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Abstract

The main objective of this dissertation is to explore the ultimate features of a
liquid crystal display (LCD) device. Particular attention is spent on the nematic type
LCD device with the attributes of fast-switching, high-optical-contrast, and
slim-form-factor.

Fast-switching is a demanding requirement of:an LCD device for realizing the
novel display systems such as field sequential color LLCD and temporally multiplexing
3D display. Regarding this requirement, pi-cell (also know as optically compensated
bend, OCB) is the most promising LCD mode whose fast-switching results from its
symmetric LC profile and parallel backflow. However, the issue of undesirable
recovery hinders the pi-cell from commercial applications. In this thesis, we propose
to use the symmetric H (Hs) state and the polymerized bend state to overcome this
unwanted recovery. The difficulty of utilizing the Hs state results from its short
lifetime. To resolve this issue, we propose a stroboscopic illumination assisted
conoscopy to verify its transient LC profile. According to this result, we further
design a polymer wall structure to extend its lifetime. With the verification of LCD
simulation, the lifetime can be elongated by a factor of more than 10.

High-optical-contrast is a critical attribute for an LCD device to show a vivid

image. Here, we propose two methods for enhancing the optical contrast in the



polymerized OCB-LCD and the organic light emitting diode (OLED) embedded LCD.
In the polymerized OCB-LCD, we stabilize the relaxed bend state which has the
highest brightness among the bend states. The optical contrast is enhanced by a factor
of 1.5 compared with that of the conventionally polymerized OCB-LCD. In the
OLED embedded LCD, after adopting the volumetric scattering layer (VSL), the
optical contrast in the reflective mode is increased by a factor of 12.

Slim-form-factor is the most important factor as considering the mobile display
applications. We propose and successfully accomplish the experiment of embedding
an OLED directly into an LCD device, which thus eliminate the bulky backlight
module. Meanwhile, the contrast ratio can be significantly increased compared with
the case of trans-flective display. Because the OLED section can be turned off,
whereas the conventional trans-flective display should sustain the backlight to be
turned on even in the dark state. Referring to-the.neelogy of “trans-flective” display,
we therefore term this OLED embedded-LCD-as “emi-flective” display, which is a
combination of “emissive” and “reflective.”

Considering the scientific achievements, this dissertation demonstrates a
stroboscopic illumination method, which opens a new era in observing and further
stabilizing the transient states in an LCD device. As for the technical achievements,
the realization of embedding the OLED into an LCD and the optical optimization with
VSL have demonstrated a tremendous progress in OLED area. Combing these results,
the integrated device is able to be low power consumption, high image quality, slim

form factor, and fully flexible.
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Chapter 1

Introduction

1.1 The evolution of information display technology

Flat panel display (FPD) technologies have revolutionized the whole display
industry during the past 10 years owing to its outstanding feature of slim form factor.
This feature not only makes the FPD as a part of the house decoration but also makes
the personal mobile gadgets to be prevailing. The old-fashioned cathode ray tube
(CRT) display is overwhelmed by the FPD technologies which include plasma display
panel (PDP) [1], field emission display (FED) [2], organic light emitting diode
(OLED) [3,4], and liquid crystal display (LLCD) ‘[5, 6], as summarized in Fig. 1-1.
Among these FPD technologies‘,"nematicl L(;D“is the most popular one because of its
high fabrication yield and adaptal‘:‘)ility“ to, ah}; f)anel sij%es. On the other hand, OLED is
regarded as a promising di‘éplay‘ ‘ “tec‘hn(;l‘ogy ~because of its advantages of
slim-form-factor, high energy efficiency, and good image quality. However, owing to
its low fabrication yield, it is not prevailing in the commercial display products at
present. In this thesis, most effort will be devoted on the nematic LCD and OLED to

explore the ultimate features of a future display device.

— Nematic ]
LCD . .

Fig. 1-1 The evolution of information display technology.



1.2 Nematic liquid crystal display technologies

Three LC materials attract most attention in the LCD research area; they are
ferroelectric LC (FLC) [7], cholesteric LC (Ch-LC) [7], and nematic LC (NLC). Their
molecular profiles are shown in Fig. 1-2. The ferroelectric one has very short response
time (on the s scale); however, due to its high viscosity and difficulty for adopting
into current mass production, we are not going to discuss it in this thesis. The Ch-LC
has bi-stability and flexibility [8-10]. Because it can be made without alignment,
adopting it into the LCD fabrication can avoid the high temperature alignment process.
In addition, owing to its selective reflectivity, it is also used to be a reflective color
filter. However, because of its low contrast and not applicable for the transmissive
mode LCDs, it is not as popular as nematic LCs nowadays. Considering the nematic
LCs, its easy fabrication process makes l‘g dommat}ng the LCD area for the time being.

Consequently, many techniqueéﬁeré prlolo\'sedto further improve the nematic LCD

devices on the features of switchjf%g sﬁciéde—ggaﬁrast_»rﬁtio, and form factor.

L 1Lk

(a) (b) (c)
Fig. 1-2 LC molecular profiles of (a) FLC, (b) Ch-LC, and (c) NLC [1-7].

1.2.1 Fast-switching LC modes

Three kinds of LCD modes are currently in the mainstream of the LCD industry.
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They are multi-domain vertically aligned (MVA) [11], in-plane switching (IPS) [12],
and optically compensated bend (OCB) [13] mode LCs. They are interesting to the
LCD companies and researchers is due to their distinguished feature of “wide viewing
angle.” This feature is an important requirement for LCD-TV applications. Therefore,
these three wide-viewing LC modes are selected to develop for further requirement of
fast-switching. Here, we will introduce these three LC modes to understand their
advantages and issues.

1.2.1.1 In-plane switching mode

Conventional TIPS mode uses homogeneously aligned LC materials driven by
lateral field. As shown in Fig. 1-3 [7], the field adjacent to the substrate is not uniform,
resulting in fringing effect that causes the degradation of image quality. In spite of this
degradation, the IPS still has very good wide-viewing performance, since the LC

director deformation is isotropieally.in-plane.

Fig. 1-3 Operational principle of IPS mode.

1.2.1.2 Multi-domain vertically aligned mode
Conventional VA mode uses homeotropically aligned LC materials, and all LC
directors align in the same direction. This LC configuration makes the viewing
property significantly varied at off-axis direction. To resolve this issue, as shown in

Fig. 1-4 [7], protrusions were introduced to vary the orientation of LC directors in



multi-direction. This structure makes the phase retardation symmetric to certain
directions.
protrusion

S L

U

v Ay
« «

ITO ITO slit

LC molecules

Fig. 1-4 Operational principle of MVA mode.

1.2.1.3 Optically compensated bend mode

Though IPS and MVA modes have very outstanding wide-viewing characteristic,
their response times are not fast enough for high4frame-rate display applications, such
as field sequential color LCD Jor tempotally. multiplexing 3D display. Therefore, a
novel technique, pi-cell also known 'as-“OCB-mode, was proposed to fulfill these
requirements.

Though OCB-LCD is regarded as the fastest switching LCD mode among the
nematic LCDs, it still has some issues to be resolved. Among them, the most critical
issue is the recovery from the bend state back to the splay or twist states. As shown in
Fig. 1-5, the OCB cell is normally operated in the bend state; however, because of the
topological difference between the ground splay state and the bend state, a nucleation
transition has to be completed before operation. This transition can be initiated by
applying a critical voltage (V), and then this voltage is held to sustain the device in
the bend state. However, the pi cell still has the tendency of recovering into the splay
state. Therefore, in this thesis, we will propose two methods to prevent this issue. One
is to use the symmetric H (Hs) state whose LC profile is continuous to the ground
splay state, thus no priming is required [14]. The other is to use a polymerization
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technique which can simultaneously sustain the bend state and increase the brightness.
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Fig. 1-5 Operational principle of the OCB-LCD [1-7].

1.2.2 High-contrast-ratio LCD technologies

To exhibit a vivid image, high-contrast-ratio is é very crucial feature in a display.
In the conventional LCD system, as shown in Fig. 1-6 (a), the backlight is kept in the
status of “turned-on” during the operation. The grey scale of image is rendered by
tuning the transmittance of the LCD device, which means the light irradiated from the
backlight is likely to be leaked even the LCD device is in the off-state. This
operational mechanism results in incompleted dark state and waste of power.

To increase the contrast ratio, there were three major techniques proposed. One
was to stack more LCD devices to cut off more light intensity in the off-state [15].
Another was to increase the brightness of on-state or decrease the light leakage of the
off-state in an LCD device [16]. The other was to use the regionally flashing backlight
to make the dark state complete [17]. These proposed techniques are summarized in
Figs. 1-6 (b), (c), and (d), respectively.

Considering the technique of using dual-LCD-panel, since the LC device is

regarded as an “intensity modulator,” stacking two or more LCD panels results in



more effectiveness of intensity filtering. Adopting this technique, the LCD system is
able to achieve the contrast ratio of 10°:1. However, this kind of technique is not very
competitive in the cost. As for the technique shown in Fig. 1-6 (c), incorporating one
or more birefringent films in the LC cell is able to decrease the light leakage in the
off-state. This technique was successfully used in Prof. T. Uchida’s optical design on
the pi-cell. In his design, the birefringent films were used for compensating the
residual phase retardation in the off-state to yield a complete dark-state. However, a
more elegant way of cutting off the light leakage in the off-state is to turn off the
backlight directly, as shown in Fig. 1-6 (d). This method not only increases the
contrast ratio but also decreases the power consumption of an LCD system. In this

thesis, the latter two techniques will be adopted in our proposed devices.

ON OﬁF ON OFF
LCD LCD-1
LCD-2
Backlight Backlight Backlight =lashing/backiigl

(a) (b) (c) (d)
Fig. 1-6 The schematic diagram of light transmission in the on/off states. (a) is
the conventional LCD system. (b)~(d) is the newly-proposed LCD technologies,
where (b) utilizes dual-LCD-panel technique to decrease the off-state
transmission, (c) emphasizes the design of LCD device to increase the on-state
brightness and decrease the off-state light leakage, and (d) exploits a flashing
backlight to complete the dark-state.



1.2.3 Slim-form-factor devices for LCD backlight

In mobile display applications, to make an LCD system thinner, the most effective
way is to decrease the thickness of backlight, since the backlight occupies the most
volume among the components in an LCD. For this reason, the LCD backlight was
evolved from the directly-lit type to the side-lit type, and then lately to the slim-LED
type. As shown in Fig. 1-7, generally, the direct-lit type backlight is quite bulky,
because the optical path for diffusing the emitted light has to be long enough to
achieve uniform illumination. To shrink the thickness of backlight, the side-lit type
backlight exploits a lateral light guide plate instead of the vertical diffuser plate. Since
the optical path is constructed laterally, the thickness can be largely decreased. With
proper designs of LED packaging and light guide, the volume of LED backlight can
be further reduced without sacrificing the illumination uniformity (as shown in Fig
1-7 (¢)). In this thesis, we propose,to embed the LED-directly into the LCD device for

largely decreasing the form factor, asishown-in-Fig. [1=7 (d).

LCD device

Side-lit illumination

LCD device

Direct-lit LCD device
illumination Light guide
hjmgggq LCDILED device
(b)

(a) (c) (d)
Fig. 1-7 The evolution of backlight module. (a) The direct-lit type, (b) the side-lit

type, and (c) the slim-LED type. We further propose to embed the LED backlight

into an LCD device as shown in (d).

1.3 Motivation and objectives
As the LCDs overwhelmed the bulky and old-fashioned CRTs, the revolution in

display industry has been initiated. To play the important roles as a human/machine



interface or a multi-media player, the criterion of the LCD display has been drastically
elevated. While evaluating an LCD, the most important factors to be considered are
switching speed, optical contrast, and form factor. Therefore, the major objective of
this thesis is to explore the ultimate performances of a future LCD in these three
factors.

A comparison among the prevailing LCD technologies is made to assess their
advantage and weakness. As summarized in Table 1-1, among the IPS, MVA, and
OCB modes, only OCB mode (pi-cell) is able to operate at the response time of less

than 3 ms. As a result, this thesis basically focuses on the pi-cell rather than the

others.
Table 1-1 Compatison.of LC modes.
items TN FLC IPS MVA OCB
Response X © FAN AN O
time (~20 ms) (1) (~10 ms) (~10ms) _| (less than 3ms) |
Contrast I~ X O © : o ;
(600:1) (100:1) (1000:1) (1200:1) 1 (800:1) I
I 1
Viewing | | ~ | ~ | A TTT-=--"
angle X Q O © ©
L X
Fabrication © _ O O ©
(too viscous) [l= === == X
I I
Driving © X © © I £
(30 V) . | (splay recovery)
TN: twist nematic © : Excellent (O : Good A : Acceptable X:Poor
FLC: ferroelectric liquid crystal IPS: in-plane switching

MVA: multi-domain vertically alianed OCB: optically compensated bend

To investigate the fast-switching pi-cell, we aim to exploit its full range including
the symmetric H (Hs) and the relaxed bend (RB) states. The Hs state was reported to
have overall response times of 1 millisecond [14]; however, owing to its short lifetime

of around 100 ms, it is not suitable for display applications. To increase its lifetime, it



is necessary to know its LC director profile first. Nevertheless, as mentioned above,
the lifetime is very short; no direct evidence of its LC director profile has been
reported. In this thesis, we will verify its profile first and then propose a method to
extend its lifetime.

To increase the pi-cell’s optical contrast, we aim to stabilize the RB state which
was reported to have the highest brightness among the states in a pi-cell [18, 19]. The
difficulty of stabilizing this state is due to its transient existence. Nowadays, people
can only use it dynamically. Here, we will use polymer-stabilization to stabilize this
non-permanent state. After stabilizing this RB state, not only the high optical contrast
can be obtained but also the undesirable recoveries can be avoided.

