhesive layer is

needed in order to laminate the polarizer to the display. The necessary use
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of protective and adhesive layers adds unnecessary use of protective and

adhesive layers adds unnecessary thickness to H-sheet polarizers. Finally,

these polarizers show limited thermal stability and low resistivity against

solvents.

Numerous advantages are foreseen when the traditional sheet polariz-

ers are replaced by ultrathin coatable polarizers situated on the inside of

the cell (in-cell). Apart from a significant reduction in display thickness

and weight, the positioning of the polarizers inside the cell eliminates all

parallax-related issues and is beneficial to the robustness of the display.

Furthermore, substrates that otherwise would be rejected because of their

birefringence, e.g., thin, low-weight, and strong plastic foils or cheap, low-

quality glass substrates, can be used when the polarizers are situated inside

the LCD cell. The optimal position of the coatable polarizers inside the

LCD cells can vary between the electrodes in order to prevent the need for

increased driving voltages of the LCD panels.

One possible approach to obtaining thin, coatable polarizers is based on

the use of lyotropic liquid crystalline dyes that form a crystalline polarizer

with sub-micrometer film thickness after coating and evaporation of the

solvent. [111–113] A few reports are known on patterned polarizers based

on the combination of lyotropic dyes and photoalignment layer. [114, 115]
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In all cases the polarization performance is insufficient for almost all main-

stream LCD applications. Here we report on thin-film polarizers based on

highly ordered guest-host systems. These thin-film polarizers hold all of the

advantages mentioned above and can meet the polarization performance

of traditional sheet polarizers at film thicknesses of only ∼ µm, whereas

conventional sheet polarizers have a thickness of approximately 100 µm.

Our approach towards thin, coatable polarizers utilizes the in- situ pho-

topolymerization of reactive LCs. The low viscosity of the reactive LCs fa-

cilitates easy alignment, while the in situ photopolymerization provides free-

dom in choosing the polymerization temperature and conditions enabling

the selection of the optimum phase and molecular order. This technology

has been applied in the preparation of numerous optical foils, for example,

patterned retarder [116], broadband circular polarizers [33], wide viewing

angle films [117], and cholesteric color filters [118].

We utilize this technology for the preparation of guest-host polariz-

ers. Dye molecules with an elongated structure are dissolved in a LCP

host together with a small amount of photoinitiator. Upon alignment of

the host material, for instance, through means of an alignment layer, the

dye molecules are co-aligned, resulting in dichroic absorption of the dye

molecules. In situ photopolymerization of the LCPs results in the forma-
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tion of a crosslinked network that stabilizes the anisotropic properties of the

film.

In order to determine the highest attainable polarization performance

of guest-host polarizers based on LCPs, the dichroic ratio for a dichroic

dye in the different LCPs has been determined form polarized UV-vis spec-

troscopy. For this purpose, LCPs were doped with 1 wt.% of the dichroic

azo dyes, exhibiting an elongated structure similar to the selected LCPs.

LC cells with a 1.2 µm cell gap and an antiparallel alignment were filled

with the dye-doped liquid crystalline compounds at elevated temperatures

through capillary forces and were subsequently placed in a hot stage inside

an UV-vis spectrometer. Polarized UV-vis absorption measurements under

0◦ and 90◦ with respect to the alignment direction were recorded at different

temperatures.

3.5.1 Fabrication of a dichroic dye-containing polar-

izer by imprinting technique

We used a commercial dichroic azo dye materials, G-241, G-472, and G-207

(Hayashibara, Japan) [119] to fabricate a thin film dye-polarizer. According

to Appendix A, the dichroic dyes have high ordering due to the orienta-
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Figure 3.34: The schematic diagram showing the fabrication of a dye-doped

LCP based thin film polarizer. (a) Spin-coated dye-doped LCP material

onto ITO glass substrate. (b) Patterned structure transferred from a PDMS

mold to a dye-doped LCP coated substrate using imprinting technique. (c)

Thin film dye-polarizer with microstructure surface.
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Figure 3.35: The mechanism of dye-polarizer using imprinting process.

tional rigidity induced by the length of five azo groups. Figure 3.34 shows

a schematic diagram of producing a dye-polarizer through an imprinting

process which utilizes our PDMS polymer mold. The dichroic azo dyes 1

wt.% doped LCP materials were first spin-coated on a glass substrate at

the spinning rate of 1000 rpm for 30 seconds, giving the layer thickness of

about 2 µm, and baked subsequently at 65◦C for 1 minute. By pressing the

PDMS mold onto the prepared dye-doped LCP layer, micro-patterns of the

mold were replicated on the dye-doped LCP layer. The micro-patterns of

the PDMS mold were well transferred to the surface of the dye-doped LCP

layer under an imprinting pressure resulting from just above a gravitational

force of the PDMS mold. After the micro-patterns were formed on the dye-

doped LCP layer, the dye-doped LCP layer was exposed to the UV light at

the intensity of 40 mW/cm2 for 5 minutes under a N2 atmosphere so as to

preserve the shapes of the micro-patterns. The imprinted dye-doped LCP
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film was then peeled off from the PDMS mold. The optical transmittance

and absorption dependent parallel and perpendicular respect to polarized

incident light were measured with a UV-vis spectrometer. Non-aligned dye-

doped LCP molecules (Fig. 3.35.(a)) were induced by using imprinting

process (Fig. 3.35.(b)) and thus, the imprinted dye-doped LCP layer was

photocrosslinked by UV exposure during imprinting process (Fig. 3.35.(c)).

3.5.2 Results and discussion

These dye-polarizers are based on imprinted LCP material doped dichroic

dyes. These thin film polarizers show excellent optical performances that

can be expressed by the polarization efficiency (PE) in combination with

the single-piece transmittance (Tsp, which means a transmission of unpo-

larized light through a single polarizer, where Tp and Tc are defined as

the transmission of unpolarized light through two polarizeres with their tr-

nasmission axis parallel and perpendicular, respectively, and where Ap and

Ac are defined as the absorbance parallel and perpendicular to the average

orientation of the long axis of the chromophores, respectively.
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Figure 3.36: The absorption dependent polarization direction of our polar-

izer doped dichroic dyes such as (a) G-241, (b) G-472, and (c) G-207.
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Figure 3.37: The transmission dependent polarization direction of our po-

larizer doped dichroic dyes such as (a) G-241, (b) G-472, and (c) G-207,

respectively.
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1. Optical properties

The absorption dependent polarization direction of our polarizer doped

dichroic dyes. Where Ap and Ac are defined as the absorbance parallel

and perpendicular to the average orientation of the long axis of the chro-

mophores, respectively. The maximum absorption wavelengths of the doped

dichroic dyes are 554 nm (G-241), 619 nm (G-472), and 425 nm (G-207),

respectively. Figures 3.36(a), (b), and (c) show the absorption dependent

polarization direction of our polarizer doped dichroic dyes such as G-241,

G-472, and G-207, respectively. As shown in respective Figs. 3.36(a), (b),

and (c), black and red symbols denote Ap and Ac. Those are absorption

of polarized light through their sample axis parallel and perpendicular, re-

spectively.

Figure 3.37 shows the transmission dependent polarization direction of

our polarizer doped dichroic dyes such as G-241, G-472, and G-207. Tp and

Tc are transmission of unpolarized light through two polarizers with their

transmission axis parallel and perpendicular, respectively. The maximum

absorption wavelengths of the doped dichroic dyes are 554 nm (G-241), 619

nm (G-472), and 425 nm (G-207), respectively. Figures 3.37(a), (b), and

(c) show the transmission dependent polarization direction of our polarizer
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doped dichroic dyes such as G-241, G-472, and G-207, respectively. As

shown in respective Figs. 3.37(a), (b), and (c), black and red symbols de-

note Tp and Tc. Those are transmission of unpolarized light through two

polarizers with their transmission axis parallel and perpendicular, respec-

tively.

