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Abstract

Recently, many approaches have been developed to construct
different images depending on the polarization state of light. Constructing
different images depending on the polarization state of light has various
applications such as optical image storage systems, stereoscopic three-
dimensional (3D) displays, and anti-counterfeiting. In previous studies,
optical image selection through linear polarization state of light has
extensively studied due to the simple polarization state generation through
polarizers and through intuitive structures of the image generating systems.
However, image selection through linear polarization has a severe
disadvantage that the alignment of the polarizer and the polarization state of
the image should be aligned perfectly. For example, 3D displays using linear

polarization cannot show the 3D images when the viewer does not see the



display in a straight way. To be specific, if the viewer sees the display in a

lying position, the 3D images are not constructed due to the misalignment of

the polarizers on the viewer’s eyes and the polarization state from the 3D

display. To overcome such drawbacks, image selection through circularly

polarized light has been demonstrated since circular polarization does not

depend on the alignment direction. To retrieve circular polarization, chiral

structures or phase retarders have been used. However, previous studies were

limited in their polarization switching capability, which could enhance the

quality and the applicable range of these systems. Also, simple fabrication of

such circular polarization generating structures are required for practical

applications.

This thesis demonstrates chiral surface-driven images in liquid

crystal devices with polarization switching capability that can be selected

according to the polarization state of the viewing polarizer. The patterned

surface chiral layer reflects a circularly polarized light with a certain color.

The homogeneous LC layer placed on the patterned surface chiral layer acts

i



as a tunable wave retarder that modifies the polarization state of the reflected

light from the surface chiral layer. Depending on the applied voltage across

the LC layer, either right-handed or left-handed circular polarized images are

produced so that selective reading of recorded images can be achieved with a

polarization detector. Our polarization switchable image selection allows

simple fabrication, higher quality, and diverse usage for visual applications

including displays and image storage systems.

Keyword: Optical image selection, Chiral reactive mesogen, Circular

polarization, Liquid crystals

Student Number: 2016-20949
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Chapter 1 Introduction

1.1 Optical Image Selection According to the

Polarization State

In recent years, optical image selection have attracted much attention
for the variety of optical applications such as optical data storage devices [1-
5], color filters [6-11], three-dimensional (3D) displays [12-17], and anti-
counterfeiting [18-21]. Image selection has been done depending on various
conditions, for example, the polarization state of the light [1, 4, 13], the
viewing position [8, 14], the wavelength of the light [5, 22], and the appliance
of external stimuli [20]. Among these conditions, retrieving different images
depending on the polarization state have been extensively studied due to their
intuitive structure of the image system and the simple retrieval of images

through different polarizers. For instance, as shown in Fig. 1.1, polarization



dependent color filters utilized asymmetric plasmonic nanostructure pixels to

represent different colors on different polarization[7, 9, 11], which eventually

construct different images retrieved by orthogonal linear polarizers.

Figure 1.1 Optical image selection through linear polarization of the

light [10].

These applications, however, usually employ linearly polarized lights,

which gives limitation that the polarized direction of the light and the

polarizer should be exactly parallel to obtain the designed image with no error.

To overcome such difficulty, circularly polarized lights with different



handedness have been employed since circular polarizers have no absolute
axis [15, 16]. However, these systems usually lack their switching ability in
the polarization state of light from right-handed circular polarization (RHC) to
left-handed circular polarization (LHC), or vice versa. Moreover, surfaces
generating circularly polarized lights should be obtained by simple fabrication
process for practical applications. As a result, it is strongly required to achieve
image selection through a simple fabricated, polarization switchable,

circularly polarized light generating system.

1.2 Surface Chiral Images with Polarization

Switching Capability by Tunable Phase Retarder

Throughout this thesis, we present a novel concept of a chiral
surface-driven images in liquid crystal (LC) devices having polarization
switching capability for image selection. The schematic diagram of our

concept of LC-based surface chiral images is depicted in Fig. 1.2. A patterned



right-handed surface chiral layer, which reflects right-handed circularly

polarized light that matches with the photonic stop band, is placed on the

bottom of our device. The LC layer acts as an electrically tunable wave-

retarder which changes the polarization state of the reflected light from the

surface chiral layer. LC is a perfect material for such system due to the simple

fabrication, the high electro-optical anisotropy, and the driving at low voltage.

With a RHC filter, as shown in Fig. 1.2(a), only the image from ‘on-state’ is

visible, the alphabet ‘A’, while the ‘off-state’ image is invisible. In contrast,

with a LHC filter, image seen from the RHC filter is invisible, and only the

image from ‘off-state’, alphabet ‘B’, is visible, as shown in Fig. 1.2(b). This

means that within the same filter, the image can be selected according to the

voltage state, and the same voltage state image can be selected depending on

the filter type.
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Figure 1.2 Schematic diagram showing our concept of the chiral
surface-driven optical image selection by polarization in LC devices:
(a) the voltage applied image selected by the RHC filter and (b) the

image under no applied voltage selected by the LHC filter.