To largely decrease the form factor, we will examine the possibility of embedding
an OLED into an LCD device. The difficulty of embedding an OLED into an LCD is
owing to the fragile cathode of QLED, since the cathode is very likely to be damaged
by the thermal process of LCD: To overcome-this issue, we will use the multi-layer
thin-film-encapsulation to protect ‘the-:OLED-section from the possible damage by
LCD processing. Because the cathode of OLED is very smooth and highly reflective,
the specular effect may be induced. Therefore, we will design a volumetric scattering

layer to increase its sunlight visibility.

1.4 Organization of this thesis

This thesis is organized as follows: in chapter 2, basic principles and theories
used in this thesis will be introduced. The principles of mechanical design on the LC
cells including the continuum theory and anchoring effect are described, and the
principles of optical design on the LC cell including the extended Jones matrix and
optical compensation methodologies are also presented. In chapter 3, the device

fabrication and measurement will be reported. In chapter 4, a polymerization
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technique for preventing the OCB cell from the undesirable recoveries is proposed,
where the merit of this method is that the optical contrast will not be suppressed after
the stabilization. In chapter 5, the Hs state in a pi-cell is investigated in depth. We
verify the transient profile of LC director with the newly proposed synchronized
illumination method. According to the measured profile, a method for extending the
lifetime of Hs state is proposed and simulated. In chapter 6, the realization of
embedding an OLED device directly into an LCD cell is demonstrated. Additionally, a
volumetric scattering layer is introduced to further increase its sunlight visibility.

Finally, the conclusions and future works are presented in chapter 7.
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Chapter 2

Theory and Principle

The mechanical and optical designs of an LCD are introduced in this chapter. In
the principle of mechanical design, the continuum theory is used to calculate the
Gibbs’s energy of a certain state, and Rapini-Papoular approach is used to calculate
the alignment effect on the orientation of LC director. In the principle of optical
design, the extended Jones matrix method is used to calculate the polarization state
transformation between the birefringent media, and Poincare sphere is used to

visualize the optical compensation mechanism.

2.1 Principle of mechanical design on.L.C cells
The switching performance of an LC device relies on its mechanical design. To
design the response time, flow direetion, and ‘€quilibrium LC profile, continuum
theory is well-used by the LCD researchers. A basic continuum theory considers the
elastic relaxation of the LC molecules. Taking more factors into consideration, such as
the electric field, the magnetic field, and the anchoring effect makes the equation
more appropriate to the actual LCD cases. The detailed description of continuum
theory is explained as follows.
2.1.1 Continuum theory
Frank-Oseen continuum theory is well-used in calculating the equilibrium profile
of LC directors in a cell [20-22]. This theory can be explained by equation (2-1),
where n is the vector of the LC director, qo is 2 77 /p (p: Pitch of liquid crystal helix),
and K;;, Ky, and Kj3 are the elastic constants of splay, twist, and bend motions,
respectively (as depicted in Fig. 2-1). These motions and the external electric field (E)
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induce strain energy to the system, and thus the free energy of the system changes.

Fig. 2-1 The LC cell strains induced by the (a) splay, (b) twist, and (c) bend

motions [23].

F= Lk (Vony + Kulo(Vxn)-0,F + Kulnx(vnlF|-L0eB) 1)

and using the large pixel assumption, i.e. o+ = o* =0,

By postulating i =
yp g x oy

y

> S5 S

z

where F is an arbitrary function.

The elastic energy can be eXpresé@d NG |

EeZE{Kll(nZ )+ Kn[q2 +(n,n, +n,0,)* =200, —nxny)]+ Kss[nzz(nx2 +1,7)+(n 1, —nyny)z]}

(2-2)
Furthermore, the electro-static energy can be considered as follows:
1l = = 1 E?
E=— > DeE="7 €96z B, out-of-plane field (2-3)
1 2
=—§505XXEX . in-plane field (2-4)
e, 0
Relative permittivity tensor: €= 0 ¢, 0 (2-5)
0 0 ¢

where €, and & denote the permittivities along and perpendicular to the long axis
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of the LC director, respectively.
Since the LC directors are positioned randomly at (6,¢) angles, the reference axis

has to be rotated about the y axis by 0 and about the z axis by .

cosp sing Ofcosd O -—sinf

R=|-sing cosp O O 1 0 (2-6)
0 0 l|sind 0 cos@
AgonX2 +e,  Acgenyn, Agen.n,
g=Rez eR" =| Acenn, Acen’+g  Acenpn, (2-7)
Asenn, Agenn, Agonz2 +é&,

. out-of-plane filed: EoutZ—%gogzz E’= —%go (Acen’ +g )E’ (2-8)

2

~.in-plane field: Ei;==- %gogxx E, = —%go (Agen’ +&))E,’ (2-9)

The external electric field E ¢an be substituted as follows:

D=¢¢E = E:R
&&,
=-V :J.dgdz =D dez
0 gg, 0 ¢gg,
= D:i
didz
0 gg,
= E:;—Vl (2-10)
&€, X ?%dz

Substituting this electric field term into Eq. 2-2 so that the electro-static energy can

be obtained.
To solve the continuum equation, the large pixel approximation is conventionally

used, where the x and y directional variations are assumed to be very tiny. Therefore,

[{P=t)

the free energy density “g” can be simplified to be a function of n«(z), ny(z), n,(z),

dn, dn, dn,
dz * dz ’ dz

Integrating the free energy density throughout the whole volume,
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on, a(dni J
dz

o] B o) en) i) (a)

:J’ a0 (d_gj N AV + d 8(g§ni)mi Av
volume ) volume (7 a[dnlj
dz

a1V L S

olumea 5 dni ! 2 dni
dz dz

no energy change at the surfaces)

on, [ds =0 (Strong anchoring makes

og 0 dg

Ag=| - 24 lsn. 2-11

J o dn, [dzj : (e-11)
dz

Calculating Eq. (2-2) and Eq. (2-10) by energy relaxation method described in Eq.
(2-11), the minimum of free energy can be obtained, and the preferred LC director

profile can be acquired.

2.1.2 Anchoring effect
The LC alignment affects the equilibrium state, switching property, and director
configuration of an LC cell. This alignment is generally achieved by the anchoring
effect with a pretreated layer. Most preferably, polyimide is used owing to its low cost,
high stability, and easy process. Two major methods are used to pre-treat the

alignment material: mechanical rubbing and photo-alignment. The mechanical
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rubbing method is executed by a roller covered with woolen texture. By brushing in
the same direction, the alignment layer is strained, and this strain aligns the LC
director in a certain direction. The other method of pre-treating the alignment material
is to use polarized UV light to orient the molecules of alignment layer in a certain
direction. This method can be used along with a photomask to make multi-directional
alignments in one substrate, but the uniformity is still an issue.

By varying the alignment directions of the upper and lower substrates, the cells
can be stabilized in different LC profiles. As shown in Fig. 2-2, the 90°, anti-parallel,
and parallel alignments can produce the twist nematic (TN), electrically controlled

birefringence (ECB), and pi cells, respectively [23].

Alignment direction

(a) (b) (c)
Fig. 2-2 Different alignment arrangements of upper and lower substrates in (a)

TN, (b) ECB, and (C) pi cells.

This stabilization mechanism can be expressed by Rapini-Papoular approach

[24-26] as follows:

F,=F,+F, (2-12)

F, :%wg sin(6-6,) (2-13)
1 .

F(p =5W¢ smz(go—(po) (2-14)

where 6 and ¢ denote the polar and azimuthal angles, Fs denotes the total free

15



energy resulting from the anchoring effect, F» denotes the free energy component in
terms of the polar angle, F, denotes the free energy component in terms of the
azimuthal angle. Wy and W, are the constants whose physical meanings are the
interactions between the substrates and the LC directors. €, and ¢, are the
equilibrium angles in the polar and azimuthal dimensions, respectively.

By considering the anchoring effect, the overall continuum equation is then
modified as follows. This equation can be used to describe the stabilized LC director

profile of an LC cell.

F =%{K11(Von)2 +K,[ne(Vxn)-q, [ + K33[nx(Vxn)]2}—%(DoE)+ F,  (2-15)

2.1.3 Mechanical design of pi-cells
According to the continuum theory mentioned above, the pi-cell can be designed
to operate in the specific state. By calculating the Gibbs’s free energy in equation 2-15,
the stable state corresponding to'the applied-voltage can be obtained. As shown in Fig.
2-3, without applying a voltage signal, thisicell is stabilized in the splay state. While
applying a voltage larger than the critical voltage, the bend state becomes more stable
than the splay state [27-29].

Applied voltage(V)

20 T T T

-20

-40

Gibbs's free energy(uJ/mm”2)

P —

<<

-60
Fig. 2-3 Gibbs’s free energy of bend and splay states as a function of applied

voltage.
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Taking the pretilt into consideration, the Gibbs’s free energy diagram can be used
to determine whether the bend state is possible to be obtained or not. As shown in Fig.
2-4 (a), if the pretilt is too low, the Gibbs’s free energy of bend state is too high, so the
bend state can not be stabilized (no matter how much voltage signal is applied). On
the other hand, if the pretilt is higher than the critical pretilt (the intersection in Fig.
2-4 (a)), the bend state can be stabilized without an external field. While in the
intermediate case, the bend state can be initiated with nucleation by an applied voltage

as shown in Fig. 2-4 (b) [35-39].
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Fig. 2-4 Phase transition in a pi-cell, where (a) is the pretilt effect and (b) is the

nucleation mechanism in a phase transition process.

In addition to the operational state, the switching speed is also an important factor
related to the mechanical design of an LC cell. The pi-cell is noted for its fast
switching due to its symmetric LC director profile and parallel backflow. As shown in
Fig. 2-5, the central director of the pi-cell is fixed during the operation. Hence, this
cell can be regarded as two halves of Fréedericksz cell. Because the equivalent cell
gap is reduced to half, the response time is increased by a factor of 4. Moreover, the
parallel backflow in pi-cell makes the relaxation faster, whereas in the case of TN

mode, as shown in Fig 2-6, the anti-parallel backflows make the relaxation slower.
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Experimentally, the intensity drop while turning off the voltage in the case of TN is
slower than that of pi-cell, as shown in Fig. 2-7. Thus, while designing the pi-cell

operations, the twist motion or asymmetric flow has to be avoided.
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Fig. 2-6 Backflows in the OCB and TN cells.
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Fig. 2-7 Comparison of response times in (a) TN and (b) OCB cells [23].
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2.2 Principle of optical design on LC cells

In the optical design of an LCD device, the most important factors to be
considered are: contrast ratio, viewing angle, brightness, and color accuracy. In this
section, we will discuss the principles for optimizing these factors.

2.2.1 Operational principle of an LCD device

The general LCD device includes an LC cell, a pair of crossed polarizers, a color
filter, and possibly some phase retarders. As shown in Fig. 2-8, the light impinges on
the first polarizer (to purify the state of incident light to be linearly polarized), passes
through the LC cell (to alter its polarization state), and then be attenuated by the
second polarizer to exhibit the grey scale. After that, the light will be filtered by a
color filter to show the specific color. A further phase retarder can be adopted in the
position before the light passing thrbugh the éééond polarizer to optimize the viewing

3 J ‘ 1 . ] k. ok
angle and contrast ratio performances of fhb LC cell. -

Glass Substrates

First polarizer

Liquid crystal

T Ssecond polarizer

\ Color filter

Fig. 2-8 Optical configuration of a general LCD device [7].

2.2.2 Extended Jones matrix for light field distribution calculation

The gray scale is shown by modulating the intensity of incident light passing
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through the LCD device. To accurately control the gray scale for rendering the high
quality images, the changes of polarization state between the components in the LCD
device have to be precisely designed. The principle of this intensity modulation can be
expressed by Jones matrix, which was first derived by Jones in 1941 and widely used
to study the transmission characteristic of an optical system consisting of birefringent
materials. This method; however, is limited to the case of normal incidence. To
generalize the case from the normal incidence to the oblique incidence, Prof. P. Yeh
introduced an extended Jones matrix method in 1982, which can be used to calculate
the transmission of off-axis light in a birefringent network [30,31]. The method is
described as follows: referring to Fig. 2-9, the relations between the electric field of

incident, reflected, and refracted lights can be written as:

Incident: E = (AS + A,P)exp[i{@t —Kker), (2-16)
Reflected: E = (B,S + B, P)exp[i(at —Kker), (2-17)
Refracted: E = (C,0e ™ +C_o0e™ ) exp(int), (2-18)

where the suffixes “e” and “0” denote the extra-ordinary and ordinary ray,

[YP=2]
S

respectively. In addition, the suffix is a unit vector parallel to the incident plane
(plane y-z) and “p” is a unit vector perpendicular to the incident plane. Hence, the

relations between p and s, o and e can be written as

= %, (2-19)
o= ‘|"k">|<3 , (2-20)
0=—Xsinp+Yycosp |, (2-21)
e=Xcosp+Yysing (2-22)

20



Uni-axial medium

y

|sotropic medium

(b)
Fig. 2-9 Schematic diagrams for describing the interaction between the incident
light and media. (a) the incident wave-vector k lies on the yz plane and the c axis
of the birefringent medium lies on the xy plane; (b) reflection and refraction at

the interface between the uni-axial and iso-tropic mediums.
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Because the tangential components of electric and magnetic fields must be
continuous at the boundary, we can thus obtain four equations. By using several
mathematical operations, the transmission coefficients of ts, tp, ts, and tp. can be
obtained. Moreover, the expression of Jones matrix describing a light passing through

a uniaxial plate can be further simplified as

A (te teYe™ 0 Yt te)A
A'p - ty Lo 0 et |t t | A, (2-23)
This is the general form of extended Jones matrix used for calculating the
transmission characteristic of uniaxial medium such as liquid crystal layers, polarizers,

or compensation films. With this calculation, the contrast ratio, viewing angle, and

color accuracy can be optimized.

2.2.3 Principles of optical:compensation

Most optical design for an LCD device assumes that the observer is in the normal
direction. However, this assumption makes .the images distorted in the oblique
observing angle. To resolve this issue, there are two kinds of optical compensation:
one is to compensate the oblique deviation of polarizers; the other is to compensate
the inaccurate phase retardation of LC director.