Figure 3.38 shows the polarization efficiency in combination of the Tp

and Tc above shown in Fig. 3.37. According to Eq.3.23 and 3.24, the

performance exceeds a PE of over 98 % and a single-piece transmission of

27.4 % at a wavelength from 530 nm to 630 nm as shown in Fig.3.38(a).

The performance exceeds a PE of over 95 % and a single-piece transmission

of 22.7 % at a wavelength from 580 nm to 680 nm and over 97 % and a

single-piece transmission of 19.4 % at a wavelength from 380 nm to 450 nm

as shown in Figs.3.38(b) and (c), respectively.

2. Samples of dye-polarizers

We utilize this technology for the preparation of dichroic azo dyes doped

LCP layer as a guest-host polarizers. Dye molecules with an elongated

structure are dissolved in a LCP host together with a small amount of

photoinitiator. Upon alignment of the host material, for instance, through

means of an alignment layer, the dye molecules are co-aligned, resulting in
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Figure 3.38: The polarization efficiency (PE) of our polarizer doped dichroic

dyes such as (a) G-241, (b) G-472, and (c) G-207, respectively.
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dichroic absorption of the dye molecules. In photopolymerization of the

LCP s results in the formation of a crosslinked network that stabilizes the

anisotropic properties of the film.

Figure 3.39 shows the photograph of our polarizer doped dichroic dye

such as G-241. Due to imprint lithography, LS pattern direction trans-

ferred from PDMS mold to surface of the dichroic dye doped LCP layer.

These patterns were preserved by using UV exposure during the imprinting

process. As shown in Fig. 3.39(a), our polarizer sample is perpendicular

respect to the direction of polarized incident light. The other is parallel

respect to the direction of polarized incident light as shown in Fig. 3.39(b).

Figure 3.39: Photograph of our polarizer doped dichroic dye such as G-241.

(a) Perpendicular and (b) parallel transmission axis in respect to linear

polarized light.
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Figure 3.40: Photograph of our polarizer doped dichroic dye such as G-472.

(a) Perpendicular and (b) parallel transmission axis in respect to linear

polarized light.

According to Eq.3.25, the extinction ratio (ER) of our dichroic dye doped

is nearly 100 at about wavelength of 560 nm.

Figure 3.40 shows the photograph of our polarizer doped dichroic dye

such as G-472. Due to imprint lithography, LS pattern direction trans-

ferred from PDMS mold to surface of the dichroic dye doped LCP layer.

These patterns were preserved by using UV exposure during the imprinting

process. As shown in Fig. 3.40(a), our polarizer sample is perpendicular

respect to the direction of polarized incident light. The other is parallel

respect to the direction of polarized incident light as shown in Fig. 3.40(b).

According to Eq.3.25, the ER of our dichroic dye doped is nearly 60 at
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Figure 3.41: Photograph of our patterned polarizer. (a) Perpendicular and

(b) parallel transmission axis in respect to linear polarized light.

about wavelength of 620 nm.

The versatility of the guest-host polarizer based on imprinted photopoly-

merization is demonstrated in Fig. 3.41. A patterned polarizer is obtained

by UV curing the dye-doped LCP under N2 atmosphere during imprinting

process using PDMS mold with multi-axes. Due to imprinting with multi-

axes, Fig. 3.41 shows the photograph of our patterned polarizer. As shown

in Fig.3.41(a), multi-optic axes, 0◦ and 90◦, respect to that of polarizer.

Figure3.41(b) shows inversion image of the Fig.3.41(a).

3. Our thin film polarizer

Figure 3.42 shows our thin film polarizer doped three dichroic dyes. For

fabricating our thin film polarizer, three dichroic dyes such as G-241, G-
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472, and G-207 doped in the soluble LCP material. These dyes mixed 1

wt.%, respectively. Figure 3.43 shows the absorption dependent polarization

direction of our polarizer. As shown in Figs. 3.43(a) and (b), black and red

symbols denote Ap and Ac. Those are absorption of polarized light through

their sample axis parallel and perpendicular, respectively.

Figure 3.44 shows the transmission dependent polarization direction of

our polarizer doped dichroic dyes such as G-241, G-472, and G-207. Tp

and Tc are transmission of unpolarized light through two polarizers with

their transmission axis parallel and perpendicular, respectively. Figure 3.45

shows the polarization efficiency in combination of the Tp and Tc above

Figure 3.42: Photograph of our thin film polarizer doped three dichroic

dyes. (a) Perpendicular and (b) parallel transmission axis in respect to

linear polarized light.
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Figure 3.43: The absorption dependent polarization direction of our polar-

izer doped three dichroic dyes such as G-241, G-472, and G-207.

Figure 3.44: The transmission dependent polarization direction of our po-

larizer doped three dichroic dyes such as G-241, G-472, and G-207.
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shown in Fig. 3.45. According to Eq.3.23, the performance exceeds a PE of

over 96 % at a wavelength from 400 nm to 680 nm as shown in Fig.3.45.

According to Eq.3.25, the ER of our dichroic dye doped is nearly 60 at

about wavelength of 620 nm as shown in Fig.3.46.

In conclusion, we have demonstrated the feasibility of high-contrast,

thin-film, guest-host polarizers based on photopolymerization of LCPs

doped dichroic dyes by using imprinting technique. During imprinting

process, LCP molecules were aligned by microsturctures on the surface of

PDMS mold. And thus, dye molecules with an elongated structure are dis-

Figure 3.45: The polarization efficiency (PE) of our polarizer doped three

dichroic dyes such as G-241, G-472, and G-207.
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Figure 3.46: The extinction ratio of our thin film polarizer doped three

dichroic dyes.

solved in a LCP host together with a small amount of photoinitiator. Upon

alignment of the host material, for instance, through means of an alignment

layer, the dye molecules are co-aligned, resulting in dichroic absorption of

the dye molecules. In situ photopolymerization of the LCPs results in the

formation of a crosslinked network that stabilizes the anisotropic properties

of the film. Within the absorption band of the dye, the polarization perfor-

mance of these guest-host polarizers exceeds the performance of other thin

film polarizer technologies and equals that of state of the art sheet polar-

izers. Further optimization of dichroic dye mixture is required in order to
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obtain high-performance, color-neutral, guest-host polarizers. In our view,

guest-host polarizers offer numerous advantages over traditional sheet po-

larizers as they have reduced thickness and weight, can be applied in-cell,

and can be patterned. Therefore, we believe that the presented thin-film

polarizer technology based on LCPs is highly promising and may prove to be

an attractive alternative for traditional sheet polarizers in LCD applications

such as transflective LCD.

3.5.3 Application of in-cell polarizer

We developed an organic light emitting diode (OLED) embedded an in-cell

polarizer. The in-cell polarizer, fabricated inside device by an imprinting

process, has multi-functionality of light emission with polarization selectiv-

ity and highly efficient luminance. Accordingly, this configuration of OLED

is expected to be applied as an efficient light source application in liquid

crystal displays.

Introduction

Recently, the application of the OLED [120] devices as an efficient light

source is attracting much attention due to low power consumption and the

potentials for large area planar light sources. In addition to the interest on
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Figure 3.47: The schematic of the proposed OLED device with in-cell im-

printed polarizer.

white OLEDs (WOLEDs) for interior lightings, many approaches to utilize

OLEDs as back light units (BLUs) in LCDs have been proposed for the

efficient power consumption and the compactness of devices. The majority

of such researches have tried to produce linearly polarized emission, which

is required due to the intrinsic characteristics of the LCDs, directly from

the OLED by the surface treatment of active area such as rubbing [121] or

the friction-transfer methods [122]. However, their polarizing efficiencies

were far from the sufficient level for the practical use, and the emission

characteristics also decreased due to the damage and/or contamination on

active layer. Here, we propose an OLED embedding an imprinted in-cell

polarizer 3.47. By employing the in-cell polarizer, we can efficiently produce

polarized emission without any direct treatment on the active area, and
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moreover, the microstructures produced during the imprinting process can

significantly improve the luminance efficiency of the device.