The operating principle is depicted in Fig. 1.3. The thickness of the

LC layer is designed so that the homogeneously aligned LC layer becomes a
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half-wave retarder at the wavelength of the reflected light from the surface

chiral layer. In initial state, as shown in Fig. 1.3(a), the RHC light from the

surface chiral layer switches its polarization state to LHC so that the LHC

image is produced from the off-state area. With an applied voltage (on-state),

as shown in Fig. 1.3(b), the LC is aligned perpendicularly to the substrate. In

this state, the reflected image from the surface chiral layer does not change its

polarization, eventually producing a RHC image.

(a) (b)
Reflected
Incident light
light
Electrode L"@ ;RHC
Glass |
1

I
1]
r = =
LC

-
Off On
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Figure 1.3 Schematic diagrams of the operation principles of the

chiral surface-driven optical image selection by polarization: (a)



under no applied voltage and (b) in the presence of the applied

voltage.

1.3 Outline of Thesis

This thesis consists of five chapters from Introduction to Conclusion.

In Chapter 1, a general overview of the conventional image selection methods

is provided. The brief description of the chiral surface-driven optical image

selection and the operating principle of the polarization switching effect are

also introduced in this chapter. Chapter 2 provides the theoretical background

for understanding and numerically calculating the proposed concept, such as

cholesteric LCs and chiral reactive mesogen (RM), Stokes parameters and

Mueller matrix, nematic LCs as a tunable wave-retarder, and Berreman 4x4

propagation matrix method. Chapter 3 presents the experimental procedures

of this research. The fabrication process through photo-polymerization of

chiral RM, LC injection, and the characterization of the fabricated device are



covered as well in this chapter. In Chapter 4, the results of the simulation and
the experiments are presented, compared, and discussed. Finally, in Chapter 5,

some concluding remarks are made.

&
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Chapter 2 Theoretical Background

2.1 Cholesteric Liquid Crystals and Chiral Reactive

Mesogen

Cholesteric liquid crystal (CLC) is one of the phases in LCs.
Nematic LCs form a twisted structure when chiral molecules (chiral dopants)
are mixed. The director in each plane of the nematic LCs rotates about an axis
that is perpendicular to the director plane as shown in Fig. 2.1. As the twisted
structure continues, it becomes a helical photonic crystal, which consists a
photonic band-gap. Due to this photonic band-gap, the CLC reflects certain
range of wavelength. In addition, because of its rotating property (chirality),
the CLC reflects a circularly polarized light. This reflection from a stratified
structure is also called as Bragg reflection. The polarization type of the
reflected light is determined depending on the handedness of the CLC. If the

CLC is twisted in a right-handed direction, this CLC reflects a RHC light. On



the other hand, if the CLC is twisted in a left-handed direction, a LHC light is
reflected from this CLC. The light that is not reflected by the CLC is all
transmitted through the CLC.

The reflection peak (4,) and the bandwidth of the reflectance (AX)
are determined by the pitch of the CLC (p) and the refractive indices of the
LCs (n,: ordinary refractive index, n,: extraordinary refractive index,
An = n, —n,). The equations between each variables are expressed as the

following.

/1p=n'3+—n°-p 2.1)

AA=AMAn-p (2.2)

As we can see in these equations, the pitch of the CLC, which is determined
by the helicity power of the chiral dopants, is the main factor of the reflected
color. With higher helicity power, the pitch gets shorter, reflecting a blue-
shifted color, and vice versa. In addition, the difference in the refractive

indices of the LCs is directly connected with the bandwidth of the reflectance.

10



For an appropriate reflectance spectrum, an appropriate LC and chiral dopant

concentration should be selected.

| Half pitch |

Figure 2.1 Schematic illustration of the CLC.

Generally, reactive mesogen (RM) is a type of polymerizable

chemical compound with LC properties. As the RMs are polymerized by

external stimuli such as heat or light, the RMs form a liquid crystalline

polymer, which has high stability in heat and chemicals. The schematic

diagram of the polymerization process of the RMs is depicted in Fig. 2.2.

Since the LCs are affected by temperature, mechanical strength, and

chemicals, liquid crystalline polymer has a great potential to overcome these

11
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problems with same optical properties of LCs. In addition, the RMs can be

dissolved in various solvents, which we call RM solution (RMS). With RMS,

the fabrication process of such liquid crystalline polymer can be more

simplified, such as spin-coating or dip-coating. With the simplified fabrication

process, the RMS has greater potential for various applications.

(@)

Polymerization
. 4 process

(o)

Figure 2.2 The schematic diagram of (a) the RMs and (b) the liquid

crystalline polymer formed through the polymerization of RMs.
12



The chiral RM is a type of RM with the same optical properties of

CLC. The chiral dopant in the RM produces the helicity power to the RMs,

which has the ability to construct a helical photonic crystal. By dissolving the

chiral RMs into a solvent, forming RMS, surface chirality can be easily

achieved with simple fabrication process. This helical photonic crystal reflects

circularly polarized light, which is same as the CLC. With surface chirality,

simple structure dealing with circularly polarized light can be developed.