Before discussing the optical compensation methods, it is necessary to introduce
the Stokes parameter and Poincare sphere first, since they are very elegant methods
for describing the concept of optical compensation.

The Stokes parameters were defined by G. G. Stokes in 1852, which have been
used for defining the polarization states of electro-magnetic wave. Generally, the
electro-magnetic wave can be described asE = A(t)exp[i(wt —kr)]. In this case, the

polarization states can be further defined by four parameters listed below:
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Table 2-1 The Stokes parameters and their physical definitions.

Mathematical expression Physical meaning
So | S, = |EX|2 +‘Ey‘2 Light intensity
Si | S, = |EX|2 —‘Ey‘z 0° or 180" linearly polarized component
S, | S, =2|E,|E, ‘ coso 145° linearly polarized component
S; | S, =2|E,|E, ‘ sino Circularly polarized component

To visualize the polarization conversion, Poincare sphere was introduced. As
shown in Fig. 2-10 (a) [30], the equator represents the linear polarization states, where
the polarization state of axis S1 is orthogonal to that of —S1. In addition, the axis S3
denotes a circularly polarized state, and the meridians represent the ellipsoidal

polarization states. Each polarization state_on Poincare sphere can be described by
: =L b -
two factors ( €, 6 ), where ¢ is-the ellipticity ‘defined as tan| — |, as shown in Fig.
a

2-10 (b), and @ is the rotation angle between the long axis of the ellipse and the x axis.
As a result, the Stokes parameters have correlations between the ( €, 6 ) as follows:

S, =cos(2¢)cos(260), S, =cos(2¢)sin(20), S, =sin(2¢)

H
R

(a) (b)

Fig. 2-10 (a) the configuration of Poincare sphere and (b) its corresponding

ellipticity.
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In the case of polarized light passing through a wave-plate, there are two factors
shall be considered: one is the relative phase retardation I' (which is correlated to
the relative angle between the incident ray and the optical axis of the wave-plate); the
other is the absolute phase retardation @ (which is correlated to the birefringence

and the thickness of the wave-plate)

2r
1“:7(nS —-n;)d

D :l(nS +nf)2—ﬂd
2 V4

Where A denotes the wavelength of the incident ray, d denotes the thickness of
the wave-plate, and ng and n¢ denote the refractive indexes of the slow and fast axes,
respectively.

With the calculation of I" and @, the corresponding polarization state variation
can be also obtained on the Poincare sphere. With this calculated result, we can easily

visualize the outcome after compensation:;

2.2.3.1 Optical compensation on polarizer

The crossed polarizers can accurately control the light intensity passing through
the LC cell when they are exactly orthogonal to each other (i.e. the polarization states
of the incident and exit rays are on the opposite sides of Poincare sphere). As shown
in Fig. 2-11 (a), in the ideal case, as the first and second polarizers are perfectly
orthogonal to each other, the first polarizer is used for refining the polarization state of
the incident light, and the analyzer is used to block certain amount of the light to
exhibit the specific gray scale of the image. However, as shown in Fig. 2.11 (b), as the
observation is at the oblique direction, the crossed polarizers are not exactly
orthogonal in this case. This deviation makes the dark state incomplete.

To resolve this issue, a stacking of A- and C- plates was proposed [32-36]. This
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method can be explained by Fig. 2-12. When the deviation occurs as shown in Fig.
2-12 (a), the polarization state of P; is not orthogonal to A;; therefore, it is needed to
transfer the polarization state of P; to E. One of the methods proposed by P. J. Bos
was to use an A-plate and a C-plate to rotate the polarization state, as shown in Fig.

2-12 (b). Note that using bi-axial film is also capable of having the same effect.

Absorption axis of polanzer
]

Absorption axis of polanzer
1

2>90

=43
0 : .

Absorption axis of analyzer
Absorption axis of analyzer

@ DA E b

Fig. 2-11 Projection of pola:l"izer‘ahd ‘ah‘;I'yzelf at (a) normal and (b) oblique
directions.
: his :
(a) (b)

Fig. 2-12 The compensation mechanism with wave-plates. (a) the deviation of

crossed polarizers and (b) the mechanism of compensation using A- and C-plates.
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2.2.3.2 Optical compensation on liquid crystal

Owing to the viewing angle dependence of phase retardation, the effective phase
retardation differs in different viewing directions; therefore, the optical compensation
on the LC director is indispensable for achieving high image quality. There are some
issues mainly affecting the degradation of the optical contrast apart from the normal
observing direction [37]. As shown in Fig. 2-13 (a), the asymmetric orientation of the
LC director makes the phase retardations observed from right and left directions
different. In addition, the projected phase retardation at small viewing angle is
different from that at large viewing angle. This difference results in the grey scale
inversion (Fig. 2-13 (b)). These issues can be resolved by a combination of
wave-plates. As shown in Fig. 2-14, the compensation films made of hybrid-aligned

wave-plate makes the effective phase retardation to be zero at any viewing direction.

low contrast high contrast
> a4 <

- -~ —
~ T analyzer /// T /analyzer-
/ Ne Ng Q._ _— //

. ' : Ne
midplane f high fj low
director /> /L voltage If‘ f / volw%

A B VS S~ N

A ' s :
_— polarizer A / polarizer

(a) (b)
Fig. 2-13 (a) The asymmetric contrast degradation and (b) grey-scale inversion

phenomenon [29].
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2.2.4 Optical compensatio.r:i::bh_:p;i-c_el‘_ls:
Eliminating the residual phase reta;(iafi(;r: ;vas proposed to improve the dark-state

of pi-cell [38, 39]. As shown in Fig. 2-15, while applying a high voltage, the LC
director is aligned along the vertical direction, resulted in a dark state. However,
because of the pretilt, the LC director adjacent to the substrates is slightly inclined.
This inclination results in the light leakage of dark state. To resolve this issue, Prof. T.
Uchida proposed using a combination of wave-plates to compensate the remained
phase retardation caused by the LC director adjacent to the substrates, as shown in Fig.

2-16. By using the same concept, we will be able to compensate the relaxed bend state

stabilized pi-cell (discussed in chapter 4).
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Fig. 2-16 Compensation mechanism of using wave-plates on the pi-cell.
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Chapter 3

Device fabrication and measurements

The basic fabrication technologies including LCD and OLED processes are
described in this chapter. These fabrications will be used to make our designed
devices. After the devices being fabricated, the characterizations of the optical
performance, LC director profile, and device cross-section are measured with the
conoscopic system, the spectroscopic ellipsometry, and the focus ion beam assisted

scanning electron microscopy (FIB/SEM), respectively.

3.1 Fabrication technologies

3.1.1 LCD device fabrication
An LCD device is made by stacking two substrates with intermediate LC material.
As shown in Fig. 3-1, one of the‘substrates 1s formied with thin-film-transistor (TFT)
array, and the other one is coated with color-filter (CF). The array section of the LCD
device is made with conventional TFT fabrication. Generally, for amorphous-Si TFT
process, there are 5 sequences of masks for lithography. Each sequence includes UV
light exposing, developing, removing, etching, depositing, and polishing. The CF
section is made with black matrix, color filter resin, and Indium-Tin-Oxide (ITO).
After the substrates being prepared, the polyimide (PI) is then coated on the substrates
to align the LC molecules. Subsequently, the roller with woolen texture is used to rub
on the PI coated substrate. After that, the spacers are sprayed on the substrate to
sustain the cell gap, and the top and bottom substrates are assembled. Afterwards, the
assembled substrates is filled with LC material and attached with polarizers. Finally,

the external circuits are connected to the LCD device [40].
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Fig. 3-1 Standard LCD fabrication.

3.1.2 OLED device fabrication
A conventional OLED can be made by stacking the organic semiconductor
between an anode and a cathode. This fabrication can be carried out by chemical
vapor deposition (CVD) and physical vapor deposition (PVD). As shown in Fig. 3-2,
the OLED fabrication process is executed as follows: cleaning the prepared ITO glass,
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shaping the ITO anodes, depositing the organic layers, forming the cathodes, and

finally encapsulating with a glass lid [41-44].

The performances of an OLED can be improved by modifying the device structure.

For example, to increase the light efficiency, the carrier injection and transportation

can be optimized by depositing electron injection layer, electron transporting layer,

hole transporting layer, and hole injection layer. In addition, to increase the lifetime of

OLED, the passivation can be made with multi-layer thin-film-encapsulation [45, 46].

Glass

Organics

A

Top glass

st

Fig. 3-2 Standard OLED fabrication.

3.2 Measurement instruments

3.2.1 Conoscopic system

ITO substrate
cleaning

1 |

ITO electrode
formation

Organic layer
deposition

Cathode
deposition

encapsulation

ITO

y 4

The conoscopic instrument is used for measuring the optical properties of

brightness and contrast ratio at different angles [47-51]. The conoscopic system has

diffusive and collimated illuminations. Also, a plane detector consisting of various

directional charge-coupled-device (CCD) sensors is used to detect the transmissive and
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reflective lights. This CCD is able to measure the luminance, contrast, and color of the
imaging devices simultaneously. The schematic diagram of the measurement setup is
shown in Fig. 3-3. Every light beam emitted from the test area with an incident angle
0 will be focused on the focal plane at the same azimuth (i.e. the same position on the
captured image). The angular characteristics of the sample are thus measured simply
and quickly without any mechanical movement.

Experimentally, the measurement of conoscopy is executed as follows: First, the
diffusive ambient light source is reflected by the sample. Second, the light with the
same inclination propagates in parallel to enter the lens system. Third, the parallel rays
are converged to a detector. Finally an iso-contrast contour is formed and stored by a

data processor.

Lens1 IF1 Lens 2

1 - |
Sample Focal plane

. : Focal plane -y°
( Finger ) I 270

(CCD)
Fig. 3-3 Display measurement setup of Conoscope.

The contrast ratio of an LCD is conventionally defined as the ratio of on-state to
off-state luminance, as described by Eq. 3-1. However, this kind of contrast ratio may
not be proper for characterizing a reflective type LCD (R-LCD). Thus, Prof. S. T. Wu
proposed using ambient-contrast-ratio (ACR) instead. This kind of contrast ratio took

the ambient light into consideration, as described in Eq. 3-2 [52].

CR= I'_‘ﬂ (3-1)
OFF
ACR = v tR (3-2)
orf T
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Although this parameter is more suitable than the conventional contrast ratio to
describe the performance of R-LCD, it still can not entirely exhibit the image quality
of the R-LCD. This issue can be seen by Fig. 3-4, where the glare light does not

increase the image quality.

1.,“;",( 4
fr‘r;{'-. ) y
;"_‘

LCD
—

OLED
—————

Fig. 3-4 Conventional measurementforRAz€D. Where the glare component does

not contribute to the image guality;Qut'still be.included in the contrast ratio.

Therefore, we further eliminafe the glare-light by the segment recording function.
As shown in Fig. 3-5, this funcﬁon is executed by using a bar which successively
rotates a certain degree and captures the specific light field (where the diffusive light
source is mounted on the bar, and the planar detector captures the whole light field
except the segment at the glare angle). By integrating all of the captured images, the
final image has no glare component.

To simulate the image quality under sunlight ambience in a more pertinent way,

we define a glare-free-ambient-contrast-ratio (GFA-CR) as follows:

Loy +L
LOFF +-L

LG
L ( )

R-ON

GFA-CR=

R-OFF ~ “Glare

where Loy is the device luminance of the on-state in OLED mode, Logr, the
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off-state. Lo~ is the reflected ambient light of R-LCD mode in on-state, Lgr_orr, off
state. Lgure 1 the light reflected from the glare angle. The GFA-CR is more
appropriate than A-CR for investigating the performance of R-LCD since the glare

component gives no contribution to the image quality.

Planar detector

Light source
L\\ £
N £

Segment recording bar

sample

Top view Side view

Fig. 3-5 Segmentireéarding function.

3.2.2 Spectroscopic ellipsometry

As discussed in chapter 2, the-parameters including the elastic constants, pre-tilts,
birefringence, and cell gap affect the performance of an LCD device significantly. To
accurately examine these parameters, the spectroscopic ellipsometry is used for this
purpose. The measurement setup is shown in Fig. 3-6. The polarization state of
incident light is pre-determined by a polarizer. After the light reflected by the sample,
the polarization state is altered. The amplitude and phase of the polarization alteration
can be measured by the analyzer (occasionally accompanied with a compensator). By
varying the angle of incident light, the inclination of sample, and the corresponding

orientation of compensator, the following equations can be obtained. [53-55]

. r
tan(\P)e" =2

SS

; r
iA b ps
tan(¥ e ™ =—,
pp
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. r
tan(¥,, e ==,

SS

where Wdenotes the amplitude ratio, A, the phase change, r, the reflectance
under different cases. By these equations, the refractive index (n), extinction
coefficient (k), and cell-gap (d) can be determined by numerical fitting.

1. linearly polarized light ...
E p-plane

s-plane 3. elliptically polarized light !

p-plane

plane of incidence
2. reflect off sample ... Z
Fig. 3-6 Experimental se’gu,p of a_§pectroscopic ellipsometry.

For the purpose of optical- pompenégitibn ‘des‘igrl‘l, we utilize this technique to
measure the phase retardation .a_‘["‘ VarlouSJv&ewmg aﬁ;gles. As shown in Fig. 3-7, the
stage carries a transparent cell, ar-;dth-is cell can -bé“rotated to vary the incident angle
(to simulate the case of observing the cell in different viewing angles). This technique

will be used to measure the viewing-angle dependent phase retardation and LC

director profile in chapter 4.