In addition, imprinted thin polarizer with microstructures situated on

the inside of the cell (in-cell). Apart from a significant reduction in display

thickness and weight, the positioning of the polarizers inside the cell elim-

inates all parallax-related issues and is beneficial to the robustness of the

display, especially flexible devices.

Experiments

We utilize imprinting technique for the preparation of guest-host polarizers.

Dye molecules with an elongated structure are dissolved in a LCP host

together with a small amount of photo-initiator. Upon alignment of the

host material during imprinting process, for instance, through means of

micro-patterns of PDMS mold, the dye molecules are co-aligned, resulting

in dichroic absorption of the dye molecules. In situ photopolymerization of

the LCPs results in the formation of a crosslinked network that stabilizes

the anisotropic properties of the film.

Our method used to fabricate in-cell polarizer is very similar with the

Berreman approach which has been used for the alignment of LC molecules.

By imprinting LCP layer using microstructured stamp, the alignment of
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dye-doped LCP was induced due to the azimuthal anchoring energy of the

microstructures. The fabricated LCP layer had an anisotropic light absorp-

tion due to the dichroic characteristic of the azo-dye, which results to a

linear polarization of the emission light. Figure 3.47 schematically shows a

cross-sectional structure of the proposed device fabricated by such imprint-

ing process. As shown in Fig. 1, the doped LCP layer having microstruc-

tures were produced between the substrate and the transparent anode as

an in-cell polarizer. The microstructured polydimethylsiloxane (PDMS)

stamp was prepared to have reverse replica patterns of the master mold,

which was formed on a glass substrate by conventional photolithography

and thermal reflow processes [123]. Each pattern in one-dimensional peri-

odic microstructures has the width of 3 µm, the height of 1.1 µm and the

pitch of 6 µm. The LCP, RMS03-001C (E. Merck) layer doped with the

dichroic dye, G-472 (Hayashibara Inc., Japan) with a concentration of 1

wt.% was spin-coated on the glass substrate, and was then imprinted using

the PDMS stamp. After cross-linking the LCP layer under the UV irradia-

tion in N2 environments, the well-defined microstructures of LCP layer, an

in-cell polarizer, was obtained. To fabricate the OLED device, a transpar-

ent indium zinc oxide (IZO) anode was sputtered on the polymer layer with

the thickness of 300 nm. Organic layers were then consecutively deposited
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in vacuum, in a pixel area of 4 mm2. The organic materials used were 2-

TNATA as a hole injection layer, NPB as a hole transport layer, Alq3 as

an emissive and an electron transport layers. Then LiF/Al was deposited

as a metallic cathode. The optimized thickness of each layer was 60 nm for

2-TNATA, 20 nm for NPB, 60 nm for Alq3, 1 nm/200 nm for LiF/Al.

Results and Discussion

To evaluate the polarization characteristics of an imprinted in-cell polarizer,

the electroluminescence (EL) spectra of the devices with the in-cell polarizer

were measured with assistance of the conventional sheet polarizer. Figure

3.48(a) indicates the compared results measured with the sheet polarizer

placed parallel and crossed to the long axis of the in-cell polarizer. In Fig.

3.48(b), the calculated extinction ratio is illustrated. Note that the ratio

exceeds 30 dB in the range of 500 nm to 580 nm, which includes most of the

emitting spectra of the fabricated green color OLED device. In the wave-

length of 555 nm, which approximately meets with the peak wavelength of

the fabricated OLED, the extinction ratio reaches up to about 40 dB. Ac-

cordingly, it is proved that the in-cell polarizer has the proper polarization

efficiency in a certain color. For the real applications for BLU in LCD, the

white color OLED device would be utilized for light emission. In such cases,
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Figure 3.48: (a) The EL spectra of the fabricated OLED measured through

a polarizer parallel and crossed to the polarization direction of the in-cell

polarizer. (b) The extinction ratio of fabricated device.
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Figure 3.49: The emission characteristics of the normal device with flat

structures which employs the conventional sheet polarizer outside the de-

vice (normal device), and the OLED with an in-cell imprinted polarizer

(proposed device).
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the PE should be improved in the wide range of the color, by various ap-

proaches such as doping with dyes having higher dichroic ratio in the wider

range or changing the geometrical dimensions and/or shapes of imprinted

microstructures. It has been known that very small fraction of emission

light can reach the LC panel, because the light intensity passing through

the polarizer generally decreases in a certain degree. Thus, the sufficient

level of light intensity should be also required for the practical application

as an efficient light source. In order to clarify the luminance efficiency of

the proposed device, two samples were fabricated at the same conditions.

Device 1 and 2 is the normal device with flat structures which employs the

conventional sheet polarizer outside of the device, and the proposed device

with an imprinted in-cell polarizer, respectively. Figure 3.49 depicts the

current-voltage-luminance (I-V-L) characteristics. Proposed device shows

almost doubled luminance for given applied voltage compared to normal

device. This results partly from an enhanced light extraction arising from

the microstructures and partly from an increased effective active area. As

shown in an inset of Fig. 3.49, the luminance of proposed device is improved

compared to normal device at the same current density, which means that

the microstructures have improved the light extraction of the OLED device.

Thus, it can be concluded that the proposed OLED is suitable for the use
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of BLU with highly efficient as well as polarized emission characteristics.

In conclusion, we presented the OLED with an imprinted in-cell polar-

izer. It is demonstrated that the imprinted dye-doped LCP layer has the

proper polarization characteristics and the microstructures significantly in-

creases luminance efficiency. The OLED having in-cell polarizer is expected

to be used in practical device application as an efficient light source.
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Chapter 4

Mobile Display Applications

4.1 Transflective Liquid Crystal Displays

4.1.1 Introduction

Transmissive LCDs have been widely used in laptop computers, desktop

monitors, high-definition televisions (HDTVs) and so on. The most com-

monly used transmissive 90◦ TN LCD [124] exhibits a high contrast ratio

due to the self phase compensation effect of the orthogonal boundary lay-

ers in the voltage-on state. However, its viewing angle is relatively narrow

since the LC directors are switched out of the plane and the oblique inci-

dent light experiences different phase retardations at different angles. For
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TV applications, wide viewing angle is highly desirable. Currently, in-plane

switching (IPS) [125] and multi-domain vertical alignment (MVA) [126]

are the mainstream approaches for wide-view LCDs. A major drawback of

the transmissive LCD is that its backlight source needs to be kept on all the

time as long as the display is in use; therefore, the power consumption is

relatively high. Moreover, the image of a transmissive LCD is easily washed

out by the strong ambient light such as direct sunlight.

Reflective LCD, on the other hand, has no built-in backlight source.

Instead, it utilize the ambient light for displaying images. The detailed in-

troduction of available operating modes for reflective LCDs can be found

in [127]. In comparison to transmissive LCDs, reflective LCDs have ad-

vantages in lower power consumption, lighter weight, and better outdoor

readability. However, a reflective LCD relies on the ambient light and thus

is inapplicable under low or dark ambient conditions.

In an attempt to overcome the above drawbacks and take advantages of

both reflective and transmissive LCDs, transflective LCDs have been devel-

oped to use the ambient light when available and the backlight only when

necessary. A transflective LCD can display images in both transmissive

mode and reflective mode simultaneously or independently. Since LC ma-

terial itself does not emit light, the transflective LCD must rely on either
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ambient light or backlight to display images. Under bright ambient circum-

stances, the backlight can be turned off to save power and, therefore, the

transflective LCD operates in the reflective mode only. Under dark ambient

conditions, the backlight is turned on for illumination and the transflective

LCD works in the transmissive mode. In the low-to-medium ambient sur-

roundings, the backlight is still necessary. In this case, the transflective LCD

runs in both transmissive and reflective modes simultaneously. Therefore,

the transflective LCD can accommodate a large dynamic range. Currently,

the applications of transflective LCD are mainly targeted to mobile display

devices, such as cell phones, digital cameras, camcorders, personal digital

assistants (PDAs), pocket personal computers (PCs), and global position

systems (GPS), etc.