2.2 Stokes Parameters and Mueller Matrix

The polarization state of light can be represented by various methods.

Within those methods, the Stokes parameters can describe the polarization

state better than others can. The Stokes vector, comprised with the Stokes

parameters, is usually used due to the full expression of the polarization and

even unpolarized state, and the easy calculation with Mueller matrix. The

13



Stokes vector, S, has 4 parameters as the following equation.

|95}
S

%Y}
Il
%!

(2.3)

U 0
[\S]

%)

Here, Sy denotes the time averaged total intensity of the light, regardless of

its polarization. The other parameters, S;, S,, and Sz, denotes the relative

intensity of the horizontal, +45°, and the RHC light, respectively. The

parameters representing the polarization state (S;, S, and S3) can be any real

number between -1 and 1. If these parameters have negative values, this

means that the polarization state of light consists the orthogonal polarization

with respect to the positive value. For example, if S; is negative, it

represents the light having a LHC composition. The advantage of Stokes

vector over Jones vector is that while the Jones vector can only represent full

polarized light, the Stokes vector can express partially polarized, and even

unpolarized light. When the light is unpolarized, the Stokes parameters are

simply given as Sy > 0, and S; = S, = S3 = 0. For partially polarized light,

14



the relationship between Stokes parameters is SZ > SZ + S2 + S2. The

relationship S > SZ + SZ + S2 is finally formed when the light is fully

polarized. The Stokes vector for various polarization states are shown in Table

2.1.

Table 2.1 Stokes vector for various polarization states.

Polarization state

Stokes vector

Horizontal [T 1 0 o]

Vertical [1 -1 0o o0]F
Linear polarization

+45° [1 0o 1 o]

-45° [1 0o -1 o]

RHC [1 o o 17
Circular polarization

LHC [1 0o o —-1]”

The polarization state modified by optical devices can be calculated

with Mueller matrix. The calculation between the Stokes vector is done by

15
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Mueller matrix. Mueller matrix was developed in 1943 by Hans Mueller. In

contrast to the usage of 2x2 matrix method for Jones calculus, Mueller matrix

uses an expanded 4x4 method to overcome the drawbacks of the Jones

calculus. By simply multiplying the matrices to the Stokes vector, the

polarization state of the output light from several optical elements can be

calculated. The Mueller matrix for commonly used optical elements are

shown in Table 2.2.

Table 2.2 Mueller matrices for common optical elements.

Optical elements Mueller matrix
; 1 1 0 0
Horizontal 1 110 0
transmission 210 0 0 O
0 0 0 O
; 1 -1 0 O
Vertical

Linear polarizer -1 1 0 o
transmission 20 0 0 O
0 0O 0 O
1 0 1 0
- 1o 0 0 o0

+45° s
45° transmission 511 0 1 o
0 0 0O

16



1 0 -1 0
. o 110 0 0 o
-45° transmission E -1 0 1 0
0O 0 0 O
1 0 0 1
110 0 0 0
RHC 210 0 0 0
Circular oo
polarizer 1 00 -1
110 0 0 o0
LHC 210 0 0 o
-1 0 0 1

2.3 Nematic Liquid Crystals as a Tunable Wave

Retarder

The nematic LCs can be used as a wave retarder due to the optical
anisotropy. As the extraordinary and ordinary refractive indices change the
speed of the light according to the axis, the light passing through the nematic
LC layer experiences wave retardation. In addition, with a constant thickness
of the LC layer, the alignment of the LC can be shifted according to the
applied voltage. As the alignment of the LC gets vertical, the amount of the

phase retardation decreases, eventually becoming an isotropic layer to the

17
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vertically incident light. Here, we are going to calculate the polarization state
of the RHC light passing through the nematic LC layer acting as a tunable
wave retarder. The Stokes vector of the RHC light is represented as Py. The
Stokes vector Pypis [1 0 0 1]7. Let us assume the phase retardation of
the LC layer is symbolized as @. The Mueller matrix for the LC layer (M) is
described as

0 0 0

1 0 0

0 cos® —sin®@|
0 sin® cos®

(2.4)

The Stokes vector for the RHC light passed through the LC layer (P,) is then

described as

P1=M1PO= (25)

—sin®|’
cos®

We can see that the polarization state of the light changes as the alignment of

the LCs changes. If we assume that the LC layer acts as a half-wave retarder

18



(@ = ), the Stokes vector becomes [1 0 0 —1]7, meaning that the light

becomes LHC. When the alignment of the LC becomes vertical, the phase

retardation becomes zero. With this condition, the Stokes vector becomes

[1 0 0 1]7, which means, as expected, the light does not experience any

phase retardation from the LC layer. This means that depending on the applied

voltage, the polarization can be switched by the LC layer.