Alignment Detector

LC device \L v

L_‘E, —

9 , ,..,-;_(1

Incident angle Rotation direction

nght source

Fig. 3-7 Methodology of using spectroscopic ellipsometry to characterize

parameters of an LC cell.
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3.2.3 Focused ion beam assisted scanning electron microscopy
The scanning electron microscopy (SEM) is used to observe the nano-structure in
our fabricated devices. The operational principle of SEM is to use a high energy beam
of electrons to scan the sample surface. By detecting the signals from the
back-scattering and secondary electrons, the topography of the sample can thus be
obtained. To investigate the cross-section of devices, the focus ion beam (FIB) is used
to carve the surface, after that, the SEM is used to capture the image of cross-section,

as shown in Fig. 3-8 [7].

Image
Slice
Direction

Fiducial
Marks

Fig. 3-8 Focused ion beam assisted scanning electron microscopy
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Chapter 4

High dynamic range LC mode in a pi-cell

4.1 Introduction

The liquid crystal (LC) pi cell [16], also known as the optically compensated bend
(OCB) mode [55-57], is noted for its fast switching rate owing to its symmetric LC
profile and parallel backflow. Generally, it is operated in the bend state; however,
because of the topological difference between the ground splay state and the bend
state, a nucleation transition has to be completed to operate the pi cell in the bend
state. As shown in Fig. 4-1, this transition is initiated by applying a critical voltage in
advance to prime the cell from the, splay ‘statés:lt(')"thle bend state, and the voltage has to
be kept larger than the criticai ‘Voltaéién thc’; __éustaiiﬁl the device in the bend state;
otherwise, the pi-cell may cdl_lapse-i.ntogb_; spla}; or twist states. In TFT-LCD
applications, owing to the limits: of the drivingﬁ‘cifcuit (giving a maximum applied
voltage of 6 V) and the requirement of a sus‘;ained voltage to prevent recovery of the
splay state, the pi cell is generally driven in the range between 2 V ~ 6 V [58].

Because of this limited range, the contrast ratio of pi cell was not exploited fully.

1.1Vrms
4 {
~ iW|st
No voltage

\\
\\

|~ ] m / Ha1 2Vrms W
—7 “
& \ Nucleation  Bend (bright)

/i\
/I\

Splay 27 High voltage
Ha2
Bend (dark)

Fig. 4-1 Inter-state transition in a pi-cell.
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To prevent the recovery from the bend state to the splay state, several techniques
have been proposed [59-65]. These techniques can be classified into two categories:
one is to stabilize the twist or bend state so that the bend state can be formed without
priming from the splay state [59-64]. The other category is to use intermittent impulse
signals to prevent the recovery [65].

In the case of stabilizing the pi-cell in the twist state, because the bend and the
twist states need different optical compensations [66], it is difficult to exploit the full
optical dynamic range consisting of both states. As for stabilizing the pi-cell in the
bend state, the bright state tends to be suppressed to a lower brightness, as shown in
Fig. 4-2. Because the polymer wall tends to fix the LC director, the switching freedom

of the LC director is reduced.

P/ /) /7
00 0 0 0 0
Vol N\ N\
6V 2V OV (Transient )
2V bright state 0V bright state

Fig. 4-2 Suppressed bright state after polymer-stabilization.

Using intermittent impulse signals to drive the pi-cell allows the desired voltage to
be lower than the critical voltage, and the device can still sustain in the bend state.
Because the bend state has no sufficient time to recover into the splay and twist states,
the desired level can be sustained for a short period (around several tens ms) [65]. In
this method, it has been reported to have a relaxed bend state with the highest phase

retardation among the range of the bend states, as shown in Fig.4-2 [65]; however,
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even with high voltage impulses, it still has tendency of recovery.

To take the advantages of the methods mentioned above, we propose to combine
the concepts of using the impulse driving method and stabilizing the pi-cell with
polymerization. This combined method is able to stabilize the non-permanent relaxed
bend state, which thus makes the pi-cell have higher brightness and higher switching
freedom of the LC director; additionally, this fabricated pi-cell has no risk of recovery

into the splay and the twist states.

4.2 Preliminary observation on the relaxed bend state
4.2.1 Observation with the polarizers incorporated optical microscopy
To examine the existence of the relaxed bend state, we make some observations
with polarizer assisted optical micrb's.'c.::oﬂp}‘/. I.Tlll:le"::(::(")npept of this experiment is shown in
Fig. 4-3. We place the rubbing-;Ii.rectio:hﬁél.)f.::',tﬁé pl-cqll parallel to one of the crossed
polarizers. As long as there is extlnct'lon--ef—h-ght,thé pi-cell stays in the bend state;

otherwise, the twist state.

L& e

‘ k

-
—

—
e -
- > 4 - 4
- 4
. -
A 4..:-:-
ot £ P E .

Fig. 4-3 Placing the rubbing direction of the pi-cell parallel to one of the crossed
polarizers to examine the occurrence of twist state.
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To observe the phase transition of a pi-cell, we place the rubbing direction of the

pi-cell parallel to one of the crossed polarizers. The LC cell used here is an E7 (from

Merck) filled pi-cell with cell gap of 5.5 um. A continuous waveform of 10 kHz, 20

Vpp, and sine wave is applied to the cell. The mechanism of the relaxation can be

clearly defined since the bend state has extinction, whereas the twist state does not. As

the optical microscopy results shown in Figs. 4-4 and 4-5, in the first stage, the bend

state is totally dark owing to its extinction. And then, with the abruptly releasing of

applied voltage, the bend state is relaxed and induced tiny amount of light leakage

(there is no texture). After that, the texture forms and intensity increases (i.e. the twist

state occurs).

Intensity (a. u.)

Applied signal
Stressed Relaxed Twist state <

bend state  bend state

100 200 300 400
Time (ms)

Fig. 4-4 Oscilloscopic image of the bend to twist transition. Note that the rubbing

direction of the pi-cell is parallel to one of the crossed polarizers.
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The OV bend state can be cleétly seen by o"t;serving its extinction. This result

indicates that there is an 80 ms lifetime of the non-permanent relaxed bend state

existing right after releasing the voltage impulse.

4.2.2 Observation with the impulse driven pi-cell
To test the driving waveform that we are going to use during the polymerization
we check the impulse waveform with the method described in section 4.2.1. Using the
driving waveform as shown in Fig. 4-6, with 40 ms of pulse and 40 ms of rest, the
pi-cell sustains in the bend state during the rest (i.e. the relaxed bend state); however

if the impulse is set as 30 ms of pulse and 50 ms of rest, the pi-cell collapses into the

twist state.
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Fig. 4-6 Oscilloscopic traces for demonstrating the impulse driving method.

To view the device appearance during each state upon impulse driving, the photo

LRLRESN
is taken where the pi-cell’s rubb‘mg d“"reéthn 1s placed parallel to the crossed

l}

polarizers. Fig. 4-7 (a) shows t@e sth‘essé!] bﬁﬂcf' statg (complete extinction), Fig. 4-7

o
(b), the relaxed bend state (extirhctm \ sht legfkage due to the pre-twist of the
'L-.F "-._ ._: 'l 1896

pi-cell), and Fig. 4-7 (c), the twist state (full transx;ussmn)

f'l:

Fig. 4-7 Photographs taken while driving the pi-cell with impulse waveform,
where (a) stress bend, (b) relaxed bend, and (c) twist states show full extinction,

slight light leakage, and full transmission, respectively.

4.3 Fabrication of relaxed bend state stabilized pi-cell

Initially, we pick the empty cells with identical cell gap of 5.5 ¢ m, and fill them

with LC material E7 blended with 4% monomer mixture including 90% reactive
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mesogen (RM257 of Merck) and 10% photo-initiator (Irgacure 907 of Ciba Specialty
Chemicals). The alignment layers of the pi cell devices are parallel rubbed polyimide.

To stabilize the non-permanent relaxed bend state, we set up a synchronized
polymerization system. In this system, as shown in Figs. 4-8 and 4-9, a chopper is
used to block the ultraviolet (UV) light and only let the UV light impinge on the pi
cell during the desired state, a set of laser diode (LD-1) and photo-diode (PD-1) is
used to monitor the transmission of the pi cell device (signal 1), another set of LD-2
and PD-2 is used to monitor the rotational period of the chopper (signal 2), and PD-3

is placed near the pi cell to detect the impingement of the UV light (365 nm) on the pi

cell (signal 3).
uv lig!}tisggrce
Chopper
1.D-2 WaoPP
& 4
%
Signal 1
cionay 2 D2 SR
IR !
S T """- " PD-

: i Oscilloscope
o " Signal 3
.

Fig. 4-8 Experimental setup of synchronized polymer-stabilization.
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The operational principle of this synchronized polymerization system can be
explained by the oscilloscopic traces. As shown in Fig. 4-10, to ensure the signals are
synchronized, signal 2 is used to trigger the function generator, thus even the
rotational period of the chopper is slightly varied, all of the signals are still
phase-locked. The waveform of the function generator is set as burst sine wave with
10KHz, 20 V,, for 50 ms and 0 Vp, for 250 ms. This wave form is also recorded by
the oscilloscope as signal 4. Moreover, by monitoring signal 3, the desired state to be
stabilized can be tuned by varying the delay time (the time between signal 4 applies to

the pi cell device and signal 2 triggers the function generator).

Laser 2 UV light Laser 1

1
|
i
b -

I
- I—— . UVligh I
vy Impingement vy \I,

Photo-diode 2 Photo-diode 3 ™ > Pi-cell

7 : I I Device
Trigger signal | | transmission
A 4
Function . )
————— Photo-diode 1

generator | prjving signal

Fig. 4-9 Scheme of synchronized polymer-stabilization.
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Fig. 4-10 Oscilloscopic tracesafisynchtonized polymer-stabilization.

4.4 Confirmation of LC dilfector pfofile by Spectroscopic ellipsometry

The internal LC alignment distribution-(or say‘ the LC director profile) after
polymerization is measured by “spectroscopic ellipsometry. Measuring the
polymer-stabilized pi-cells without applied voltage can verify their equilibrium LC
profiles. The LC profiles in the directions of parallel and perpendicular to the rubbing
direction are measured as shown in Fig. 4-11.

Stressed Relaxed

bend state bend state
Rubbing direction
00 =1 B
{ 8l ~ ~

- -

— ‘\
Direction A Direction B

OOOOOH
OOOOOOH
>

[ [
Fig. 4-11 Method used for verifying the LC profile of relaxed bend state.
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The measurement results verify that the LC profile of relaxed bend state has a
comparably lower tilt angle of LC directors at OV. As shown in Fig. 4-12 (a), the LC
profile of relaxed bend state is very similar to the case of normal pi-cell at 2V, which
is the lowest bend state among the bend states in a normal pi-cell. This figure also
points out another two main phenomenon of our polymerized pi-cells. First, the
polymerized cells are stabilized in the bend states, since the central LC director at 0OV
is measured to have a tilt angle of 90°. Second, the LC director profiles at 10 V in Fig.
4-12 (c) demonstrate that the polymerized pi-cells are not able to achieve entirely
vertical alignment, which thus results in an incomplete dark state. However,
considering the TFT-LCD application whose range of driving voltage is 0~6V, the
characteristics of the relaxed bend state and normal pi-cell are similar (according to
Figs. 4-12 (a) and (b)). Additionally, the relaxed bend state stabilized pi-cell has no

tendency to recovery, which shows.its superiority over the normal pi-cell.
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Fig. 4-12 The LC profiles measured by spectroscopic ellipsometry at (a) lowest

4.5 Results

bend, (b) 5V bend, and (c) 10 V bend states.

The transmission/voltage behavior of the stabilized pi cells is measured by placing

their rubbing direction at 45° to the crossed polarizers. The driving signal is a 10 kHz

square wave and gradually increases from 0 Vs to 15 Vips. As shown in Fig. 4-13,
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considering the conventional driving range of OCB mode TFT-LCD (2 Vims~ 6 Vims,
square wave) [58], the intensity operational range (the difference between the highest
to the smallest intensity) of the original pi cell is 0.525 (E). However, the reason
that the OCB mode is conventionally operated with voltages larger than 2 Vs is to
prevent its transition from the bend state to the twist state. Since the polymerized pi
cells have been stabilized in the bend state, the optical compensation can still work
even at 0 Vn; therefore, the driving range of the polymerized pi cells can be further
extended from 2 Vs to 0 V. In this case, the intensity operational range of the RB
state stabilized pi cell is 0.375 (C_D) while that of the best case of the conventional

polymerization stabilized pi cell is 0.25 (ﬁ ).
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Fig. 4-13 Transmission-voltage relations of pi cells.

To visualize the contrast difference between the pi-cells, the photographs of the
pi-cells have been obtained. In Fig. 4-14 (a), photographs on the ON-state of the

conventionally-polymerized stressed bend state (CSB), the RB stabilized, and the
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normal pi-cells (applying 2Vrms on the normal pi-cell to prevent the undesirable
recovery) are obtained. Fig. 4-14 (b) shows the OFF-state of the CSB, RB, and normal
pi-cells. Compared with the CSB pi cell [61], the RB state stabilized pi-cell has no

dynamic range suppression.

RB

Normal

7/ \Vrms 7/ \Vrms 7 \Vrms

(b)

TTIENERTT

Fig. 4-14 Comparison between the different pi-cells whose rubbing directions are

.
-

placed at 45° to the crossed polarizers, where the pi-cells are operated in the (a)

on-state and (b) off state.

The viewing angle dependence of phase retardation is measured by spectroscopic
ellipsometry. As shown in Fig. 4-15, the relaxed bend stabilized pi-cell without
applied voltage has similar phase retardation with the case of normal pi-cell at 2V (the
lowest bend state). Their contrast ratios can be seen by the difference between the
switch-on and switch-off states. The difference in the case of RB state stabilized

pi-cell is much higher than that in the case of CSB pi-cell.
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Fig. 4-15 The viewing-angle dependeht phasg=retardation of the pi-cells.

