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Abstract:

This review article comprises three contents: 1) a general introduction of liquid

crystals (LCs) and their chronological developments until their current status, 2) the descriptions
of the achievements of defect-free and optically high-quality LC displays (LCDs), and 3) the
description of the new and alternative methods for improving existing LCD technologies in terms of
high-speed response, viewing angles, and power consumption through nanoparticle doping and
optical compensation on a laboratory level. When these technologies are successfully developed,
they will be used in the industry, where the fabrication process will be performed in a large-clean

room using automated robotics.
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1. Introduction

Currently, liquid crystal displays (LCDs) are
used as information displays for televisions, notebook
computers, personal computers, desktop computers,
mobile phones, car navigators, and a variety of other
instruments. They are indispensable in our daily lives
and jobs. In this paper we first provide an overview of
the history of the evolution of LCD technology from
its inception to the present. However, the current
state of LCDs has been realized by many accumu-
lations of new technologies over the last 60 years.
Thus, an LCD is an example of successful innovation
in these centuries. Then, we discuss and introduce
how high-performance LCDs were realized in terms
of their performances such as optically high-quality
and large-area LCDs in the early stages in the 1970s
and 1980s and accomplishments in high-speed
response, wide viewing angles, and low power
consumption by comparing existing technologies
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with new approaches of doping nanoparticles (NPs)
into LCDs and novel asymmetric optical compensa-
tion through computer simulations. If these new
technologies are successfully realized in the labora-
tory, they can be applied to large-scale production in
a large-clean room with robotics.

2. A brief review of the 60-year history of LCDs

In 1888, the first liquid crystal (LC) was
discovered by F. Reinitzer.)) He discovered two
melting points at 114.5°C and 178.5 °C accompanied
by the production of beautiful colors. Nowadays, this
coloration is used for thermography with cholesteric
LCs.

Since then, chemistry and physics research has
been primarily conducted by scientists in Europe? >
and subsequently in the U.S.A.® LCs have been
categorized into nematic, smectic, and discotic types.
They have been understood as rod-like or discotic-
type organic molecules of finite order in a temper-
ature range.2>_7)

LCD research started with thermography® and
infrared-phonics?'? using cholesteric LCs. The
electro-optic effect in nematic LCs abbreviated as
PAA (p-azoxyanisole) was discovered by R. Williams
at RCA Corp. in 1962.'V After that, G.H. Heilmeier
and his colleagues at RCA developed the first LCDs
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Fig. 1.
scattering mode (DSM) liquid crystal display (LCD) by RCA
in 1968 (Courtesy of J.A. Castellano).')

Demonstration of a digital clock using a dynamic

called dynamic scattering mode (DSM) LCD'? and
guest-host LCD.') In 1968, RCA demonstrated the
world’s first digital clock using a DSM LCD, as
shown in Fig. 1.9 This piqued keen interest in
LCs and LCDs globally. In 1970, S. Kobayashi et al.
published a book on LCs and LCDs in which they
predicted the possibility of digital calculators using
LCDs due to the low power consumption of LCDs
compared with existing calculators using light-emit-
ting tube displays.'%

In 1973, SHARP Corp., Japan developed and
sold the world’s first digital calculator using DSM
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Fig. 2. SHARP calculator using DSM LCDs (Courtesy of
SHARP Corp.).

LCDs, where DIC corporation (the former company
name was Dainippon Ink and Chemicals, Incorpo-
rated) provided useful LC materials and necessary
ionic molecules (Fig. 2).17:18)

Figure 3 shows the historical development of
LCDs and organic light-emitting diode (OLED)
displays. Currently, 4K and 8K LCD TVs are
available, and OLED displays are used in smart-
phones and partially in TVs.
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The chronological developments of appliances
using LCDs and OLEDs are as follows:

1973: Digital calculators using DSM LCDs

1984: Portable LCD TVs

1988: 14" LCD TV

1991: Notebook PCs

1992: Digital videos

1995: Digital cameras

1997: PC monitors

2001: LCD TVs

2005: 65" LCD TV

2007: Smartphones

2015: 8K LCD TV

2018: OLED smartphones

2018: OLED TVs

Supplement: 2007 Metaverse, VR.