2.4 Berreman 4x4 Propagation Matrix Method

Electromagnetic wave propagation in stratified media is important in

several applications like ellipsometry analysis, Bragg mirrors, or CLC

structures. Propagation of plane waves in isotropic media can be solved with

2x2 propagation matrix methods. However, propagation of plane waves in

anisotropic layers cannot be solved with this method. In the case of

anisotropic layers, a 4x4 propagation matrix method was developed by

Berreman in 1971 [23]. This method is now known as Berreman’s 4x4

19



propagation matrix method.

As our surface chirality layer is comprised of CLC structures, the

Berreman’s 4x4 propagation matrix method is needed to calculate the

reflecting property of our circularly polarized images. The Berreman’s 4x4

propagation matrix method can be simply explained as the following.

First, we make a 6x6 matrix multiplying with a 1x6 matrix with all

of the x, y, and z components in Maxwell’s equations with the curl operator,

ignoring the nonlinear optical effects. By assuming that the plane waves are

incident obliquely in the x, z plane on a region in which the anisotropic layers

are a function only of z, we can derive two linear algebraic equations from the

multiplication of the 6x6 matrix and the 1x6 matrix. By substituting these two

equations into others, we can eliminate two variables in the 1x6 matrix,

getting four first-order linear differential equations. These four equations can

be written in 4x4 matrix form. Since this matrix equation is a differential

equation according to z, we can achieve the changes in the four elements of

electric fields and magnetic fields of the light as it propagates along the z
20



direction. Berreman used a simple approximation for the calculation because

solving the exact differential equations was impossible. Instead of calculating

the differential equations, this method divided the continuous anisotropic

layer into a summation of discrete anisotropic layers. With this approximation,

the light propagation in such CLC structures can be calculated, and even the

transmittance and the reflectance of these structures can be calculated.

To testify our modified simulation code which is based on the

Berreman’s 4x4 propagation matrix method, we fabricated CLC structures

with various pitches. In addition, we fabricated stacked CLC structures and

compared with the simulation result to verify whether the simulation code is

correct or incorrect. These CLC structures on a substrate will be called as

surface chiral layers. First, for the initial alignment and the adhesion for the

RMS, the homogeneous alignment layer of polyimide (SE-6514H; Nissan

Chemical Industries, Ltd.) was spin-coated on the surface of a glass substrate

at the rate of 2000 rpm for 30 s. The alignment was post-annealed at 180 °C

for 1 hr. For the alignment of the RMS, the substrate was homogeneously
21



rubbed. We used various mixtures of RMS (RMS11-066, RMS11-067,

RMS11-068; Merck) and RM (RM257; Merck) for surface chiral layers with

different pitches. Here, we prepared 6 distinct types of surface chiral layers.

For the blue colored surface chiral layers, we mixed RMS11-066 and RMS11-

067 at 4:6 and 2:8 weight ratio, named as Bl and B2, respectively. For the

green colored Surface chiral layers, RMS11-067 and RMS11-068 were mixed

at 7.5:2.5 and 5:5 weight ratio, named as G1 and G2, respectively. Lastly, for

the red colored Surface chiral layers, RM257 was dissolved in RMS11-068

with the concentration of 3.8 wt.% and 5.8 wt.%, named as R1 and R2,

respectively. Since these RMS are different only on their chiral dopant

concentration, the pitch of the blended RMS and the wavelength. Also, since

the reflection peak of RMS11-068 itself showed shorter wavelength than the

required color, RM was additionally mixed to this solution to reduce the chiral

dopant concentration. These mixtures were independently spin-coated on the

glass substrates at the rate of 2000 rpm for 30 s. These were baked again at 75

°C for 1 min, rested at room temperature for 1 min, and polymerized by the

2



exposure of ultraviolet light (UV) at the intensity of 20 mW/cm® for 1 min.

The reflectance spectra of these Surface chiral layers were examined with a

spectrometer (USB2000+; Ocean Optics).

For the simulation parameters, the extraordinary and the ordinary

refractive indices were 1.67 and 1.54, respectively. The pitch lengths of each

Surface chiral layers are shown in Table 2.3. As shown in Table 2.3, Surface

chiral layers with longer reflecting wavelength have longer pitch.

Table 2.3 Simulation pitch lengths for each surface chiral layers.

Mixture B1 B2 Gl G2 R1 R2

Pitch (nm) | 0.275 0.295 0.32 0.34 0.41 0.445

The reflection peak wavelengths for each mixture in the simulation

(Ap,sim) and the experimental (4, xp) results are shown in Table 2.4. The

difference between the reflection peak of the simulation and the experimental

results can be reduced by modifying the pitch length of the simulation
23



parameter since the exact experimental parameters of these RMS are unknown.

As shown in Fig. 2.3 and Fig. 2.4, the simulation result and the experiment

result matches well.