The response times of the stabilized piteells are also measured with the same
experimental arrangement with a driving signal of a 10 kHz, burst square wave (with
15 ms of 15 V, and 15 ms of 4 V). As shown in Fig. 4-16, the switch-on times
(90% to 10%) of the pi cells with pure E7, when stabilized in the RB state, and when
stabilized with conventional polymerization (the case of 2.5 % mesogen) are 0.73,
2.44, and 2.42 ms, and the switch-off times (10% to 90%) are 4.4, 8.4, and 6.3 ms.
The RB stabilized pi cell has slower response, which results from its less rigid (or say
less well-constructed) polymer fibril, since the polymerization is executed with

dynamic flow.
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Fig. 4-16 Response times of the pi cels!*Fha'pi-cells are positioned at 45° to the

crossedspolarizers.
4.6 Discussion

Considering the response time of the polymerized pi-cells, although a commercial
pi cell is capable of performing with an overall response time of around 3 ms, the LC
material we use here is simply E7, so the response time can be further optimized by
using low viscosity LC materials. Moreover, we can increase the switching speed of
this proposed pi cell by a dual frequency driving method [64, 68, 69].

As for the incomplete dark state under 10V, if we consider the TFT-LCD
application whose range of driving voltage is 0~6V, the characteristics of the relaxed
bend state and normal pi-cell are quite similar (according to Figs. 4-12 (a) and (b)).
Additionally, the relaxed bend state stabilized pi-cell has no tendency to recovery,
which shows its superiority over the normal pi-cell.

To compensate the relaxed bend state profile, we calculate the profile of the
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compensation film based on the principle described in section 2.2.3. To make the total

phase retardation as 0, the discotic LC materials can be oriented as Fig. 4-13 to

compensate the corresponding LC directors in the relaxed bend state stabilized pi-cell.
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Fig. 4-17 Proposed optical compensation for thesrelaxed bend state stabilized

4.7 Summary

pi-cell,

The difference of the intensity operational range results from the various profiles

of LC director after polymerizations. In the case of the pi cell stabilized in the RB

state, the LC director throughout the device is stabilized in a more relaxed (i.e. lower

tilt) state, which thus has higher freedom of switching compared with the pi cell

stabilized with conventional polymerization. To further increase the intensity

operational range, we have tried to lower the concentration of the reactive mesogen

for synchronized polymerization (it was reported in ref. 62 that using lower

concentrations results in higher intensity operational range); however, using

concentrations lower than 4% produces only partial stabilization of the bend state.

We have demonstrated a synchronized polymer-stabilization technique which can
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be used to stabilize the non-permanent states in LC devices. In this thesis, the
non-permanent RB state reported to have high brightness [63] is observed and
stabilized by our proposed technique. This pi cell stabilized in the RB state has the
attributes of high intensity operational range (an enhancement is obtained by a factor
of 1.5 compared with the best case of the conventionally polymerized pi cell) and
feasibility for full dynamic range optical compensation (no twist state occurs during
the device operation). This proposed pi cell device can be used with a switching
backlight technique to achieve a complete dark state and lower the

power-consumption [70].
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Chapter 5

Investigation of symmetric H state in a pi-cell

5.1 Introduction
As mentioned in chapter 4, the normal pi-cell needs to be primed to the bend state
and sustained with a critical voltage to prevent the undesirable recovery into the
twist or splay state [16, 32, 57, 58, 71-75].In contrast, the symmetric H (Hs) state (a
transient state obtained by a sudden application of voltage to the ground splay
device) needs no priming — i.e. the Hs state is continuous with the ground state.
Moreover, the Hs state has been reported to have the merit of very fast switching,
on a scale of 1 millisecond (as shown im+Fig. 5-1) [14]. Because of these
distinguished features, the Hs state has attracted much attention. In this chapter, we

will further investigate its possibility for display apblications.

Low voltage symmetric H-state High voltage symmetric H-state
(~0-2V). (~6V). 1
I — 08 /-""-'
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P Z 04 \ {
—— —— - 0 i
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Fig. 5-1 Hs state director profile and its response time [14].

The reason that hinders the Hs state from LCD applications is its short life time (of
less than 200 ms, in general). In this chapter, our major objective is to come up with a
method for extending its lifetime. Before going to design a structure for this purpose,
a direct investigation on the LC profile of the Hs is necessary. So, in the beginning of

this chapter, we propose a method for verifying the LC profile of the Hs state, which



was understood only by calculation, but we prove it with direct observation.
After confirming the LC profile of the Hs state, we further propose a method to
extend its lifetime. The simulation of this proposed method will be reported, and the

fabrication process will also be introduced.

5.2 Investigation of the transient symmetric H state
5.2.1 An introduction of the symmetric H state
In previous work, it was suggested that under field application, the Hs state has an
internal director structure in which the director in the centre of the device remains
parallel to the surfaces. This “de-couples” the two halves of the pi-cell, thus the cell is
effectively divided into two half-thickness Fréedericksz devices, from which the fast
switching behavior results. The switching rate enhancement, ignoring the flow effect

of the pi-cell, can be explained by
d’y

T oC 5
K, 7

(5-1)

where 7 represents the relaxation®time ‘of the pi-cell, d, the cell-gap, y , the
rotational viscosity, and K, the splay elastic constant. Thus, the smaller the effective
thickness of the switching layer, the faster the device. Some modeling and
experimental results have shown the switching rate of Hs state is faster than that of
asymmetric H (Ha) state in a pi-cell by a factor of 4, which supports the existence of
the central non-switching region, since it de-couples the LC director in the two halves
of the cell [14, 76, 77]. This central region and de-coupled switching make the Hs
state have a symmetric director profile as shown in Fig. 5-1; however, owing to its
short lifetime, no direct evidence has been presented to demonstrate the profile
symmetry.

To elucidate the short lifetime issue, a continuous sine waveform is applied to the
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pi-cell to observe the phase transition. As shown in Fig. 5-2, when the voltage is
applied, the splay (S) state is suddenly switched to the Hs state without nucleation.
After that, the asymmetric H (Ha) state forms in the Hs domain and finally engulfs the
whole area of Hs state. Meanwhile, the domain wall between the bend state and the
Ha state is still moving toward the Ha state side. When the applied voltage is removed,
the Ha state turns back to the S state and the bend (V) state turns back to the twist (T)
state.

There are two interesting phase transitions observed. One happens during the
recovery form V state to T state; the other, Ha state to S state. As the V state recovers
to T state, some textures appear along the rubbing direction, as shown in Fig. 5-2. The

texture may result from the collision between the LC directors with different laying

Voltage released

Fig. 5-2 Phase transition by continuous driving waveform.
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5.2.2 Preliminary observation on the symmetric H state

To quantify the lifetime of the Hs state and observe the collapsing mechanism, we
make the experiment as follows: Initially, a typical pi-cell (with 2.6 um cell gap, filled
with LC material E7 and using parallel rubbed polyimide as the alignment layers) is
positioned at 45" between the crossed polarizers and the transmission is measured
during signal application. With an impulse voltage signal of 5V, the intensity
variation during the state transitions from the ground splay state, to the Hs and into
the Ha states is observed by a photo-detector as shown in Fig. 5-3. The Hs state is
observed to have a life-time dependence on the applied voltage. As the applied
voltage is increased, generally the life-time of Hs state (in the duration of the Hs
plateau in Fig. 5-3) will be longer. However, at higher voltages, the bend state rapidly

nucleates and engulfs the whole area of the splay states.
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Fig. 5-3 The state transition from splay to Hs to Ha state.
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5.2.3 Stroboscopic illumination assisted conoscopy

As the aforementioned descriptions, the difficulty in proving this Hs state LC
profile by direct observation was due to the short life-time of Hs state (typically
around a few tens ms, although it can be present for hundreds ms in certain
circumstances). In this section, we report work where we utilize a burst driving
method along with stroboscopic light emitting diode (LED) illumination to capture
the conoscopic images for symmetric LC director profile of the Hs state.

It is clear that we can verify the LC profile by comparing the measured conoscopic
images with the calculated images. Since the conoscopic contour is affected by LC
symmetry, as shown in Fig. 5-4, the contours of Hs state and Ha state are different.
The methodology of this verification is shown in Fig. 5-5. However, it was not
possible to be carried out becausé the actual ease of measuring conoscopic image
takes several minutes, while the lifetime of Hs. state is of less than 200 ms. To
overcome this issue, we propose tohuse-a-stroboscopic illumination along with the
conventional conoscope for verifying this transient LC profile.

To observe the conoscopic images of each state during the Hs state collapsing, the
device is driven by a burst waveform for Hs state formation and a continuous
waveform for Ha state formation. As shown in Fig. 5-6, the burst driving waveform is
composed of two parts: an operating time and a delay time. The operating time is
determined by the need to switch the device into the Hs state but avoid breaking down
into the Ha state(s) (or transitioning into the bend state). The delay time allows
recovery of the ground splay state. In this case, the operating time is set as 10 ms, and
the delay time is set as 90 ms; meanwhile, the stroboscopic LED illumination is set to
delay from the start of the switching signal by 5 ms (to allow the formation of Hs
state), then to illuminate for 5 ms and be off for 90 ms (to synchronize with the device

switching signal). This synchronized driving scheme ensures that only the Hs state is
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captured by the conoscope. To further check the results, the conoscopic images are
obtained with two different wavelengths of light source (a blue LED with the

wavelength of 436-486 nm and a red LED with the wavelength of 622-654 nm).

Hs exists only 100 ms.
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Fig. 5-5 The methodology of measuring the LC director profiles of splay, Hs, and

Ha states in a pi-cell.
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Fig. 5-6 Burst driving waveform for the device and illuminating LED.

5.2.4 Simulation on transient symmetric H state

Based on the Frank-Oseen continuumitheory. as discussed in chapter 2 [78, 79], the
equilibrium director profiles in the LC cell can be calculated. Using typical LC
material parameters (those for E7) and'initializing from a ground splay state with a
slight asymmetry (to allow eventual formation of the Ha state), we can obtain the
director profiles of each state as shown in Fig. 5-7. After calculating the director
profiles, an extended Jones matrix technique [80] can be used to determine the
conoscopic images of each state for wavelengths corresponding to using blue and red

LEDs as the light sources (examples of which are shown in Fig. 5-8).
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Fig. 5-7 The director configurations of (a) splay, (b) Ha, and (c) Hs states.
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5.2.5 Results of the investigation on symmetric H state

The conoscopic measurement results within a viewing cone of around 30° show
directly the symmetry of ground splay and transient Hs states, and also the asymmetry
of the Ha state. In addition, the modeling based on the theory outlined above is used
to determine the conoscopic images within the viewing cone of around 30°. The
experimental and theoretical results are shown in Fig. 5-8, the measured conoscopic
images (a)~(f) are in good agreement with the modeling results (g)~(1) (at least for the
restricted viewing cone of around 30 — it is difficult to obtain good agreement over
very wide viewing cone angles due to the illumination system used). The asymmetry
in the Hs state is evident in both the experimental results (Fig. 5-8 images (c¢) and (d))
and the modeled images (Figs. 5-8 (i) and (j)). The symmetry of the ground splay
state is as expected (Figs. 5-8 (a), (b), (g) and (h)):More important for this work is the
symmetry evidence in Figs. 5-8«(e).and (f) (experimental) and (k) and (1) (theoretical).
The good agreement between these data.is.the-evidence that the director profile of the
Hs state is indeed as expected, with-decoupling of the director in the two halves of the
cell. Moreover, according to our modeling, if the center point (zero-tilt) of the director
structure is off center by 5% of the thickness of the device, then the conoscopic image
is off axis by 15°. Thus, we can be confident that the method used here is very
sensitive to asymmetry in the structure.

We have confirmed the existence of the symmetric profile of the LC director in the
Hs state by stroboscopic conoscopic imaging. Along with the modeling, the transient
non-switching director in the center of the device and the consequent de-coupling of
the directors in the two halves of the device have been verified to occur. These
de-coupled directors divide the device into two half-thickness Fréedericksz layers

which result in the fast-switching behavior.
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(2) (1) 4 (k) (D

Fig. 5-8 Measured conoscopic images of device: (a) and (b) in splay state; (c) and

(d) in Ha state; and (e) and (f) in Hs state. Simulated results: (g) and (h) in splay
state; (i) and (j) in Ha state; and (k) and (l) in Hs state. The cases of (a), (c), (), (g),
(i) and (k) are illuminated/modeled with a blue LED, while the cases of (b), (d), (f),
(h), (j) and (1) are illuminated/modeled with a red LED. (Each set of data has been

normalized to optimize the image;ahd éxblb‘it the image’s full dynamic range.)

5.3 Design for extending the I|fet|me ofi éymmetrlc H state
5.3.1 A proposed structu re for flxmg the central LC director of Hs state

With the stroboscopic 1llum1nat10n- assisted conoscopy, we have verified the LC
director profile of the Hs state. The central LC director drifting to one of the
substrates results in the collapsing of Hs state. Based on this observation, it is possible
to extend the lifetime of Hs state if we can fix the central LC director.

According to the report [81], the LC director tends to follow the polymerized
structure in the LC cell. Therefore, if we can form the structure to sustain the Hs state,
then its lifetime can be extended. Referring to the method that we used in chapter 4, if
we use the synchronized polymerization along with photo-mask, then we will be able
to form the structure as shown in Fig. 5-9, which thus fixes the central LC director

and further extends the lifetime of Hs state.
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Fig. 5-9 Concept of Hs lifetime extension by polymer stabilization.

5.3.2 Simulation on the lifetime of proposed device structure
Before going for the execution of polymerization, we have also done some
preliminary simulations to find out the best parameters for the shape of polymer wall.

The simulation of polymer wall can,bé sim lified by using a boundary condition. This

‘bottom substrates are set as strong

e
|4

the pol

ymer walls in the middle of the

: ;‘-f":; (perpendicular to the polymer

wall). In this simulation, the pixel siz(lnth A), cell gap (length B), and with or

without polymer walls are altered to figure out the relation between the lifetime of Hs

state and these factors.
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Fig. 5-10 Structure used for simulating the Hs lifetime extension.