LCDs rely on an ambient light or backlight to display images. Based on

the light modulation mechanisms, transflective LCDs can be classified into

four categories: 1) absorption type; 2) scattering type; 3) reflection type;

and 4) phase-retardation type. The first three categories do not modulate

the phase of the incident light; rather, they absorb, scatter, or reflect light.

In some cases, it is possible to use one polarizer or none at all to achieve high

brightness. As for the phase-retardation type, two polarizers are usually

indispensable in order to make both transmissive and reflective modes work
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simultaneously.

4.1.2 Cell gap structures

A. Dual gap structure

Most of transflective LCDs in the market have dual cell gap structures. A

transflective LCD with a dual gap was first proposed by Kubo et al. [128]

and different types were developed by many researchers [129–131]. Each

pixel in the dual gap structure is divided into reflective and transmissive

regions, the former is made of aluminium formed on the evenly shaped

acrylate resin, and the latter is made of ITO. The average thickness of the

acrylic resin is nearly equal to the cell gap in the reflective region. The cell

gap in the transmissive region is then twice as thick as that in the reflective

region. The LCD panel consists of retardation films, polarizers placed on

both sides of the glass substrates, and a homogeneous LC layer. In this

structure, the contrast ratio and color gamut were improved compared to

a transmissive-type LCD [132]. For better color characteristics, the dual

color filter with a scattering layer in dual gap structure of the electrically

controllable birefringence (ECB) mode was also proposed [133]. The trans-

flective LCDs in dual cell gap structures have been widely used because of
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the simple optical structure and good optical performances. In the dual

gap structure, however, the fabrication process is complicated. Moreover,

the EO characteristics of transmissive and reflective regions are inevitably

different and two driving schemes are needed. Although the transflective

LCD with a multi-gap has good optical performances, the multi-gap fabri-

cation process results in high cost and low yield in manufacturing due to

this complicated fabrication problems [134].

B. Single gap structure

The single cell gap structure has divide into the dual and the single mode

depending on the LC mode. Recently, transflective LCDs with a single

cell gap structure, having periodically patterned electrodes [129], or two

different modes in two subpixel [131, 135]. As an example of a dual mode

transflective LC cell, the LC molecules are homogeneously aligned in the

transmissive region and hybrid aligned in the reflective region [135]. If

a phase retardation through the LC layer in the homogeneously aligned

(transmissive) region is λ/2, the phase retardation in the hybrid aligned

(reflective) region is approximately λ/4, where λ denotes the wavelength of

the incident light. In both the bright and dark states, the phase retardation

on passing through the reflective region twice is then equivalent to that
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through the transmissive region [135]. In the intermediate states, the EO

properties of the two subpixels differ from each other due to the difference

in the threshold behavior between the ECB mode and the hybrid aligned

nematic (HAN) mode. In dual mode configuration, the difference in electro-

optic responses are essential.

In recent years, single-gap transflective configurations with a single LC

mode adopting the in-plane switching (IPS) mode have been proposed [136].

However, the optical efficiency in the IPS cases are limited due to the optical

loss from the IPS electrodes. Therefore, the brightness in this case should

be enhanced to improve the outdoor readability for practical applications.

In section 5.2, 5.3, and 5.4, single-gap designs having in-cell patterned

retarder, in-cell patterned polarizer, and wire-grid polarizer will been pro-

posed to improve such weakness of existing transflective LCDs having single

mode and single cell gap structure. In such single LC mode, the optical path

difference between two regions should be compensated by two separate re-

tardation plates with the identical thickness. For the purpose of low cost

and self-alignment, a micro-patterned retarder is required. Up to now, a

complicated patterning technique for fabricating a micro-patterned retarder

was employed using an UV-polymerizable liquid crystalline material [137].

As discussed in the following sections, we demonstrate a simple fabrication
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Figure 4.1: Comparison of parallax problems: (a) conventional retardation

film (100um thick). (b) out-cell patterned retarder. (c) in-cell patterned

retarder (1.2um thick).

process of patterned retarder or patterned polarizer by adopting a single

imprinting process and employ a wire-grid polarizer. Consequently, the

proposed transflective LCDs have advantages such as the simple fabrication

process, the possibility for high performances such as the simultaneously

high transmittance and high reflectance simultaneously and wide viewing

angle characteristics.

4.1.3 In-cell patterned retarder

A disadvantage of common transflective LCDs is that the retardation layer,

which is laminated on the exterior of the devices, leads to optical parallax,
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and thus severe problems such as lower efficiency and narrow viewing angle

are occurred. We adopted a photo-patterned optical compensation layer

inside our transflective LC cell. Figure 4.1 shows structure of the transflec-

tive LC cell with an in-cell or out-cell patterned retarder and conventional

retardation film laminated on the exterior of the display. Utilization of such

an in-cell patterned retarder results in a desirable thickening of displays, 1.2

µ m or under per film, and a solution of parallax problem. The solution

produces good viewing angles. Let us evaluate the maximum viewing angles

as a function of the incident light angle (θin) of transflective LC cells with

three types of optical retardation layer using Snell’s Law.

nair · sin θin = ng1 · sin θg1 = nLC · sin θLC = ng2 · sin θg2 = nR · sin θR
(4.1)

In the proposed transflective LC cell with an in-cell patterned retarder, g,

LC and R are thickness of glass, liquid crystal layer and patterned retarder

as shown in Fig. 4.1.

a = c = g1 · tan θg1 = g2 · tan θg2
(4.2)

b = LC · tan θLC
(4.3)

d = R · tan θR
(4.4)
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In equations 4.2 - 4.4, a, b, c, and d are constants, where a and c are the

height component of tangent plane in the glass and b and d can be obtained

in the LC layer and retarder layer by solving same methods. Referring to

Figure 4.1, we now consider a subpixel (R or G or B pixel) of finite size W.

For the estimate of maximum incident viewing angle, the height component

of optical path length of incidence light fix a half of width (W/2).

W/2 = a + b + d

= g1 ·
2
3
sin θin√

1− 4
9
sin2 θin

+ LC ·
1

neff
sin θin√

1− 1
n2

eff
sin2 θin

+ R ·
1

nR
sin θin√

1− 1
n2

R
sin2 θin

(4.5)

1

n2
eff

=
sin2 θLC

n2
e

+
cos2 θLC

n2
o

(4.6)

where R = 1.2 µm, LC and neff are our transflective LC cell gap, 2.4 µm,

and effective refractive index of LC layer, respectively. We further studied

the pixel size effect on the EO performance.

Figure 4.2 plots incident viewing angles of the transflective LC cell with

different three types of patterned retarder at two types of pixel size. At

pixel size 3W = 510 µm, the incident viewing angles of transflective LC

cell with out-cell retarder or conventional retardation film laminated on the

exterior of the display are only changed from 1.8◦ at 2 mm to about 11◦ at
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Figure 4.2: Incident viewing angles of the transflective LC cell with different

three types of patterned retarder at the pixel size 3W, 510 µm.

0.3 mm glass thickness. But, the incident viewing angles of transflective LC

cell with in-cell patterned retarder is changed from 3.6◦ to 23◦ under same

conditions. Also, if the pixel size 3W is 510 µm, the incident viewing angles

of transflective LC cell with out-cell retarder or conventional retardation

film laminated on the exterior of the display are only changed from 2.4◦ at

2 mm to about 15◦ at 0.3 mm glass thickness. But, the incident viewing

angles of transflective LC cell with in-cell patterned retarder is changed from

5◦ to 30◦ under same conditions. The incident viewing angle of transflective

LC cell with in-cell patterned retarder is considerably improved twice as
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Figure 4.3: The ratio (reflective/transmissive) dependence of total trans-

mittance in our transflective LC cell.

much as that of transflective LC cell with out-cell retarder or conventional

retardation film.