Table 2.4 Peak wavelengths for each surface chiral layers

Mixture Bl B2 Gl G2 R1 R2
Apsim (nm) | 442 477 516 550 662 711
Apexp (nm) | 442 473 512 548 652 719

24
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spectra of (a) B1, (b) G1, and (c) R1.
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spectra of (a) B2, (b) G2, and (c) R2.

With these RMS, stacked surface chiral structures were fabricated.

To fabricate such structure, the homogeneous alignment layer was again

prepared on the surface chiral layer fabricated above (B1, G1, and R1) at the

same spin-coating rate. After post-annealing the alignment layer, the other

RMS were prepared on the above structure (B2 on B1, G2 on G1, and R2 on

R1). The substrates were baked and rested again, and the RMS were

polymerized with the UV exposure. The schematic of the stacked surface

chiral structure is depicted in Fig. 2.5.
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Surface chiral layer #2

Alignment layer

Alignment layer Surface chiral layer #1

Glass substrate

Figure 2.5 Schematic diagram of the stacked surface chiral structure.
Surface chiral layer #1 is B1, G1, or R1, and surface chiral layer #2

is B2, G2, or R2, respectively.

The reflectance property of these stacked surface chiral structures
was again examined with the spectrometer. Also, these structures were
numerically calculated with the identical simulation code and parameters used
above. The refractive index of the alignment layer was 1.5 and the thickness
of the alignment layer was 100 nm. The reflectance spectra of these structures

are shown in Fig. 2.6.
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spectra of stacked surface chiral structures consisted of (a) B1&B2,

(b) G1&G2, and (c) R1&R2.

Both on experimental results and the simulation results, the

reflection band became broader than the single surface chiral layer due to the

different pitches in the stacked structures. Also, the maximum reflectance is

higher in the stacked structure than the single structure due to more number of

pitches. In these reflectance spectra, however, the reflectance is decreased

tremendously at a certain wavelength. The position of these decreased valleys

is almost the position where the maximum reflectance should be. These

valleys are formed due to the alignment layer, acting as a defect layer,

between the surface chiral layers. It is well known that defect within the

photonic crystals traps light. Since surface chiral layer is a type of photonic

crystals, the alignment layer between the surface chiral layers becomes a

defect layer between the photonic crystals. If the reflectance spectra of the

bottom and the top surface chiral layers did not overlap each other, such
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valley would not be formed. Since the reflectance spectra of two surface

chiral layers overlap, such valley was formed. To explain this phenomena

more easily, it can be thought that the reflected light from the bottom surface

chiral layer is again reflected back from the top surface chiral layer, and this

process occurs iteratively, eventually trapped inside the alignment layer. These

results about defects in CLCs are also showed in previous studies [24].

With the results above, the simulation code was verified and the

simulation code can be said that it performs well in stratified structures.
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Chapter 3 Experiments

3.1 Patterned Indium—Tin—Oxide (ITO) Substrate

(a) (d) PR developing

Gt e

| |
I | E—

wet etching

I
(e)

ITO
PR coating

[ UV irradiation l PR removal
(c) 0 ®
u' "' Patterned ITO

[ e
I e
[E—— | | |

]

Figure 3.1 Fabrication process of isolating ITO pixels: (a) Plane ITO

substrate. (b) PR spin-coating on the ITO substrate for etching mask.

(¢) UV exposure for patterning PR. (d) Developing PR. (e) Wet

etching ITO. (f) Removing the PR.

For the isolated control of each surface chiral images, the electrode
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should be disconnected to each other. Figure 3.1 depicts the fabrication

process of the isolating each ITO pixels. A plane ITO substrate was pixelated

with photolithography (Fig. 3.1(a)). Photoresist (PR; AZ 5412 E;

MicroChemicals) was prepared on the plane ITO substrate at the rate of 2000

rpm for 30 s with spin-coating (Fig. 3.1(b)). PR layer was post-annealed at 95

°C for 210 s. The annealed PR was exposed to UV light at the intensity of 20

mW/cm?® for 5 s (Fig. 3.1(c)). For the positive PR property, the substrate was

baked at 110 °C for 2 min. After leaving the substrate at room temperature for

3 min, the PR was exposed to UV light with the same intensity as above for

25 s. Then, the PR was developed for 35 s by a developer solution (AZ 300;

Merck) (Fig. 3.1(d)). Using the patterned PR as an etching mask, the ITO was

wet etched for 10 min by the ITO etchant (Fig. 3.1(e)). By removing the PR

by sonificating in acetone (Chemitop Co., Ltd) for 5 min, pixelated ITO

substrate was achieved (Fig. 3.1(f)).



3.2 Preparation of Surface Chiral Images

(@) (b) ()

Patterned ITO glass Photomask
with allignment layer

S & <>

Rubbing direction

Figure 3.2 Fabrication process of the patterned surface chiral images:
(a) Preparation of surface chiral layer through spin-coating RMS
mixture on a patterned ITO glass with alignment layer. (b) Patterned
photo-polymerization through UV exposure. (¢c) Washout process of

unpolymerized RMS.