The simulation results show the possibility of realizing the Hs state lifetime
extension. Initially, the LC director profile is set as splay state as shown in Fig. 5-11
(a). During the following 10 ms, the LC director profile is then gradually shaping into
the Hs state as shown in Fig. 5-11 (b). After the Hs state formed, the LC directors then
collapse via two paths: one is via twist motion as shown in Fig. 5-12 (a); the other is
via central director drifting as shown in Fig. 5-12 (b). To model the actual pi cell as a
reference case, a 20 um pixel size and 4 um cell gap without polymer wall is
simulated, and the electric field is set as 1.25 V/um. This referenced case collapses
into twist motion within 40 ms and its central directors are drifted to the substrate
within 150 ms.

Moreover, we model several cases of the LC cell, and the results are listed in table
5-1. The factors of pixel size, cell:gap, with or without polymer wall, and the applied
electric field are varied. These eases have indicated some interesting results: Cases A
and B show that the pixel larger than 10-um-has no-difference. Cases D and E show
that the polymer wall effect is very: significant on extending the lifetime of Hs state.
Cases E, F, and G along with cases J and K show the cell gap effect on the lifetime.
Cases H and I show the effect of applied filed. Cases C and E show the effect of pixel
size.

In the case of 9 um pixel size, 4 um cell gap, 1.25 V/um electric field, and with
strong anchoring polymer wall, the director profile is sustained in the state of Hs even
after 2000 ms as shown in Fig. 5-13. Thus we can say that the lifetime is extended to
more than 2000 ms (larger than the referenced case by a factor of more than 10),
which means our actual cell with lifetime of 100 ms will be possible to extend its

lifetime to 1sec (it is long enough for display applications).
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Table 5-1 Simulation results of Hs state lifetime extension with polymer wall.

Pixel size Cell gap Vertical field Hs—Ha
(um) @m)  Pobymerwall (V/um) (ms)

A 20 4 Without 1.25 150
B 10 4 Without 1.25 150
C 10 4 With 1.25 140
D 9 4 Without 1.25 100
E 9 4 With 1.25 >2000
F 9 5 With 1.25 >500
G 9 3 With 1.25 45
H 9 4 With 1 100

I 9 4 With 0.75 60

J 10 4 With 1.5 >1000
K 10 5 With 1 300

5.3.3 Polymer-stabilization‘withoutiineorporating a photomask

The concept of the synchronized system is that the mesogen in a pi-cell is only
exposed under UV light at the Hs state. Thus;-the polymer network will be formed to
maintain the transient configuration o0f ‘Hs ‘state; this means that the Hs state is less
likely to collapse into the Ha state, as a result, the lifetime of Hs state will be extended.
This idea can be carried out by inserting a chopper between the UV light source and
the pi-cell. When the UV light pass through the chopper, a photo-detector is used to
detect the UV light and trigger the pi-cell to be turned on to the Hs state, by which the
optical signal coming from UV light and the voltage signal applied to pi-cell will be
synchronized, as shown in Fig. 5-14, which has been reported to be able to stabilize
the non-permanent states [82].

The oscilloscopic image is captured to explain the idea of synchronized
polymerization. As shown in Fig. 5-15, curve 2 is the UV light signal detected by a

photo-detector used to trigger the pi-cell. Curve 1 is the light signal from the pi-cell,
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and the driving waveform on this pi-cell is set to be 4 Vs sine-wave operating for a
period of 50 ms and then rest for a period of 200 ms to ensure that only Hs state is
formed during the operation time. Then, another photo-detector is used to monitor the
UV light signal (signal 3) to ensure only Hs state is formed under the UV light
exposure. From this data, we can be confident of the accuracy of synchronized

polymerization where the pi-cell is only exposed under UV light at the Hs state.

UV light

Chopper

Triggering signal -

‘siﬂnal ZI

A

- UV light exposure

‘sianal 3'
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LC device signal !
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Fig. 5-14 Concept of synchronized polymerization.
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Fig. 5-15 Oscilloscopic image of synchronized signals, where curve 1 represents
the optical signal of LC device, curve 2, triggering signal, and curve 3, monitored

UV light signal.
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We have tried several testing runs of different conditions for extending the lifetime
of Hs state in a pi-cell. The results are summarized in table 5-2. We find that while
using UV absorbing LC material such as E7, owing to the non-symmetric exposure of
two sides of the pi-cell device, it is likely to form an only one Ha state pi-cell after
polymerization, whereas in the case of non-UV-absorbing LC material such as
ML1001, the device is very likely to form 2 Ha states with spatially homogeneous
distribution.

Varying concentration does not bring any systematical results. In the case of 0.5
wt%, the device before being exposed under UV light get slight lifetime extension of
Hs state which may result from the change of elastic properties. As for the case of 2.8
wt%, the state is stabilized in the Ha state within 2 minutes. While in the case of 1.5
wt%, we record the variation during the polymerization and found that the intensity is
suppressed gradually as shown=in Fig. 5-16..This. verifies that the LC directors near
the substrates are stabilized; however; the-lifetime of Hs is still shortened and the
optical contrast is lowered. In the end;.as shown in Fig. 5-17, the phase-suppressed
pi-cell turn out to be very low contrast but very fast switching. The switching time in
this case is of less than 1 millisecond; however, owing to its low phase retardation,
this device is not suitable for display application, unless thicker cell-gap will be used

instead.

Table 5-2 Summary of conditions and results of tested pi-cell.

Condition Result

UV absorbing LC One Ha state

Non-UYV absorbing LC Two Ha states (homogeneously distributed)
0.5 wt% Hs sometimes got extended lifetime

2.8 wt% Stabilized in Ha within 2 min

1.5 wt% Hs lifetime degraded ( Hs still exists)

Staled LC/mesogen mixture Suppressed Ha (though very fast switching)
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357 As time increased, intensity decreased.
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Fig. 5-16 Oscilloscopic image of the dynamics during the synchronized

polymerizafion onthe Hs state.
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Fig. 5-17 Oscilloscopic image of phase-suppressed pi-cell.

After doing several careful experiments on the “synchronized polymerization,” we

finally realized that the idea for extending the lifetime of symmetric H state is not
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easy though we thought it was simple. We have tried using different LC materials
such as E7 (an UV-absorbing material) and ML1001 (a non-UV-absorbing material),
but each of them can not show the lifetime extension after accurate exposure during
symmetric H state. The possible reasons that we can not get lifetime extension are:
first, the mixture of mesogen and LC material is not thoroughly mixed on the scale of
molecular level; second, the central LC (zero-tilt) directors are very sensitive to the
deviation from symmetry and tended to collapse into asymmetry; third, it is
impossible to form a symmetric polymer structure on both sides of the cell artificially.
To resolve this issue, adopting a photo-mask to form the wall structure instead of the

whole-area-polymerization may be a plausible method.

5.3.4 Photomask assisted polymer-stabilization

Executing synchronized polymerization with a,photo-mask may be able to prevent
the phase suppression issue. Because-only-pait of the region is polymerized, other
region can still be operated “freely after - polymerization; meanwhile, this
un-polymerized region still can be affected by the polymerized region, which means
the central LC director in this region still tends to follow that in the polymerized area.

The sample is prepared as follows: a typical pi-cell is prepared by stacking two
parallel rubbed substrates with cell gap of 5.5 1 m, filled with LC material, E7, and
mixed with 3% mesogen (RM257, blended with 10% photo-initiator, Irgacure 907).
The polymer wall is then formed by exposing the pi-cell to a UV-LED, 30 mW,
shadowed by a photo-mask.

The polymerization setup is arranged by imaging a photo-mask onto the LC pi-cell.
As shown in Fig. 5-18, UV light is illuminated from the UV-LED, passing through the
photo-mask, converged by objective 1 onto the pi-cell to form the specific pattern of

the polymer wall. To ensure the image is formed in the LC layer accurately, a charge
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coupled device (CCD) is used to focus the spacers in the pi-cell with the aid of
objective 2. As long as the images of spacers and the pattern of the photo-mask

coincidentally focused on CCD, the shape of the polymer wall can be well-defined as

the pattern of the photo-mask.
CcCD

Objective 2 Pi-cell

Objective 1 Photo-mask

UV-LED

Fig. 5-18 The optical setup.ef.poelyinerization with a photo-mask.

The simulation results indicate ‘that the‘cas“é with pixel size of 9 m and cell gap
of 4 ' m shows the best condifion of lifetime exteﬁsion; therefore, to make a high
accuracy polymerizing pattern is demanding. The current results that we have
achieved are shown in Fig. 5-19. The picture is taken with placing the rubbing
direction of the pi-cell parallel at 45° to one of the crossed polarizers. The black area
is stabilized in the bend state, whereas the purple region represents the twist state. The
finest pattern can be around 10 ¢ m and pixel size can be around 70 ¢ m. Although it
is the best case we can have at present, it is not enough for stabilizing the Hs state
according to our simulation result. However, this technique is still suitable for
investigating the flow effect on the Hs stabilization, which also affects the

synchronized polymerization significantly.
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Para., filed-off

45 deg., filed-on

Fig. 5-19 Optical microscopic imageés:ofipolymerized pi-cell with photomask.

Para., filed-on

polymerization, two kinds of &ri‘vmgasdhehaes (wq;[hout applied voltage and burst
driving) are used during the UV hght~ exposure Add1t10nally, the orientation of the
photo-mask is also varied as parallel or perpendicular to the rubbing direction. These
orientations determine the trend of flow along or against the polymer wall. The flow

conditions are summarized in Table 5-3.

Table 5-3 The different flow conditions of the pi-cell.

PW orientation to the o ) )
. o Driving scheme Flow direction to PW
rubbing direction
Sample 1 Along No applied voltage No flow
Sample 2 Against No applied voltage No flow
Sample 3 Along Burst Along
Sample 4 Against Burst Against
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The pi-cells whose polymer walls are parallel to the flow trend (or without flow)
have well-defined shape corresponding to the photo-mask; whereas the one (sample 4)
against the flow trend cannot stabilize the LC state properly. This result can be clearly
seen from Fig. 5-20. The Figs. 5-20 (a), (c), (e), and (g) represent the off-state of the
samples of 1, 2, 3, and 4, respectively. The Figs. 5-20 (b), (d), (), and (h) represent
the on-state (3.5V.ms continuous sine wave) of samples 1, 2, 3, and 4, respectively. The
rubbing direction of these pi-cells is 45° from right-top side to left-bottom side. In the
cases of samples 1-3, the polymer walls can clearly be seen, whereas sample 4 has no
clear shape of polymer wall. After applying 3.5V sine wave to the samples, the texture
of Ha is formed, and its orientation is parallel to the rubbing direction. Note that the

polymer wall of sample 4 now can be seen, but the polymer wall has no strong

# o

/74 Cured with burst EESEesCSI

Fig. 5-20 The microscopic images of four different flow conditions. (a), (c), (e), and
(g) represent the off-state of the samples of 1, 2, 3, and 4, respectively. (b), (d), (f),
and (h) represent the on-state (3.5Vms continuous sine wave) of the samples of 1, 2,

3, and 4, respectively.
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To demonstrate the effect of polymer wall collapsing, we prime the pi cells to
the bend state (Fig. 5-21 (a)) and relaxing them back to the splay state (Fig. 5-21 (b)).
The polymer wall in this case shows the disability of stabilizing the state properly,
since the polymer wall region should be stabilized in the splay state with well-defined
shape. Another example of the pi cell under the same curing condition is observed as
Figs. 5-21 (c) (primed in the bend state) and Fig. 5-21 (d) (relaxing from the bend
state to the twist and splay states). Owing to the collapsing of the polymer wall, the
splay state is stabilized out of the area of polymer wall. On the contrary, the device
with the curing condition of sample 3 still have well-defined shape of polymer wall,
as shown in Figs. 5-22 (a) (primed in the bend state) and 5-22 (b) (relaxing to the

splay and the twist states).

Fig. 5-21 The microscopic images of the pi-cells. The polymer walls are against the
flow during the polymerization (sample 4), where (a) and (c) are in the off-state, (b)

and (d) are in the on-state.

Fig. 5-22 The microscopic images of the pi-cells whose polymer walls are along the
flow during the polymerization (sample 3), where (a) is in the off-state, (b) is in the

on-state.
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We have proven that the flow induced by burst driving in an LC cell can affect
the formation of the polymer wall. The rubbing direction in a pi-cell can be used to
represent the flow direction, and the orientation of the photo-mask can be used to
determine the orientation of the polymer wall. By varying the orientation of the
photo-mask and the rubbing direction, we have demonstrated that the flow is capable
of collapsing the polymer wall when its trend is against the wall orientation. These

flow effects thus influence the stabilization of the Hs state.

5.4 Summary

In this chapter, we have reported to you a stroboscopic illumination method for
capturing the transient profile in an LC cell. This powerful technique opens a new era
for scientists to investigate the non-permanent states which could be only simulated.
In addition, a transient state in a-pi-cell, symmetric. H-state, has been verified to have a
symmetric LC profile. Accordmg to-thisfact; we have designed and simulated a
polymeric structure to sustain the<central L€ director, which has been proven by
simulation to have a lifetime enhancement by a factor of 10. On the other hand, to
realize the proposed polymer structure, we set up a lens system to project the pattern
of photomask onto the pi-cell to form the desired structure. However, the current
result shows that the spacing between the polymer walls is too large and the flow

effect tends to collapse the wall structure.
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Chapter 6

Embedding the OLED backlight into an LC cell

6.1 Introduction

A transflective LCD which takes both advantages of the transmissive and
reflective LCDs (T- and R-LCDs) has been well-adopted in the mobile display
applications. Under the sunlight ambience, the transflective LCD is operated in the
reflective mode. In this mode, the device exploits the ambient light as the light source
to increase the contrast ratio and save the power consumption. While in the dark or
dim ambience, the transflective LCD _is; operated in the transmissive mode, utilizing
the backlight as the light soutce. According to the operational principle, the
conventional transflective LCD needs a backlight, which thus hinders the further
reduction of form factor.