4.1.4 Reflective/transmissive part Ratio

In the improved our transflective LC cell, the periodically patterned reflector

is onto a lower ITO glass substrate. Design of the ratio of the R-part and

the T-part looks for optimum condition of maximum light efficiency. We

first fix the rest cell parameters and investigate the impact of width of R-

part and that of T-part on light efficiency. In order to improve the optical
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performance of R-part to increase the backlight utilization efficiency while

still keeping the ambient light efficiency unchanged, we set the area of the

R-part larger than that of the T-part with the width ratio of R and T

changed from 1:10 to 9:1.

Figure 4.3 shows the R/T part ratio dependent total transmittance.

Since the R/T part ratio changes substantially from 1/1 to 3/1, the to-

tal light efficiency is more 30% and 35%, respectively. In reality, the R-

part shows better light efficiency and wider viewing angle than the T-part.

Moreover, the maximum light efficiency in the T-part makes possible using

a developed backlight unit.

In this chapter, we demonstrate a high optical efficient transflective LCD

with single LC mode in a single cell gap. The individual pixels in a transflec-

tive LCD are normally divided into two regions, transmissive and reflective

regions. A way of compensating the optical path difference between the two

regions must be compensated by the use of an in-cell patterned retarder (sec-

tion 5.2), an in-cell polarizer (section 5.3), and wire-grid polarizer (section

5.4).
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4.2 Transflective LCD Having an In-Cell

Patterned Retarder

We demonstrate a novel design of a transflective LC cell using an inverse

twisted nematic (ITN) mode and embedded optical layers in a single gap

configuration [138]. To overcome several disadvantages in the TN and elec-

trically controlled birefringence (ECB) modes, the ITN mode based on a

homeotropic to twisted planar (HTP) transition is proposed for our trans-

flective LC cell [139]. The embedded films in the LC cell were aligned and

patterned by an imprinting technique using silane treated polymer mold

[84,141]. The IOFs can be used function as an in-cell patterned retarder or

a viewing angle enhancement film. In addition, the geometrically generated

microstructures of the surface of IOFs have a self-aligning capability of LCs

due to Berreman effect and thus, the inverse nematic LC layer undergoes a

vertical to 90◦-TN state in the transmissive part and a vertical to 45◦-TN

state in the reflective part during operation. Moreover, it achieves compen-

sation of optical path difference (OPD) between both parts and possesses

higher transmission, wider viewing, and achromatic characteristics. This

device is expected to have high transmittance and high reflectance simul-

taneously. Moreover, an imprinting technique, using a photopolymerizable
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LCP material, is a a simple and versatile technique for fabricating micro-

patterned optical films with multi-array.

Figure 4.4: The schematic diagram and the operation principle of our ITN

transflective LC cell : (a) under no applied electric field (a dark state) and

(b) under an applied electric field (a bright state).

4.2.1 Device configuration

Figure 4.4 shows the schematic diagram and the operation principles for

achieving a dark state and a bright state of the proposed our ITN trans-

flective LC cell. The LC cell is composed of two IOFs, patterned A-plate

and C-plate, on the inside of glass substrates in both crossed polarizers.

The phase retardation of an in-cell patterned retarder in both two parts is a
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λ/4, which value corresponds to that of a QWP, and these optic axes have

different aligned direction each other. One patterned retarder (A-plate) on

the lower glass substrate has multi-domain with the directions of 45◦ and

0◦ aligned LS patterns, respectively. The other IOF (C-plate) on the upper

glass substrate with an array of metal reflectors has only one directional

LS patterns in the whole region. Though the other IOF is a C-plate with

microstructure, the phase retardation of the homeotropic aligned LCP film

has zero. According to introduce LC molecules between both IOFs with

microstructures, ITN mode was induced without any alignment layer, for

instance, polyimide layer.

4.2.2 Operating principles

When no external voltage is applied, LC molecules in the two parts are

aligned vertically and no phase retardation occurs in both T and R parts

as shown in Fig. 4.4(a). In the transmissive part, the linearly polarized

light, passing through the LC cell, experience no phase retardation and thus

the polarization state of the incident light is maintained. Under crossed

polarizers, the propagating light is completely blocked. In the reflective

part, the incident light, passes through the imprinted retarder with phase

retardation as same as a QWP and a LC layer with no phase retardation,
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changes circularly polarization state. And then the reflective light from a

metal reflector returns to the former linearly polarized by the QWP and

thus completely blocked by a single polarizer. As shown in Fig. 4.4(b),

when an electrical field is applied, the LC layer occur a 90◦-TN state in

the transmissive part and a 45◦-TN state in the R part due to the HTP

transition, using a nematic LC with an negative dielectric anisotropy. In

the transmissive part, the linearly polarized light passing through TN LC

layer is rotated by 90◦ and thus optical transmission is produced. In such

situation, the TN LC layer has waveguiding effect. In the reflective part, the

linearly polarized light is rotated 45◦ for incidence and is reversely rotated

-45◦ for reflectance and thus optical reflection is achieved.

For achieving reflective or transflective LCDs without loss of optical

efficiency, it is well known that QWP must be introduced in the LC cell.

These QWP and/or a patterned retarder can be fabricated by using an

imprinting technique published the results of our previous research work

[142]. Figure 4.5(a) and (b) show microscopic textures of a patterned A-

plate, based on RMS 03-001C, on the ITO glass substrate observed at an

angle of 45◦ and 0◦ using a POM. Two directions of LS in the patterned

A-plate give rise to different optic axes of the QWP. One IOF was fabricated

on the upper substrate by an imprinting process of fabricating using a LCP
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Figure 4.5: The microscopic textures of IOFs, such as a patterned A-plate,

observed under crossed polarizers (a) 0◦, (b) 45◦ between the direction of

IOF with multi-axes and that of the polarizer. Small white and gray arrows

coincide with multi-domains with the directions of 45◦ and 0◦ aligned LS

patterns, respectively. (c) The optical retardation of the patterned IOF

measured as a function of azimuthal angle by the PEM technique. The

open circles and the open triangles denote the IOF with the directions of

0◦ and 45◦ aligned LS patterns, respectively.
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with with negative dielectric anisotropy such as RMS 03-015. Figs. 4.6(a)

and (b) show microscopic textures of the IOF with function of wide viewing

angle enhancement. The hydrophobic surface wettability of used mold was

induced the homeotropic aligned LCP molecules and the microstructure

was transferred on the LCP layer from the mold. The homeotropic aligned

IOF shows the dark state in any direction of optic axis. And thus, the

IOF achieved wider viewing characteristics preserved microstructure on the

surface of the LCP film.

On the other hand, another IOF was fabricated by a same imprinting

process of fabricating the above mentioned C-plate using another LCP with

positive dielectric anisotropy such as RMS 03-001C instead of LCP with

Figure 4.6: The microscopic textures of IOFs, such as a C-plate, observed

under crossed polarizers (a) 0◦ and (b) 45◦ between the direction of IOF

with multi-axes and that of the polarizer.
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negative dielectric anisotropy such as RMS 03-015. As shown in Fig. 4.5,

the patterned IOF shows bright and dark states along the LS patterns and

small white and gray arrows coincide with the directions of 45◦ and 0◦

aligned LS multi-domains, respectively. As shown in Fig. 4.5(b), micro-

scopic textures of the patterned IOF was rotated by an angle of 45◦ with

respect to Fig. 4.5(a). In this case, the bright and dark states were reversed.