Figure 3.2 shows the fabrication process of the surface chiral images.
The homogeneous alignment layer of polyimide (SE-6514H; Nissan Chemical
Industries, Ltd.) was spin-coated on inner surface of the indium-tin-oxide

(ITO) patterned glass substrates at the rate of 2000 rpm for 30 s. The
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alignment layer was post-annealed at 180 °C for 1 hr. For the initial alignment

of the surface chiral layer and LC, the top and bottom substrates were anti-

parallelly rubbed. On the bottom substrate, the surface chiral layer was

fabricated with chiral reactive mesogen solutions (RMS). Chiral RMS

(RMS11-067, RMS11-068; Merck) were blended at 6.5:3.5 weight ratio to

achieve the reflection peak (4,) at 550 nm. The RMS mixture was deposited at

the rate of 2000 rpm for 30 s as shown in Fig. 3.2(a). The substrate was baked

again at 75 °C for 1 min for the proper alignment of the chiral RMS, and was

rested at room temperature for 1 min. With a photomask, the coated chiral

RMS was polymerized by the exposure of ultraviolet light (UV) at the

intensity of 20 mW/cm® for 1 min as shown in Fig. 3.2(b). The UV-exposed

part of the chiral RMS became the surface chiral layer. The un-polymerized

part of the chiral RMS was washed by toluene and acetone, and the substrate

was dried at 75 °C for 1 min to evaporate the residual acetone. Here, toluene

was chosen as the washing solution because the solvent of the chiral RMS is

toluene. After the washing process, only the patterned surface chiral layer
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remained as shown in Fig. 3.2(c).

3.3 Fabrication of Polarization Switchable LC Cell

@)

ITO glass with
alignment layer

Figure 3.3 Fabrication process of the LC cell: (a) Assembling a cell
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with anti-parallel rubbing direction of the bottom and the top

substrate. (b) Injection of LC in the cell through capillary action.

For the tunable wave retarder, the LC cell have been fabricated as
shown in Fig. 3.3. The surface chiral image substrate and the ITO substrate
with alignment layer were assembled as shown in Fig. 3.3(a). A nematic LC
(E7, n, = 1.5216, n. = 1.7462, An = 0.2246; Merck) was injected into the
constructed cell by capillary action, as shown in Fig. 3.3(b). The cell gap (d)
was maintained with glass fiber spacers of 3 um thickness. The thickness of
the LC layer (d,) was determined by the cell gap and the height of surface
chiral layer (d,). d>, measured by a surface profiler (Alpha-step 200; KLA-
TENCOR), was 1.8 pm, and thus d; became 1.2 pm. The relationship between

the phase retardation and the thickness of the LC layer can be described as

I =2 And, 3.1)
Ap
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where I is the quantity of the retarded phase by the LC layer. In case of the

half-wave retardation at the wavelength 550 nm, d; simply becomes 1.2 um,

which is identical with our fabricated device. According to the relationship

above, different thickness of the LC layer is needed for different coloration.

By controlling the spin-coating rate during the preparation of the chiral RMS,

the thickness of the LC layer can be modified according to the different peak

wavelength.
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Chapter 4 Results and Discussion

4.1 Polarization Dependent Reflecting Properties of
the Chiral Surface—Driven Optical Images in LC

Devices

Let us first examine the reflectance spectra and the polarization state
of our device. The simulation was based on Berreman 4Xx4 propagation matrix
formulation. In the simulation, the helicity of the surface chiral layer was set
as right-handed. We have designed the Bragg reflection light from the surface
chiral layer to be the peak wavelength at 550 nm, which shows a green color.
The ordinary and extraordinary refractive indices of the surface chiral layer
were set as 1.52 and 1.75, respectively, and the pitch was set as 340 nm. The
parameters of the LC were set identically with the parameters of E7, and the
thickness of the LC layer was set as 1.2 um. The experimental reflectance

spectra were examined with a spectrometer (USB2000+; Ocean Optics)



The theoretical and experimental reflection spectra with no filter,

RHC filter, and LHC filter are shown in Fig. 4.1. Fig. 4.1(a) shows the

reflection spectra with no optical filter. Even with the variation in the voltage,

which directly affects the alignment of the LC, the reflection spectrum does

not change. This is because without a filter, the modification in the

polarization state of the reflected light cannot be detected. Note that the

reflectance of our device at 550 nm (35 %) is lower than usual cholesteric LCs

(CLCs) [25-29]. It is well known that more than 10 pitches shows full

reflection [30]. In our case, the surface chiral layer is only 1.8 pm thick,

which contains only about 6 pitches. The lack of pitches can cause the band

gap of the photonic crystal to be imperfect, eventually having deficiency in its

reflectance. In the case of the RHC filter as shown in Fig. 4.1(b), green color

with 35 % reflectance is obtained at 1.9 V (on-state) while nearly 0 %

reflectance is obtained at 0 V (off-state). On the contrary, with the LHC filter

as shown in Fig. 4.1(c), almost 0 % reflectance is obtained at the ‘on-state’

while green color with 35 % reflectance is obtained at the ‘off-state’. The
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microscopic images for each condition are shown in the insets of Fig. 4.1,

taken by a polarizing optical microscopy (Eclipse E600; Nikon). This result

clearly shows that our device produces switchable orthogonal circularly

polarized lights, controlled by the applied voltage.
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to the applied voltage and the filter type. Reflection spectra with (a)
no filter, (b) RHC filter, and (c) LHC filter. The upper-right insets in
all figures show the microscopic images of our device depending on

the applied voltage. Scale bars represent 500 um.