Embedding an OLED device into"an*LCD device to function as the backlight
module is a plausible method to further reduce the form factor of a transflective LCD.
The combination of an OLED and an R-LCD was first proposed by E. Lueder in 2000
[83]. Afterwards, the hybrid device structures [84-88], the pixel and the driving circuit
design [89], and the optical performance [90] were reported. These proposed stacked
devices, as shown in Fig. 6-1 (b), can exhibit high-quality image at most of the light
ambiences. Furthermore, the stacked devices have much lighter weight, smaller form
factor, and higher aperture ratio compared with those of the conventional transflective
LCDs. However, the OLED and the R-LCD were stacked rather than integrated,
which made the air gap come into being. The air gap reduced the contrast ratio of the

OLED and the R-LCD. To further resolve this issue, we propose to integrate the
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OLED and the R-LCD in a sequential process (i.e. directly building an LC cell on the

OLED).

—— Total thickness is of less than 1.5 mm

Circular polarizer

| Upper ITO substrate
Alignment layer

LC layer
LC layer

Alignment layer

Glass substrate with ITO
) Glass substrate with ITO 4 . Alr gap

/7 Polarizer / Glass substrate
T l—l ; / Transparent electrode

B

Larger than 5 mm : _,/ Diffusive refiector

(@) (b)

__-»Reflector

Alignment layer

Fig. 6-1 The configurations of (a) conventional transflective and (b) stacked
OLEDAxCRdisplays.

This proposed structure can-not only decrease the' form factor of an LCD but also

1

increase the fabrication yield of n“an OLEIm ‘shqu;n in Fig. 6-2 (a), originally the
OLED was regarded as a display. H‘l‘this case, if ‘tlﬁlere are some defects in the panel,
this panel is not qualified for sale. However, as long as the OLED is used as a
regionally dimming backlight, the small defects can be averaged by adjacent areas

(Fig. 6-2(b)).

(a) (b)
Fig. 6-2 OLED devices with (a) high and (b) low resolutions.
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This thesis neologizes the integrated structure as an “emi-flective” display because
the device is composed of the “emissive” OLED and the “reflective” R-LCD, which
follows the example of transflective display with the combination of the transmissive
and the reflective LCDs. However, the emi-flective LCD further adopts the flashing
backlight concept, which means the OLED can be regionally turned on and off to
complete the darkness for increasing the contrast ratio and lowering the power

consumption simultaneously.

6.2 Design and operational principles of emi-flective LCD
6.2.1 Device and fabrication designs

The proposed emi-flective display configuration comprises a reflective electrode,
the organic layers, a transparent electrode, a thin-film encapsulation (TFE) layer, a
lower electrode of LCD, a lower alignment Jayer, an LC layer, an upper alignment
layer, an upper electrode of the LCD on the-top glass, and a circular polarizer, as
shown in Fig. 6-3 (a). Note that the proposed.emi-flective display device has only two
substrates; besides, there is no air gap inside the cell. The fabrication process of the
integrated device can be carried out by passivating the OLED with the TFE, and then
depositing the ITO and polyimide on the TFE layer, followed by sandwiching the
prepared top-substrate, and finally injecting LC.

To drive the R-LCD and OLED sections of the integrated display respectively,
we designed an active matrix driving circuit, as shown in Fig. 6-3 (b) [6-3]. The TFT
backplane is positioned at the lower substrate of OLED. The point A in Fig. 6-3 (b) is
connected from the lower electrode of the LCD to the backplane through the
pre-formed contact hole as shown in Fig. 6-4. As the switch (SW) is open, the circuit
operates as a conventional LCD driving circuit; when SW is closed, the LCD is set to

be “normally white state,” and the OLED is operated.
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One of the major issues of integrating the OLED and R-LCD is the passivation of
the OLED. In order to protect the OLED from the thermal damage during the
fabrication, the polyimide shall be processed in low temperature (<120°C). Besides,

the OLED shall be well-protected from the intrusion of polyimide.

—— Total thickness is of less than 1.5 mm
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Fig. 6-3 (@) Configuration and(b) .ciri:i\"/iﬁhg\q(.:ircuit of emi-flective LCD.

Vdd

Two sections share one driving circuit!!
Fig. 6-4 Proposed stacking structure of OLED/LCD.

6.2.2 Preliminary test of optical performance
To make a preliminary test on the optical performance of the emi-flective display,
we simplify the fabrication by replacing the proposed TFE with a glass lid passivation
which can also provide an air-gap-free integrated device (the R-LCD and OLED share
the central substrate, so there is no air-gap in the intermediate region).
To examine the optical performance with different arrangements of R-LCD and
OLED, we make two kinds of three-glass emi-flective display device for experiments.
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Since these devices are constructed without an intermediate air-gap, they possess
better optical performance compared to the aforementioned prior works [83, 84]. As
shown in Fig. 6-5, in structure 1, the OLED is placed below the R-LCD where the
circular polarizer can be used not only for the LCD but also for the OLED as an
ambient light blocker. As a result, under the light ambience of 30 nits, contrast ratio of
the OLED is enhanced by a factor of 8. In structure 2, the OLED is configured above
the R-LCD where the OLED is transparent and the R-LCD can further adopt the
textured reflectors. In this case, we adopt the diffusive micro scattering reflector
(DMSR) to enhance the contrast ratio (in reflective mode) to 100:1 at the viewing
cone of 20° . Moreover, because the light emitted from the OLED is not affected by

the R-LCD, the contrast ratio in emissive mode is further enhanced to 60000:1 (this

fact is reasonable, since utilizing the -'fegi_oflally"lﬂas.hing backlight concept can largely

increase the contrast ratio).

ua: ! \

e L

(a)non-integrated  (b) OLED mode of S1 (c) OLED mode of S2  (d) R-LCD of S1 (e) R-LCD of S2

OLED
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y . . _/ ' Upper ITO substrate 4 Upper ITO glass
........................ R ang t layer ; » Organic layer OLED
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R-LCDO LC layer ” “| Glass lid encapsulation
4
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Fig. 6-5 Iso-contrast contours of two emi-flective LCD configurations.
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6.3 Fabrication process for embedding the OLED into an LC cell
6.3.1 Low temperature process for LC alignment

The alignment process is generally executed under high temperature to activate the
reaction for orienting the LC director. This high temperature process can damage the
OLED section of the integrated device. As a result, we propose three kinds of method
to prevent the OLED section from the suffering of high temperature process. The first
one is to use nano-particles to align the LC director. Because of the surface energy
from the nano-particle film, the LC director tends to align vertically without the
assistance of high temperature process. The second method is to use alignment-free
LC materials such as cholesteric LC or polymer dispersed LC. The third method is to
use low temperature alignment material (baking temperature around 100°C) such as
dimethyloctadecyl[3-(trimethoxysilyl)-propylJammonium chloride (DMOAP) or low
temperature processed polyimide,(provided by industrial technology and research

institute, I[TRI).

6.3.2 Thin film encapsulation for OLED device

A conventional OLED can be made by deposition of multi-layer structure. The
deposition can be carried out by chemical vapor deposition (CVD) and physical vapor
deposition (PVD). This kind of process is mainly for small molecular materials, and
this kind of device is generally called OLED. While the process involving with spin
coating, stamping, or ink-jet printing is suitable for polymeric materials, and this kind
of device is called polymer light emitting diode (PLED). As mentioned in section 2-3,
the multi-layer structure basically composes a cathode, an electron injection layer, an
electron transporting layer, a recombination zone, a hole-transporting layer, a
hole-injection layer, and an anode.

To increase the lifetime of OLED, the most vulnerable layer, cathode, is protected
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with sealed glass lid which prevents the intrusion of oxygen and oxide. In addition to
glass sealing, TFE has drawn much attention for its feasibility to integrate with a
flexible OLED. As shown in Fig. 6-6, this TFE is composed of several buffering
layers for protecting the mechanical damage and several silicon nitride/oxide stacking
layers for preventing the penetration of oxide (total thickness is of less than 1 ¢ m). In

this thesis, we adopt this technique to replace the intermediate glass lid [91-96].

}>Multi-layer TFE

OLED s 7 “Thin cathode
——————————————————————————————

Fig. 6-6 Schematiegliagram,of TFE structure.

6.3.3 Directly building the LCD on the OLED-

The emi-flective display device is carried out‘ by building an LCD on the
top-emission OLED. To prevent putting the OLEDs in the high temperature process,
we use a low temperature alignment material for the LCD section. In addition, we
choose the LC material as vertical aligned type, the hole injection material as CFy, the
hole transporting material as
N,N’-bis-(1-naphthyl)-N,N’-diphenyl-1,1’-biphenl-4,4’-diamine (NPB), the emitting
material as tris(8-hydroxyquinoline) aluminum complex (Alqs), the electron injection
material as LiF, and the transparent metal as aluminum. The OLED device structure is:
ITO/NPB (20 nm)/Alqgs (150 nm)/LiF (1 nm)/Al (15 nm). As shown in Fig. 6-7: first,
the ITO substrate is patterned and cleaned. Second, the organic material for OLED
section is then deposited sequentially. Third, the TFE layer consisting of

SiNy/organics/SiON is formed on the top of the OLED. Fourth, the ITO electrode for
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the LCD section is then formed on the TFE layer. Fifth, the top substrate with
photo-spacers is capped. Finally, the LC material is then injected into the device. This

device integrates the OLED and LCD without intermediate glass lid.

Pre-treatment Deposition of organics  Thin film encapsulation

/N

4
chn I @llAl @/,Il

LC material Spacer + sealant

injection (Capping)
‘. — -"n.l o ".'i"l-". 'l -

Electrode formation

6.4 Results of integrated emi-fIective LCD device
6.4.1 Lifetime of the integrated device

If there were no TFE on the OLED, the LCD process would deteriorate the fragile
cathode of the OLED immediately. As a result, the TFE is a very critical process for
increasing the lifetime of the OLED section. The SEM image of TFE is shown in Fig.
6-8 (a), with the protection of this TFE, the OLED after integration can still work with
lifetime of 100 hr (the extrapolation is shown in Fig. 6-8 (b)). Two kinds of
integration are made, one is to use non-aligned cholesteric LC (Fig. 6-9 (a)), and the

other is to use DMOAP for VA mode LC (Fig. 6-9 (b)).
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Fig. 6-8 (a) The SEM image of TFE and (b) the lifetime of OLED after

integration.
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Fig. 6-9 Photographs of the functioning of integrated OLED and R-LCD.

6.4.2 Optical contrast of the emi-flective LCD
The optical performance of this integrated device is then measured with conoscope.
As shown in Fig. 6-10, the OLED mode shows contrast ratio of 10000:1 in the normal
direction, whereas the R-LCD mode shows only 6:1. Therefore, to increase the
contrast ratio in R-LCD mode, we propose to use a VSL to increase the sunlight
visibility, and also increase the light-out coupling efficiency of the OLED section

simultaneously.
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Fig. 6-10 Conoscopic images of the integrated device in OLED and R-LCD

modes.

6.5 Optimization on the optical contrast in reflective mode
e A
6.5.1 Contrast ratio enhancement with'volume:tric scattering layer

J

The VSL can simultaneously"‘ éct ‘a‘s.,a' '-si‘cat‘férirjlg"‘r‘eﬂector for the R-LCD and a light
extracting layer for the OLED. Thci-:‘” éperation‘ of ;)ur proposed emi-flective display is
depicted in Fig. 6-11. In the bright ambience, the device is operated in the reflective
mode as follows: the ambient light impinges on the LCD section, reflected by the
cathode of the OLED section and then scattered by the particles. While in the dark
ambience, the device is operated in emissive mode as follows: The light generated by
the OLED section passes through a thin cathode, a passivation layer, a dielectric film
(PMMA, n=1.48) and is thus scattered by the particles. In this structure, the VSL acts
as a scattering center for the reflective mode to avoid the glare effect; besides, due to
the compatibility between the refractive indices of the passivation layer and PMMA,
it is also used to enhance the extraction efficiency of the OLED. Moreover, the

scattering center also helps to eliminate the waveguide structure and the total internal
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reflection of OLED, as shown in Fig. 6-12.
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Fig. 6-12 Mechanism of light-out-coupling enhancement by VSL.

6.5.2 Simulation results
To optimize the condition of VSL, we simulate the parameters for sunlight
visibility with a commercial simulator - LightTool™ whose algorithm is based on the
ray optics along with the Fresnel equation. The VSL structure used for the simulation
is shown in Fig. 6-13, which is comprised of a reflective illuminator, a VSL with

varied conditions, and the outer ambience. In order to compare the optical
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performance of VSL with a freestanding mirror and a Lambertian reflector, the
simulation structure is further categorized into 3 cases. Moreover, to acquire the
reflection profile, the light beam is projected at an incident angle of 30° and reflected
to a semi-sphere detector.

To evaluate the RLCD image quality, a haze component enhancement is defined as
equation (6-1) [96-98], where the benchmark is set as the intensity of the light

reflected by Lambertian reflector (ideal diffusive reflector) at normal direction (90°).

I
Haze component enhancement = 2 (6-1)
Lambt,90°

The haze component enhancement results from the shifting of the glare light to the
other angles. This phenomenon can be explained by the simulation results shown in
Fig. 6-14. The original glare lightis too strong and concentrated to be observed by
human eyes. While the glare light scattered by the, VSL, the image can be observed at
an angle of 10° away from the glare angle. Thus the haze component at this angle gets
a significant enhancement which is €ven larger than the light reflected by Lambertian

reflector at the normal direction by a factor of 2.5.

glare component

: D\/ é haze component

Glass

‘ol Volumetric scattering layer

1iTo
() icl OLED
Y Al (reflector) }

I Case A Case B ! CaseC !
Lambertian Mirror VSL
reflector reflector reflector

Fig. 6-13 Three conditions for comparing the haze component.
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Fig. 6-14 Simulated haze component in Lambertian, mirror, and the VSL cases.