In the following, we shall describe the 60-year
history of the development of LCDs.!7))

In 1971, M. Schadt and W. Helfrich,?” and J.
Fergason®") independently invented twisted nematic
(TN) LCDs. TN LCDs have become one of the
standard LCDs for digital watches and calculators
and later for PC monitors since the 1980s. Then, in
1984, T. Scheffer and J. Nehring invented 540 x 270
dot-matrix super TN (STN) LCDs.??)

Therefore, it was necessary to fabricate defect-
free LCDs with high optical quality for practical
applications. To realize defect-free LCDs, S.
Kobayashi and his colleagues successfully fabricated
defect-free LCDs,?)2%) which will be discussed and
introduced later in Section 3, and E.P. Raynes
successfully removed reverse twist disclinations in
LCs by doping them with chiral molecules to
fabricate a cholesteric LC.20)

The development of the operation principles of
LCDs is evidenced by the development of vertically
aligned (VA) nematic LCDs,?""*® ferroelectric LCD
(FLCD),*3) in-plane switching (IPS) LCDs,*") and
fringe field switching (FFS) LCD.?? These LCDs are
currently and widely used in producing televisions,
computers, mobile phones, and various instruments,
including Metaverse and virtual reality (VR).

The monographs'?19)33):34) describe LCD tech-
nologies in detail. Above all, the books written by
D.-K. Yang and S.-T. Wu*» and by D.J.R. Cristaldi,
S. Pennisi, F. Pulvirenti*¥ thoroughly describe LCDs
with full citations of literature. Furthermore, a
monograph edited by K. Okano and S. Kobayashi
well described the physics of LCs and the fabrication
and characterization of LCDs.*® Books by P.G.
de Gennes®® and S. Chandrashekar®” are standard
textbooks on the physics of LCs.
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Fig. 4. Structure of advanced current LCD (Courtesy of I
Yamashita). Reproduced with permission from Ref. 17 (IET(©)).
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3. Structures and operation principles of LCDs

In this section, we describe the structures and
operation of all existing LCDs.

3.1. Current existing and advanced LCDs.
Figure 4 depicts the current LCD structure, which
includes 2-dimensional thin film transistor drivers,
resulting in several pixels of up to 4K and 8K
(3840 x 2160, 7680 x 4320 RGB pixels, respectively:
ITU-BT.2020: Parameter values for ultra-high defi-
nition television systems for production and interna-
tional programme exchange. https://www.itu.int/rec/
R-REC-BT.2020) and a large area with 80-inch
diagonals. The red, green, and blue cell color filters
were invented by T. Uchida in 1981.%%)

In 1979, P.G. Le Comber et al. introduced
amorphous Si transistors in the U.K.?? and this
technology was mainly developed by Japanese
companies.')19:4) This enabled the extensive use
of LCDs in our society as computers, televisions, and
mobile phones,'”'?) where all the kinds of LCDs
are illuminated by light-emitting diode backlight.

Based on these facts, LCD technology is an
excellent example of a successful innovation made in
the 20th and 21st centuries.

3.2. TN LCDs. Figure 5 shows the structure
and operation principles of TN LCDs. Under the
quiescent condition (V,g), the LC conformation has a
90° twist by adding a chiral agent. With the crossed
polarizers, the electric field of incident light rotates
along the twisted LC molecules and transmits,
resulting in the white state (called normally white).
When an operating voltage (V) is applied, the LC
molecules take a vertical conformation except for the
two boundary regions, where strong anchoring of
the LC molecules is achieved. The transformation of
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(a) Off (V=0)

(b) On (V>Vin)

Fig. 5. Structure and operation principles of twisted nematic
(TN) LCDs. (a) Vo (b) Von.
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Fig. 6. Explanation of normally white and black operations in
voltage—transmission (V-T) curves.

the LC molecules from the planar conformation to
the vertical conformation is caused by the torque
equation:
2
" i =Ky & + e0Ae E? sin ¢ cos ¢, [1]
ot ot
where AeE? denotes the dielectric torque force with
the positive dielectric anisotropy Ae.