4.2 Electro—optical Characteristics of the Chiral

Surface—Driven Optical Images in LC Devices

The simulation result and the experimental result of the polarization
state of our device as a function of the applied voltage are shown in Fig. 4.2.
The simulation was conducted with a commercial program (LCD Master;
Shintech). Here, we use the Stokes parameter, which is explained at Chapter 2.
In particular, we mainly focus on the fourth parameter, S;, which expresses the
degree of circular polarization. S; can be any real number between -1
(perfectly LHC) and 1 (perfectly RHC). We achieved the experimental S;

value by estimating the ratio between the difference of RHC and LHC



reflectance and the summation of RHC and LHC reflectance. As shown in Fig.

4.2(a), S; of the light reflected from our device changes from —0.87 to 0.87

with increment of the applied voltage, meaning that the light reflected from

our device changes its polarization state from LHC to RHC. This is due to the

electro-optical property of the LC. Since the LC we used has positive

dielectric anisotropy (Ae > 0), the director of our LC tries to align parallel

with the applied electric field. Since the applied electric field of our device is

perpendicular to the substrate, the director of our LC gradually changes its

direction perpendicular to the substrate as the applied voltage gets higher.

When the LC aligns perfectly perpendicular to the substrate, the LC layer

loses its ability as a wave-retarder, being isotropic to the incident light. The

tunable RHC and LHC reflectance peaks depending on the applied voltage are

depicted in Fig. 4.2(b). As expected, the RHC reflectance gradually increases

with higher voltage while the LHC reflectance shows the reversed property.

The anchoring variation can cause the difference between the simulation and

the experimental result.
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Figure 4.2 The numerical and experimental electro-optical properties

of our device. (a) The Stokes parameter, S3 as a function of applied

voltage. (b) The reflectance with simulation RHC filter (red line),

experiment RHC filter (red dot), simulation LHC filter (yellow line),

and experiment LHC filter (yellow dot) as a function of voltage.
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4.3 Surface Chiral Images with Different Helical

Pitch in Chiral RM Layer

The patterned surface chiral layer with different colors are depicted
in Fig. 4.3. Fig. 4.3(a)-(c) shows the device with green coloration surface
chirality, and Fig. 4.3(d)-(f) shows the device with the blue coloration surface
chirality. Here, another chiral RMS (RMS11-066; Merck) was blended with
RMS11-067 at the weight ratio of 4:6 for the blue reflecting surface chirality.
This mixture was spin-coated with a slower rate, 1500 rpm, than the green
coloration surface chirality. With slower spin-coating rate, we could achieve a
thicker surface chiral layer, which makes the thickness of the LC layer thinner
to satisfy the half-wave retarder for blue color under equal cell gap. Viewing
our devices with no filter, as shown in Fig. 4.3(a) and (d), all of the patterned
surface chiral layer reflects their color even with the applied voltage. As we
view our devices with RHC filter and LHC filter, our devices reflect their
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color patterns according to the applied voltage. To be specific, since the

voltage is applied on the left side, the patterns on the right side are selected by

the RHC filter (Fig. 4.3(b) and (e)), and the patterns on the left side are

selected by the LHC filter (Fig. 4.3(c) and (f)). This indicates that our device

can be fabricated with different color patterned surface chiral layer in one

device.

Figure 4.3 The microscopic images with different pitch length in the

surface chiral pixel. The pixels are prepared with (a)-(c) green

coloration and (d)-(f) blue coloration. The voltage was applied

identically on the left pixels. Reflection through no filter with (a)
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green and (d) blue coloration, RHC filter with (b) green and (e) blue
coloration, and LHC filter with (c) green and (f) blue coloration are

shown. Scale bar are 500 pm.

4.4 Switching Capability with Pixelated Surface

Chiral Images

The polarization switching effect of our 2X2 pixel patterned surface
chiral layer according to the applied voltage to each pixel is shown in Fig. 4.4.
Fig. 4.4(a)-(c) show the voltage applied 2X2 pixels viewing through the RHC
filter, and Fig. 4.4(d)-(f) show the same voltage applied 2X2 pixels viewing
through the LHC filter. On the voltage map, depicted in Fig. 4.4, the pixels
with applied voltage are symbolized as ‘1°, and ‘0’ symbolizes the pixels with
no voltage. Here, the voltage was applied in three separate ways. First, the
voltage was applied on just one pixel, the second quadrant pixel (Fig. 4.4(a)
and (d)). With the RHC filter (Fig. 4.4(a)), the green color only from the

second quadrant pixel was visible, while the others were not. On the contrary,
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we achieved three green coloration pixels with the LHC filter (Fig. 4.4(d)).