6.5.3 Experimental results . '

To verify that the VSL is col ' = S
surface and cross section with o
(FIB/SEM). The results are shoy ; in Fig. . 1‘5, where the surface has bumpy
structure for scattering the ambient light in reflective mode, and the cross-section has

volumetric scattering centers to extract the wandering light in the OLED section.

Fig. 6-15 SEM images of VSL at the surface and cross-section.
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With the VSL, the R-LCD shows a contrast ratio enhancement by a factor of 12.
To wvisualize the haze component enhancement, we photograph an R-LCD
incorporating with a freestanding mirror and a VSL at a non-glare angle as shown in
Fig. 6-16. The image reflected by the VSL is much brighter than that reflected by a

freestanding mirror.

Freestanding mirror
Volumetric scattering layer

To examine the influence of VSL in the transmission mode, we further adopt it
onto the commercial cell-phone panel. As shown in Fig. 6-17, the white dashed square
is the area where the VSL is placed, there is not significant difference in terms of
contrast ratio after placing the VSL on the cell-phone panel (no matter in the sparse or
dense case). We further measure the contrast ratio as shown in table 6-1. The results
show that though the brightness of bright state is lowered, the dark state is lowered as

well, which results in no significant deceasing of contrast ratio.
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Sparse VSL Dense VSL

Fig. 6-17 The transmission mode of adopting sparse and dense type VSLs. The

dash line indicates the area of VVSL.

Table 6-1 The transmission mode:without and with different cases of VSL

W/O VSL | With VSL | With VSL
(dense) | (sparse)

Bright state 273 223 260
Dark state 1.55 1.348 1.56
Contrast ratio 176 165 167
Gain factor 1 0.94 0.95

6.6 Summary

In this experiment, the integration of OLED and RLCD without intermediate glass
lid is successfully realized. This device provides more possibility for display
applications, which is because the OLED can be used as a backlight or a display. If
the OLED is used as a display (or a regional backlight), each illuminating area can be
turned off to show the complete dark state. This function greatly increases the contrast
ratio and decreases the power consumption.

We have used the VSL as a transflector in the display device, which can enhance

not only the output-coupling-efficiency but also the visibility under the sunlight
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ambience. To achieve a higher visibility under the sunlight ambience, the optical
compatibility between the particle size, particle concentration, and the medium

refractive index shall be further optimized.
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Chapter 7

Conclusion and future work

7.1 Conclusions

To explore the ultimate features in LCD devices, we have reported three main
topics on the scales of LC cell and backlight device, including the fast-switching
symmetric H state in a pi-cell, the high-brightness relaxed bend state in the OCB-LCD,
and the slim-form-factor emi-flective LCD with embedded OLED backlight. All of
them are in the theme of advanced LCD technology for future display applications, as

summarized in Fig. 7-1.

¥slim form
factor

High
contrast

LCb -

o OLED
RB state VSL

Hs state LCD/OLED integration
Fig. 7-1 The research topics explored and concluded in this thesis.

7.1.1 Investigating the fast-switching symmetric H state
The Hs state has been reported to have sub-millisecond response times; however,

no direct evidence has been obtained to show the profile symmetry. The difficulty in
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proving this symmetric structure results from the short lifetime of the Hs state
(typically around a few tens ms). In the work reported here, we utilize a burst driving
method along with stroboscopic illumination from blue and red LEDs to capture
conoscopic images for the Hs director profile; these data agree with our modeling. As
summarized in Fig. 7-2, this result is a breakthrough in observing the transient states

in an LCD device directly.

Significant achievement in observing transient states in LC cell !!

Theoretical calculation Stroboscopic conoscopy
(indirect evidence of Hs profile) (direct evidence of Hs profile)

Fig. 7-2 Stroboscopic conoscoby is the fi rét Fnethod verifying the transient profile

of Hs state.

This observation has confirmed the symmetric profile of the Hs state. With this
result, we further propose to use polymer wall to stabilize the central LC director. As
shown in Fig. 7-3, we design the polymer structure and simulate the lifetime
extension of the Hs state. The result shows that the lifetime can be extended by a
factor of more than 10. Subsequently, we set up a UV-LED projection system to form
the polymer wall structure. Although the lifetime extension has not been realized at
present, the flow effect, collapsing mechanism, and prototype of polymer wall
assisted pi-cell have been presented in this thesis. These results will be very helpful

for the following experiments.
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Designed structure can be made
. ccB with UV-LED projection system

77, MeT,

B = c§> [C p UV-LED

N

Designed structure is
simulated to extend the
lifetime by a factor of 101!

Current result of fabricated
polymer wall structure

Fig. 7-3 The polymer wall structure designed for extending the Hs lifetime has

been simulated and fabricated.

7.1.2 Stabilizing the high-__E')‘r'ightnEeTsl relaxed bend state

We have demonstrated a syr:-,lchronizg'g polymerTS,t'ébilization technique, which can

N LE. ks
3 =

be used to stabilize the non-éérméi;ent statgs,:-'i-n LC devices. In Fig. 7-4, the
non-permanent relaxed bend state hasdt‘he“h;g.hest brightness among the bend states,
and it is observed and stabilized by our proposed technique. This fabricated pi cell has
the attributes of high intensity operational range (an enhancement is obtained by a
factor of 1.5 compared with the best case of the conventionally polymerized pi cell)
and feasibility for full dynamic range optical compensation.

The conventional polymerization was used to fix the LC director to prevent the
recovery; however, the switching freedom of the director is also decreased (i.e. the
contrast ratio is lowered). The initially-twisted pi-cell avoided the reduction of
switching freedom, yet the pi-cell related to the twist motion made the response time

increased. In addition, the optical compensation used for the bend state is different

from that for the twist state; therefore, the compensation design for the
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initially-twisted pi-cell is not effective for its full operational range. On the contrary,
as compared in table 7-1, the relaxed bend stabilized pi-cell does not have these issues.
Because this pi-cell is stabilized in a “relaxed bend” profile, there is no twist state or
switching freedom suppression. Namely, in the relaxed bend stabilized pi-cell, there is
no recovery issue, and the optical compensation is valid for full operational range;

moreover, the contrast ratio is not degraded.

UV light source

——————————— A
LD-2
& re
‘- T LD-1 L
% Significant progress
PD-3% s
- 9 to stabilize
=/ "."" . the transient state!!

Oscilloscol

-
Fune. GeP

Conventional method Synchronized polymerization
(low optical contrast) (high optical contrast)

Fig. 7-4 The high-brightness relaxed bend state has been stabilized by our

proposed synchronized polymerization.
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Pi-cells

Table 7-1 Comparison of different pi-cells.

Normal

Conventionally I

nitially-twisted

RB stabilized

Polymerized

—— W - V¢ _ 4
[ VAV a4
LC profile | { 0 0 ° o 0 0
N\ 0 0 AYPAY NN
- AT
P.J.Bos & : J. C. Kim
Inventor T. Uchida L. C. Chien (Pusan) NCTU/Oxford
Recovery With Without Without Without
Response © O X )
Contrast ratio () X O QO
Fabrication @) b, A, &
Optical
compensation A © A ©

© : Excellent OO : Good A : Acceptable X : Poor

7.1.3 Embedding the OLEDB c
Directly embedding an OLEI{) 'lnto
This is the first result 1ntegrat1ng* hhex@LEﬂand LQD without intermediate glass lid,
as shown in Fig. 7-5. By ado£{11:g “the I"ﬁﬁ‘ln-iﬁlm-encapsulatlon in OLED, the

low-temperature-alignment process in LCD, and the photo-spacer at the intermediate

junction, the integrated OLED is fully operational, and the contrast ratio of 5000:1 at

LAY
nfd ARk 7—£*r

e

! -mmtgam LCD cell

= == '\W *»h.‘
- 'h'| Y L'
. *——L

the viewing cone of 50° can be achieved in the emissive mode.

adiate glass!!

Fig. 7-5 The OLED and LCD have been successfully integrated.
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To enhance the image quality of both R-LCD and OLED sections, we propose to
lay a volumetric scattering layer (VSL) in the intermediate section of the hybrid
device. As shown in Fig. 7-6, the VSL is demonstrated to enhance the contrast ratio in
reflective mode by a factor of 12 compared with the freestanding mirror; in addition,

the contrast in the transmissive mode is not degraded.

LhE L

-IIIIIII““""I

Transmissive mode Reflective mode

W/0 VSL

Fig. 7-6 The VSL demonstratiop.in the”transmi‘ssive and reflective modes.

Compared with the other proposed structures of OLED/LCD integrated device, the
emi-flective device has much superiority. As summarized in table 7-2, in the structure
of tandem and emi-flective LCD/OLED devices, because the LCD and OLED are
integrated rather than stacked, they need only 2 substrates and 1 TFT driving plane.
This structure makes the OLED as a locally dimming backlight to increase the
contrast ratio and decrease the power consumption. In addition, by adopting the VSL,
the emi-flective device can simultaneously increase the light-out- coupling efficiency
of OLED section and the sunlight visibility of reflective LCD section. Because the
VSL is transparent, the aperture ratio can be kept to 100% in both reflective and
emissive modes, whereas the reflector in conventional transflective device blocks the

transmissive light and decreases the aperture ratio. Moreover, the VSL is dispersive;
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therefore, its viewing angle is superior to that of the tandem LCD/OLED (the

application of micro-lens makes the viewing angle narrowed).

Table 7-2 Comparison of proposed OLED/LCD device structures.

Transflective Tandem Emi-flective
LCD/OLED LCD/OLED LCD/IOLED
Micro-lens " ‘
L T Sy
StrUCtu re 1 I”rl : j‘f'/ Il\! U U r\J El 3 [T == = ."l___;._
— - | . R uano-pnmclaoqi!‘sﬂu
Inventor E. Lueder S. T.Wu NCTU
substrates 4 2 2
TFT planes 2 1 1
Aperture ratio 50% 100% 100%
Contrast ratio X O ©
Power
consumption O © ©
Viewing angle AN JAN O

© : Excellent O : Good A\ : Acceptable X : Poor

7.2 Future works

The future work is proposed on four aspects, including the follow-up
implementation of relaxed bend state for manufacturing, incorporation of the
symmetric H state for dynamic backlight display application, fabrication of the
thoroughly flexible emi-flective LCD, and integration of all the results that we

obtained in this thesis to make a slim-form-factor and low-power-consumption LCD.

7.2.1 Implementing the synchronized polymerization into actual LCD
The synchronized polymerization for stabilizing the relaxed bend state in a pi-cell

can be adopted into the actual LCD manufacturing process. The only difference of the
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cell preparation between the general process (as shown in Fig. 7-7, the standard
process provided by AUO) and the new process is that the LC material shall mix with
reactive mesogen, and the LC cell shall be exposed under the UV light with
simultaneous impulse driving. The material used in the step of “LC filling” shall be
replaced with monomer mixed LC, and the step of “assembly” shall include the UV
expose to polymerize the monomer inside the LC cell. With these two extra steps, the

relaxed bend state stabilized pi-cell can be adopted into the mass production process.

Cleaning P! Printing Baking
A—.
-®
Array_ _ _ _,
I LC filling | Seal printing
I
: ! - --q |
| I |
_____ I | .. .
cE . TmmE=m=- » Mixing the LC with monomer

Au dispensing
- = =» Exposing the cell under UV light
with synchronized polymerization

I
1
1
1
1
Assembly Seal baking 1
1
1
|
1

Fig. 7-7 The implementation of RB stabilization into actual LCD processes.

7.2.2 Incorporating symmetric H state with flashing backlight

To utilize the Hs state into the current display applications, locally dimming
backlight can be an option to avoid its short lifetime issue. As shown in Fig. 7-8, the
LC cell can be turned on synchronously with the flashing backlight. This proposed
method is well-adopted in high-dynamic-range backlight applications, and it can also

prevent the Hs state from collapsing into Ha state.
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S 0.16
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0 20 40 60 80 100 120 —
v ]mmpf Signal off time ﬂll,mm‘ ' LC driving
JIL Signal application

Time (ms) —

"] -
LED switched-on Time (ms)

R

=[llumination

Fig. 7-8 Utilizing the flashing backlight technique along with the burst driving

method to realize thgapplication,of the Hs state pi-cell.

7.2.3 Fabricating the thoroughly flexible emi-flective LCD
To realize a flexible transflectivedisplay, all-components have to be flexible
including the backlight as well. By replacing the backlight module with the OLED,
we have demonstrated the feasibility of a high performance and potentially flexible
emi-flective display. Moreover, the VSL that we have proposed in this thesis is also
capable of being flexible; hence, with the integration of flexible LCD, flexible OLED,
and flexible VSL, we can make a thoroughly flexible emi-flective LCD, as depicted in

Fig. 7-9.
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).h Flex. hybrid display

A

Flex. OLED | _ LCD ¢
OLED

d

Thin film
encapsulation

Fig. 7-9The proposed structure of entirely flexible emi-flective LCD.

7.2.4 Integration of fast switching OCB-LCD with embedded OLED

By integrating all of the resq-lﬂf:s"" fﬁat:wr ha‘fi}é obtained in this thesis including the
fast-switching OCB-LCD (us1n;g relaxgq.':ﬁgnd- state or symmetric H state), the

volumetric scattering layer, an(i-':tjhe, embeddedOLED, we will be able to fabricate a
high performance device. As shown in | Fmg7—10, because of the utilization of
embedded backlight, the form factor of the device can be significantly reduced;
besides, the embedded OLED can also be used as a regionally flashing backlight; the
contrast ratio can thus be largely increased. With the adoption of fast-switching LC
mode, the field-sequential-color LCD technology can be incorporated, which is
plausible to increase the device power efficiency by a factor of 3. With the further
adoption of VSL, the sunlight visibility and light-out-coupling efficiency can be
improved concurrently. Moreover, all of the components mentioned here are capable
of being flexible; therefore, combing all of the results that we have obtained in this
thesis, we will be able to make a flexible LCD with the attributes of high image

quality, low power consumption, and slim form factor.
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OLED

Fig. 7-10 The proposed device structure adopting all of the results obtained in

this thesis.
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