Figure 6 explains normally white and black
operations in voltage—transmission (V-T) curves.
The existing threshold voltages are also shown in
the V-T curves, where the transmission abruptly
changes.

Nowadays, TN LCDs are widely used in desktop
PCs, notebook PCs, and indicators for all kinds of
measuring instruments such as thermometers. An
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Fig. 7. Cross-sectional view of an electrically controlled birefrin-

gence (ECB) LCD and its operation principle. (a) Quiescent
essential condition. (b) Operation voltage.

STN LCD is a TN LCD variation, where the twisting
angle is increased up to 170°—270° rather than 90°. An
STN LCD has a high direct multi-plex that enables
it to exhibit 540 x 270 dot-matrix displays due to
a sharp V-T curve.”) Conversely, in a TN LCD
without using a thin film transistor driver, multi-
plexing is limited to the seven-segment display.

3.3. Electrically controlled birefringence
(ECB) LCDs. Figure 7 depicts a cross-sectional
view of an ECB LCD and its operation principle.*?)
This device is also designated as a tunable birefrin-
gence LCD. Under the quiescent condition (Fig. 7a),
LC molecules with a pretilt angle are oriented to be
45° to the transmission axes of the crossed polarizer;
this situation produces the white state by illuminat-
ing this device from the bottom direction. The
generation of the pretilt angle ensures defect-free
LCDs. Under an operation voltage (Fig. 7b), LC
molecules take a slated conformation in unison due to
the positive dielectric torque. In the Appendix, we
explain the optical effect in an optical system, where
a planar LC cell with optical anisotropy is sand-
wiched between the crossed polarizers. This effect
occurs commonly in all types of LCDs.

3.4. IPS and FFS LCDs. Figure 8 shows the
structure and operation principles of IPS and FFS
LCDs with the driving electrodes (designated as
inter-digital electrodes), rubbing direction, and LC
molecular switching.?!)32)

In the two LCD devices, LC molecules are
aligned and switched in a plane. Under the quiescent
condition, LC molecules are oriented at an angle to
yield the white state; LC molecules with a positive
Ae rotate in the plane when an operation voltage is
applied to the electrodes. When the direction of L.C
molecules takes 45° to the edge direction of the
crossed polarizers, the LC device produces the white
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Fig. 8. Cross-sectional view of in-plane switching (IPS) and
fringe field switching (FFS) LCDs comprising driving electrodes
and molecular switching.?"??  Reproduced with permission
from Ref. 17 (IET(©)).

state. When the angle is null, the device produces the
black state.

An TIPS LCD with a negative Ae is also
available. IPS LCDs have a wide angle of view;
thus, they are widely used in LCD TVs, advanced
notebook PCs, and VR.

3.5. VA LCDs. Figure 9 shows the structure of
VA LCDs and their operation principles. Under the
quiescent condition (Vog), a VA LCD produces a
black state with the crossed polarizers. When an
operation voltage (V,,) is applied, LC molecules with
a negative Ae take an inclined conformation,
resulting in the white state,2”"?®) where the rubbing
direction is set to be 45° to the axes of the polarizers
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Polarizer
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> Bend alignment cell (m-cell)
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Structure of OCB LCD (Courtesy of T. Uchida).

Fig. 10.

VA LCDs. A VA LCD has a high contrast ratio and
is widely used in LCD TVs.

3.6. Optically compensated bent LCDs.
Figure 10 shows the structure of optically compen-
sated bent (OCB) LCDs with a biaxial optical
compensator. In an OCB LCD, LC molecules are
aligned in a bent conformation; this device is
designed for normally white operations by applying
a bias voltage of 1.6 V. When an operation voltage is
applied, this device exhibits a black state by switch-
ing the retardation form 7 to zero. This device has a
ten-fold faster response speed compared with other
LCDs using nematic LCs.*!)

3.7. Polymer-stabilized V-shaped switching

to generate a pretilt angle for producing defect-free =~ FLC LCDs. Figure 11 depicts the molecular
Black White
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Fig. 9.