Second, the voltage was applied on two diagonal pixels, the second and the

fourth quadrant pixel (Fig. 4.4(b) and (e)). A one-sided diagonal shape was

formed through the RHC filter (Fig. 4.4(b)), while the formation of an

opposite-sided diagonal shape was achieved with the LHC filter (Fig. 4.4(e)).

Lastly, all of the pixels except the first quadrant pixel were applied with the

voltage (Fig. 4.4(c) and (f)). Only the first quadrant pixel remained dark when

we viewed with the RHC filter (Fig. 4.4(c)). On contrast, the first quadrant

pixel only showed its green coloration through the LHC filter (Fig. 4.4(%)).

This result clearly shows that our device can easily switch the polarization of

reflected light to the opposite circular polarization through voltage even in

pixel structure.

Theoretically, the pixels should show no reflection when the

polarization state of the reflected light and that of the filter are orthogonal to

each other. However, some pixels in Fig. 4.4 show such leakage on their edges.

This can be explained by the distortion of LC alignment near the pixel edges.
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Since the surface chiral pixel gives a squared protruding structure in the LC

cell, the LCs around the pixel boundaries align differently with the majority of

LCs. The protrusion alters the pretilt angle around the boundaries, eventually

showing unintended reflection from dark pixels. To reduce this leakage,

studies such as giving molecular ordering to the protrusion to eliminate pretilt

variation can be applied to our device for better quality [31].

Voltage
map

RHC

LHC

Figure 4.4 The microscopic images of the switching ability through

the applied voltage on each pixels viewed through the (a)-(c) RHC
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filter and the (d)-(f) LHC filter. The voltage maps on the pixels are

shown on the top of the images. Scale bars are 500 pm.

4.5 Optical Image Selection by Polarization

We now assess the orthogonally polarized image selection of our
concept. For orthogonally polarized image selection, the word ‘SNU’ and
‘MIPD’ were patterned with green coloration surface chirality as shown in Fig.
4.5(a). As we described, the circularly polarized state can be modified with
the applied voltage. Here, we targeted the polarization state of the word ‘SNU’
to be RHC, and the word ‘MIPD’ to be LHC. To accomplish this condition,
we applied the voltage at the upper side of the device, where the word ‘SNU’
is inscribed, and applied no voltage at the lower side of the device, where the
word ‘MIPD’ is inscribed. Since the LCs in the upper side are aligned
perpendicular to the substrate due to the applied voltage, the word ‘SNU” is

reflected with a perfect RHC state. In contrast, because the LCs in the lower
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side of the device are aligned parallel to the substrate, the word ‘MIPD’ is

reflected with a perfect LHC state. With the RHC and LHC filter, the desired

image can be selected, as shown in Fig. 4.5(b) and (c), respectively. With our

device, image selection by orthogonally tunable polarization was achieved.

Here, we only just featured a limited number of pixels or images. However,

with the expansion in the area of the substrate and increment in the number of

pixels with red, green, and blue colors, our device can present symbols,

images, or even videos created by these pixels with orthogonal circularly

polarized lights.

Figure 4.5 Image selection with orthogonal circular polarizers. (a)

The surface chiral layer was patterned with the word ‘SNU’ and

‘MIPD’. The voltage was applied on the upper side, where the word

3



‘SNU” is inscribed. Only the word (b) ‘SNU’ was retrieved through

the RHC filter, and the word (c) ‘MIPD’ was retrieved through the

LHC filter. Scale bars are 500 pm.



Chapter 5 Conclusion

In this thesis, a new concept of a chiral surface-driven optical images
in LC devices for optical image selection was proposed. The device was
constructed simply with a polymerized chiral RMS and LC layer acting as a
tunable phase retarder. The surface chiral images was constructed by the
polymerized chiral RMS, where they reflect circularly polarized light
depending on the chirality of their helical photonic crystals. Also, as LCs has
electro-optical anisotropic properties, LC layer could change the polarization
state from the surface chiral images and the voltage application had the ability
to change the director alignment of the LCs. Depending on the applied voltage,
the phase retardation from the LC layer can be modulated, and thus we can
select RHC or LHC images. To be specific, with the voltage, the images could
be constructed with RHC or LHC, and with the RHC or LHC filter, one could

retrieve different images. Our device ensures perfect orthogonality and
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switchable image selection. Also, with simple fabrication and construction in

one cell unit, it is advantageous for practical applications. Our image selection

device is expected to play a significant role in reflective-type 3D displays,

color filters, and stealth technologies.
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