Figure 4.5(c) shows phase retardation of the patterned IOF measured as a

function of azimuthal angle by a PEM technique. The phase retardations

of the IOFs with parallel (0◦) direction and 45◦-aligned direction respect

to that of polarizer are about 1.6, respectively. The value was about π/2

corresponds approximately to λ/4 of the wavelength, λ = 632.8 nm, used.

Also, directions of the maximum retardation results are same as that of the

LS patterns in the multi-domains of the IOF.

For an important matter, the microstructures were prepared on the sur-

face of the anisotropic IOFs to provide the spontaneous alignment of LC

molecules on the IOF without an extra alignment layer using the Berre-

man concept. The azimuthal anchoring energy was measured using the cell

rotation method. The azimuthal anchoring energy was 8.43 × 10−6 J/m2,

respectively. The result generated by the microstructure of IOFs is sufficient

for aligning LCs [101].
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Table 4.1: The material constants of MJ-96758.

parameters values

K1 11.6 × 10−12 N

K2 5.5 × 10−12 N

K3 16.1 × 10−12 N

∆ε 8.2 †

ε⊥ 3.9 †

no 1.4620 + 5682/λ2 ‡

ne 1.5525 + 9523/λ2 ‡

† ε is measured at 1 kHz.

‡ λ is a wavelength of incident light in nm.

4.2.3 Theoretical description

We first performed numerical simulations to obtain the EO characteristics

of several transflective LC cells using the Extended Jones matrix formula-

tion. The profile of LC director as a function of applied voltage was also

simulated based on the Oseen and Frank’s continuum theory. To calculate

the reflectance and the transmittance curves, the nematic LC material used

in our transflective LC cell was MJ-96758 (E. Merck). The material param-

eters used for numerical simulations were the elastic constants, K1 = 13.0
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pN, K2 = 7.0 pN, K3 = 15.0 pN, the ordinary refractive index no = 1.4582 +

5558/λ2, the extraordinary refractive index ne = 1.5323 + 7784/λ2, the di-

electric anisotropy ∆ε = -4.9, and the rotational viscosity γ = 0.148 Pa·sec.

Here, λ is the wavelength of the incident light in nanometer. It is well known

that the wave equation for light propagation in helical structure along the

helical axis has an exact solution. The vector of electric field follows the

twisted director structure of the TN cell. This wave-guiding effect occurs

if the thickness of the TN cell d satisfies the Mauguin condition written

as u À 1, where u = πd∆n/λθ is the Mauguin parameter, and θ is the

angle of total twist. To analyze the Mauguin condition quantitatively, one

can calculate the transmittance T of the TN cell placed between a polarizer

oriented along the director at the entrance plate and an analyzer oriented

perpendicularly to the director at the exit plate

T =
1

2

sin2[θ
√

1 + u2]

1 + u2
(4.7)

where we used φ = π/2 as the twist angle, u is the Mauguin parameter

given by

u =
Γ

2φ
= 2d

∆n

λ
(4.8)

The transmittance T vs. the Mauguin parameter u calculated using
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Eq.4.7 for 90◦ and 45◦ TN cells. As expected, for a large u that corresponds

to the Mauguin regime, the transmittance decreases nonmonotonously,

through the series of decreasing maxima and zeros. The amplitudes of max-

ima depend only on u whereas the positions of maxima and zeros depend

on both u and θ. One can consider that the cell performs in the Mauguin

regime when T < 1 % and, therefore, when u ≥ 2 µ m with a nematic mate-

rial of typical birefringence ∆n = 0.0905, the cell thickness was maintained

4 µ m thick using glass spacers so that the LC material injected into the

cell by capillary action at room temperature.

4.2.4 Results and discussion

Figure 4.7(a) shows the experimental EO results and those of numerical

simulations for our transflective LC cell as function of the applied voltages.

The transmittance and the reflectance are the ratio of output intensity to

input intensity and the transmittance and the reflectance were 0.42 and 0.41,

respectively. The symbols and the lines denote the experimental results

and the numerical simulations of the transmittance and the reflectance,

respectively. The experimental EO results agree well simulation results.

Figure 4.7(b) shows the measured EO response times in our transflective

LC cell. The the open circles, the open triangles, and solid line line are
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Figure 4.7: (a) The EO characteristics of our transflective ITN LC cell. The

open circles, the open triangles and solid lines denote the experimental re-

sults of the reflectance, the transmittance, and numerical simulations of the

reflectance and transmittance, respectively. (b) The measured EO response

times in our transflective LC cell. The the open circles, the open triangles,

and solid line line are the normalized EO response times in the T part and

the R part and the pulse input, respectively.
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the normalized EO response times in both two parts and the pulse input,

respectively. The measured rising time and falling time were 5.2 msec and

18.1 msec, respectively.

4.2.5 Wide viewing characteristic

Figure 4.8: Isocontrast plots in (a) the T part, (b) the R part of the existing

transflective LC cell without C-plate, in (c) the T part, and (d) the R part

of the proposed our transflective LC cell with C-plate, respectively.

Figure 4.8 shows the iso-contrast contour characteristics of the ITN LC

layer induced by microstructures of the embedded IOFs. Particulary, due
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to the viewing angle enhancement effect of a C-plate onto the upper glass

substrate, the T part shows an inherently wide viewing angle with its con-

trast ratio (CR) > 10:1 viewing cone over 60◦ at all directions from Fig.

4.8(c). For the R part, although a small leakage at V = 0 exists, as Fig. 4.7

shows, its viewing angle is also quite wide, as observed from Fig. 4.8(d).

The CR of 10:1 contour spans over the 50◦ viewing cone. These results show

wider 10 degrees than the viewing angles of the existing transflective LCD

without a C-plate.

In conclusion, we have demonstrated an ITN transflective LC cell em-

ploying two IOFs with aligning capability of LCs. In addition, the IOFs used

in our work behave as an in-cell patterned retarder with multi-optic axes in

the upper glass substrate and a viewing angle enhancement film in the lower

glass substrate. Moreover, we developed an imprinting technique to produce

two type of IOFs. One is a patterned retarder with homogeneous aligned

LCP and the other is a viewing angle enhancement film with homeotropic

aligned LCP. The patterned homogeneous aligned and homeotropic aligned

LCP optical films can be used as both an in-cell functional optical film and

an alignment layer of the LC molecules. Consequently, Our proposed trans-

flective LCD shows high transmittance and high reflectance simultaneously

and it achieves wider viewing characteristic.
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4.3 Transflective LCD Having an In-Cell

Dye-Polarizer

We proposed a single cell gap transflective LCD using multi-TN based LC

cell and embedded patterned dye-polarizer which functions as a polarization

direction dependent polarizer to avoid the need of any patterned retarder.

For fabricating multi-TN LC mode, the LC cell is composed of both a pat-

terned dye-polarization film and an imprinted QWP with unique alignment

direction inside glass substrates. In addition, the geometrically generated

microstructures of the surface of two in-cell functional films have a self-

aligning capability of LCs due to Berreman effect. This device is expected

to have high transmittance and high reflectance simultaneously. Moreover,

an imprinting technique, using a photopolymerizable LCP material without

and with dichroic dye, is a simple and versatile technique for fabricating

micro-patterned optical films with multi-array and unique alignment direc-

tion.

4.3.1 Device configuration

Figure 4.9 shows the schematic diagram and the operation principles for

achieving a dark state and a bright state of the proposed our transflective
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Figure 4.9: The schematic diagram and the operation principle of our trans-

flective LC cell having in-cell dye-polarizer: (a) under no applied electric

field (a dark state) and (b) under an applied electric field (a bright state).

LC cell. Our transflective LC cell has a patterned metal (Al) array, which

used a reflector for reflective part, on the lower glass substrate. The LC cell

is composed of two imprinted optical films, patterned dye-polarizer with

multi-optic axes (upper side) and QWP with unique optic axis (lower side),

on the inside of glass substrates.

The PE and ER of patterned polarizer researched in previous Ch. 3 are

over 95 % at wavelength from 420 nm to 680 nm and near 60 %, respectively

and optic axes of the patterned polarizer are 0◦ and -45◦ aligned in the trans-

missive part and the reflective part, respectively. The phase retardation of

172



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

a patterned retarder in both two parts is a λ/4, which value corresponds

to that of a QWP, and this optic axe has unique aligned direction in the

whole part. Both imprinted optical films, patterned polarizer and QWP,

have microstructure on the surface of the films. According to introduce

LC molecules between both imprinted optical films with microstructures,

multi-TN mode was induced without any alignment layer, for instance, PI

layer.

4.3.2 Operating principles

When no external voltage is applied, the LC layer occur a 90◦-TN state

in the transmissive part and a 45◦-TN state in the R part, respectively as

shown in Fig. 4.9(a). In the transmissive part, the linearly polarized light

passing through TN LC layer is rotated by 90◦ and thus optical transmission

is produced. In such situation, the TN LC layer has waveguiding effect. In

the reflective part, the linearly polarized light is rotated 45◦ for incidence

and is reversely rotated -45◦ for reflectance and thus optical reflection is

achieved.

As shown in Fig. 4.9(b), when an electrical field is applied, LC molecules

in the two parts are aligned vertically and no phase retardation occurs in

both transmissive and reflective parts. In the transmissive part, the linearly
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polarized light, passing through the LC cell, experience no phase retardation

and thus the polarization state of the incident light is maintained. Under

crossed polarizers, the propagating light is completely blocked. In the re-

flective part, the incident light, passes through the imprinted retarder with

phase retardation as same as a QWP and a LC layer with no phase retar-

dation, changes circularly polarization state. And then the reflective light

from a metal reflector returns to the former linearly polarized by the QWP

and thus completely blocked by a single polarizer.

4.3.3 Results and discussion

Figure 4.10(a) shows the experimental EO results and those of numerical

simulations for our transflective LC cell as function of the applied voltages.

The transmittance and the reflectance are the ratio of output intensity to

input intensity and the transmittance and the reflectance were simultane-

ously 0.37. The symbols and the lines denote the experimental results and

the numerical simulations of the transmittance and the reflectance, respec-

tively. The experimental EO results agree well simulation results. Figure

4.10(b) shows the measured EO response times in our transflective LC cell.
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Figure 4.10: The EO characteristics of our transflective LC cell having in-

cell patterned dye-polarizer. The open circles, the open triangles and solid

lines denote the experimental results of the reflectance, the transmittance,

and numerical simulations of the reflectance and transmittance, respectively.
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4.4 Transflective LCDs Having a Wire-Grid

Polarizer

We demonstrate a new design of a single LC mode transflective LCD hav-

ing a wire grid polarizer (WGP) and an inner patterned retarder in a single

gap configuration [102]. In 2006, S. T. Wu et. al had documented high

efficient transflective LC cell having a WGP, which was patterned in the

reflective part for using only reflector [140]. But, in our research, the WGP

is served as a polarizer in the transmissive (T) region and a reflector in the

reflective (R) region. This device is expected to have high transmittance

and high reflectance simultaneously. Moreover, the patterned retarder has

two domains, i.e., an anisotropic part and an isotropic part, that are placed

in the T and the R regions, respectively. The patterned retarder based on

LCP material can be fabricated on the inner side of lower glass substrate.

Due to different liquid crystalline phases of the patterned LCP layer be-

tween the two regions, two induced optical properties of the LCP layer in

the transmissive region and the reflective region were different in dielec-

tric constant, respectively. As well be discussed later, the appearance of

the different dielectric constants is essential to significantly reduce the EO

disparity between the transmissive and the reflective region.
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Figure 4.11: The operation principle of our transflective LC cell having

a WGP and an inner patterned retarder in a single gap configuration :

(a) under no applied electric field (a dark state) and (b) under an applied

electric field (a bright state).

4.4.1 Device configuration

Figure 4.11 shows a schematic diagram of our transflective LC cell with sin-

gle cell gap in a single mode configuration. In this single mode transflective

LC cell, the LC cell is composed of the upper polarizer, a TN LC layer,

a patterned retarder, and a WGP. The optic axis of the polarizer and the

direction of wire grids of the WGP are crossed to each other. The structure

of a WGP where metal, e.g. aluminum (Al), ribs are periodically formed

on the ITO glass substrate. For an unpolarized incident light, the light

component whose electric field vector is parallel to the wire grids will be

177



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

almost fully reflected by the WGP. Conversely, most of the light with elec-

tric field vector perpendicular to the wire grids will transmit through the

WGP. For fabricating a TN LC cell, JALS 146-R50 (JSR co., Japan) was

spin-coated onto the upper ITO glass substrate and the patterned retarder

on the lower ITO glass substrate having WGP and thus, baked at 160 ◦C

for 1 hr. The inner surfaces were rubbed unidirectionally. The two glass

substrates were assembled using glass spacers of 5.4 µm thickness, the LC

was filled into the cell at room temperature so that the phase retardation

of the TN aligned LC layer corresponds approximately to λ/2 of the wave-

length used. A He-Ne laser of 632.8 nm was used as a light source. All the

measurements were carried out at room temperature. Having a single LC

mode in our transflective LC cell, the phase retardation on passing through

the transmissive part twice is then equivalent to that through the reflective

part. In the intermediate states, the EO properties of the two subpixels

differ from each other.

In contrast to use a patterned retarder having a same retardation with

different optic axes, the patterned retarder with different phase retardation

influences the LC director profiles in our transfletive LC cell. The patterned

retarder has two domains, i.e., an anisotropic part and an isotropic part,

that are placed in the T and the R parts, respectively. The optical re-
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tardation of the anisotropic part and that of the isotropic part correspond

to a HWP and a dummy layer, respectively. In the reflective part, the

LC molecules have same LC profiles irrespective of the novel patterned re-

tarder. In transmissive part, however, it was found that the EO property

through the LC layer decreases slowly with increasing the applied voltage

in the low voltage regime because of the lower dielectric anisotropic con-

stant. As a consequence, the EO disparity between the transmittance and

the reflectance is significantly reduced.

4.4.2 In-Cell patterned retarder using thermal pat-

terning

We used a patterned retarder based on a LCP, RMS 03-001C, to realize a

single LC mode in a single gap configuration. The patterned retarder has

two different phase states, an anisotropic state and an isotropic state, that

are placed in the T and the R parts, respectively. The optical retardation

of the anisotropic region and that of the isotropic region correspond to a

HWP and a dummy layer, respectively. The optical axis of the HWP makes

an angle of 45◦ with respect to the direction of the polarizer. If a phase

retardation through the LC layer and a patterned retarder in the T-part
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Figure 4.12: The microscopic textures of the inner patterned retarder based

on LCP molecules observed under crossed polarizers: (a) an angle of 0◦

and (b) 45◦ between the direction of retarder and the rear polarizer. The

isotropic region shows the dark state in any direction of the optical axis

and the anisotropic region shows bright and dark states depending on the

direction of the polarizer. Here, I, A, and R coincide with an isotropic state,

an anisotropic state, and rubbing direction, respectively.

is λ, the phase retardation in the R-part is approximately λ/2, where λ

denotes the wavelength of the incident light. In both the bright and dark

states, the phase retardation on passing through the T-part twice is then

equivalent to that through the R-part. The R-part area relative to the T-

part area depends solely on the aperture ratio of the metal-mask. Figure

4.12(a) and (b) show microscopic textures of the patterned retarder with

multi-domain on the ITO glass substrate observed at an angle of 45◦ and 0◦

between the rubbing and that of one of crossed polarizers using a POM. The
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patterned LCP retarder has anisotropic and isotropic domains, as shown in

Figs. 4.12(a) and 4.12(b). The isotropic region shows the dark state in

any direction of the optical axis. In contrast, the anisotropic region shows

bright and dark states depending on the direction of the polarizer. Here, I,

A, and R coincide with an isotropic state, an anisotropic state, and rubbing

direction, respectively. The optical retardation, 2πd∆n/λ, of the retarder

was measured as a function of azimuthal angle by the PEM technique.

Here, d, ∆n, and λ represent the thickness, the optical anisotropy of the

Figure 4.13: The optical retardation of the retarder measured as a function

of azimuthal angle by the PEM technique.
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retarder, and the wavelength of the light used, respectively. The measured

results are shown in Fig. 4.13 and The open circles and the open triangles

denote the patterned retarder with an anisotropic state and an isotropic

state, respectively. The maximum phase retardation was about 1.6 in the

anisotropic region, which corresponds to λ/4 for λ = 632.8 nm. In contrast,

the retardation in the isotropic region was only 0.06.

The dielectric measurements have been performed by Impedance/gain

phase analyzer (4192A, Hewlett-Packard) [1]. The sandwitched type of

capacitor sample, metal-insulator-metal (MIM), is used for dielectric mea-

surements. For fabricating MIM sample, electrode metal (Au) was deposited

onto the surface of a patterned retarder with different phase state on the

ITO glass substrate. The dielectric measurements have been done both

in anisotropic region and isotropic region. The values of capacitance will

directly give the value of real part of permittivity of the sample using fol-

lowing equation, ε = ε0εr = C ·d/A, where C, d, and A are the capacitance,

thickness of retarder, and square measure of the sample. For accurate mea-

surement, seven samples fabricated in the same condition was measured

and searched average value. The average capacitances and permittivities

were Ciso = 1.326 ×10−2 and εiso = 14.97 in the isotropic region and Cp

(C⊥) = 6.517 ×10−3 and εp (ε⊥) = 7.36 in the anisotropic region at the fre-
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quency of 1kHz. Here, Ciso, Cp (C⊥), εiso, and εp (ε⊥) are capacitances and

permittivities in both isotropic and anisotropic regions, respectively [102].

4.4.3 Results and discussion

The nematic LC material used in this work was MLC-6012 of E. Merck.

The extraordinary and ordinary refractive indices of MLC-6012 are ne =

1.5525 + 9523/λ2 and no = 1.4620 + 5682/λ2, respectively. Here, λ is the

wavelength of the incident light in nanometers. The dielectric anisotropy

and the elastic constants are ∆ε = 8.2, K1 = 11.6 ×10−12 N, K2 = 5.5

×10−12 N, and K3 = 16.1 ×10−12 N, respectively.

The transmitted and the reflected intensities in our transflective LC cells

are shown as a function of the applied voltage in Fig. 4.14. The open circles

and the open circles denote the experimental results of the transmitted and

the reflected intensities, respectively. As shown in Figs. 4.14(a) and (b),

there is no appreciable difference in the transmittance between the case of

a patterned retarder with different optic axes and that of a patterned re-

tarder with different phase states. The reflectance and the transmittance

are the ratio of output intensity to input intensity and the reflectance and

the transmittance were 0.46. In fact, above patterned retarder with differ-

ent phase states, the reflectance curve coincides well with the transmittance
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Figure 4.14: The operation principles of our transflective LC cell having

a WGP : (a) with an inner patterned retarder and (b) without an inner

patterned retarder.

curve due to the presence of different optical anisotropy in the LC cell as

shown in Fig. 4.14(b). Clearly, the EO disparity between the transmis-

sive and the reflective parts was significantly reduced by introducing the

patterned retarder with multi-domains into the LC cell.
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The WGP used in our work behaves as a polarizer in the transmis-

sive region and a polarization-dependent reflector in the reflective region.

The WGP completely reflects light with its polarization parallel to the wire

grids and transmits light with its polarization perpendicular to the wire

grids. Our proposed transflective LC display with a WGP as both a polar-

izer in the transmissive region and a reflector in the reflective region show

high transmittance and high reflectance simultaneously. Moreover, the EO

disparity between the transmissive and reflective parts was significantly re-

duced by the adopting the patterned retarder with different phase state in

both parts.
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Chapter 5

Conclusion Remarks

In recent years, Organic and polymeric materials have attracted great inter-

est for a long time since their excellent performances in the optical and elec-

tronic devices and fundamental success of molecular engineering in creating

a new class of materials with appropriate physical and optical properties.

Particularly, liquid crystals (LCs) and liquid crystalline polymers (LCPs)

are very useful in several key areas of electronic and optical devices. More-

over, the multi-ordered LC systems have attracted great interest and have

been widely studied because of the importance of the fundamental research

and their potential for device applications to the optical systems including

displays. Recently, organic functional materials, offering far greater fabri-

cation flexibility and processing simplicity than current inorganic optical
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materials, have extensively studied for the use as electrically active ma-

terials having the properties of conductivity and/or light-emission. With

increasing the demands of mobile devices in the digital multimedia broad-

casting environments, all organic displays where all the elements consisting

of the display are made of the organic materials, have attracted much at-

tention since several advantages such as low-power consumption and simple

fabrication processes. In addition, optical elements, such as optical retar-

dation plates, color filters, polarization converters, and interference filters,

based on LCPs are one of the classes that have been widely used for the

advancement of LC displays (LCDs) that provide improved optical perfor-

mances such as high light efficiency, wider viewing angle properties, and

complicated optical functions. In such cases, it is not only necessary to

produce the LCP into an optically anisotropic film structure being divided

into multi-domains. Thus, the employment of these structures as alignment

layers is in need of ordering and patterning for organic materials.

In this thesis, we have investigated the mechanism of imprinting tech-

nique and proposed to fabricate functional optical elements and/or non-

display and/or display applications having the functional optical elements.

In addition, nano- or microstructures on the surface of functional optical el-

ements induce self-aligning capability of introduced LC molecules. Also, the
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novel optical element concepts of the in-cell dye-polarizer and the wire-grid

polarizers (WGPs) using an imprinting technique and a thermal deposition

or coating of nanoparticles on the imprinted polymeric nanoscale structures

and display applications with the novel optical elements for high device

performances are proposed and demonstrated.

In Chap. 1, the physical properties of the LCs and the need of novel

aligning and/or patterning technique used in this thesis was briefly intro-

duced. The motivation of this research on the imprinted surface-controlled

structures for the optical and electronic elements and/or devices was also

introduced in this chapter.

In Chap. 2, we have investigated the mechanism of imprinting tech-

nique and proposed to fabricate functional optical elements and/or non-

display and/or display applications having the functional optical elements.

In addition, nano- or microstructures on the surface of functional optical

elements induce self-aligning capability of introduced LC molecules.

In Chap. 3, the novel optical element concepts of the in-cell dye-

polarizer and the WGPs using an imprinting technique and a thermal de-

position or coating of nanoparticles on the imprinted polymeric nanoscale

structures.

In Chap. 4, we demonstrate a high optical efficient transflective LCD
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with single LC mode in a single cell gap. The individual pixels in a transflec-

tive LCD are normally divided into two regions, transmissive and reflective

regions. A way of compensating the optical path difference between the two

regions must be compensated by the use of an in-cell patterned retarder, an

in-cell polarizer, and wire-grid polarizer.

In Chap. 5, throughout this thesis, patterning and aligning the organic

functional materials by imprinting technique with self-aligning capability of

imprinted surface structures for injected LC molecules has been extensively

explored from the viewpoints of scientific researches and device applications.

Basically, almost optical and electronic elements and/or applications can be

practically realized in the functional organic passive and active systems pro-

duced. Moreover, theoretical description and several device concepts, such

as patterned metal electrodes using thermal deposition on the patterned

polymer mold or nanoparticles, introduced here may be a foundation for

the future scientific researches and applications.
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