Structure of vertically aligned (VA) LCDs and operation principles. (a) Under the quiescent condition (Veg). (b) Under an

operation voltage (Vo). Reproduced with permission from Ref. 28 (IET(©)).
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Fig. 11. Switching process of polymer-stabilized ferroelectric liquid crystal (FLC) LCD (A) and V-shaped (PSV) V-T curve (B).*

Reproduced with permission from Ref. 17 (IET(©)).

switching in a polymer-stabilized V-shaped (PSV)
FLC LCD and its V-T curve characteristics.*?»%) In
Fig. 11A, (a) is the state of the polymer-stabilized
ferroelectric liquid crystal display (PS-FLCD) mole-
cules at the quiescent condition (V,,, = 0), where the
polymer molecules are red-colored. In (b) the minus
electric voltage is applied; then the FLC molecules
tend to incline toward the left direction due to their
permanent polarization, and in (c) the situation of
the positive electric voltage is applied. In these
processes, each of the FLC molecule slide and rotate
on a cone like structure. In this figure, all the FLC
molecules are represented as a projected figure on a
plain. Under the crossed polarizers, the configura-
tions (b) and (c¢) produces white state, whereas in (a)
the black state is produced. In Fig. 11B, we show the
electro-optical performance of the polymer stabilized
V-shaped switching FLCD, called PSV FLCD that
exhibits V-shaped gray scale operation. While, the
ordinary FLCD exhibits a hysteresis operation with a
memory capability.

The conventional FLC LCD exhibits hysteresis
characteristics and bi-stability in its V-T curve. In
contrast, a PSV FLC LCD exhibits a continuous
grayscale IPS. This was demonstrated for the first
time.

3.8. Color filter-less field-sequential LCDs.
Figure 12 shows how a full-color image will be
constructed in the switching process of a field-
sequential (also designated as color-sequential) LCD
accompanying the timing chart in this device, where
the switching of the backlight is performed sequen-
tially in the order of R—G—B, each with a switching-
on-time of 4.6 ms and the related switching on and off

the LCD. Thus, it is required that 7= 1o, + Tog <
4.63ms. )4

An FSC LCD has 30% low power consumption
and exhibits three-fold higher lightness than color
filter-based LCDs. Field-sequential full-color LCDs
have been fabricated by using PSV FLCDs and
narrow gap TN LCDs, with the latter being used as
airport indicators in the baggage claim area.

4. Conditions for designing take-off in LCDs
in the early 1970s and 1980s

Room-temperature LC materials are required to
create practical LCDs; initial examples are shown in
Table 1.494) Nowadays, practical LC materials are
well developed.*”)48)

Among them, 5CB (4-cyano-4’-pentylbiphen-
y1)44) exhibits positive dielectric anisotropy and plays
a role in fabricating TN LCDs. However, nowadays,
LCs used in displays are eutectic mixtures of multiple
components??*) that can withstand a wide tem-
perature range from —20°C to 100°C. In addition,
such LCs should exhibit high resistivity, positive
and negative large dielectric anisotropy, and low
viscosity.

Now, we will summarize the dominant factors
constituting the take-off in LCD technology as
follows' V1)

1) inventions of operation principles of various
LCDs,

2) syntheses of room-temperature LC materials
that will be driven by an electric voltage of
approximately 5V,

3) realization of defect-free, optically high-quality,
and large-area LCDs using a rubbing machine
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TIMING CHART AND RESPONSE TIME FOR FSC -

LCD WITH THE FRAME FREQUENCY OF 72Hz

Back Light : Green

Exposure time : 1/30sec

Duration time : 1/180sec
(Exposure time : 1/240sec)

Duration time : 1/180sec

Fig. 12.

Back Light : Red

Duration time : 1/180sec
(Exposure time : 1/240sec)

Back Light : Blue

(Exposure time : 1/240sec)

LED,ON R G B
>t
LCD,ON,OFF
t
One frame
72Hz,13.9ms
463ms | 463ms' 4.63ms t
LCD Switching time

T=1T,,+ T <4.63ms

Red, green, and blue time-sequential full-color LCD.

Table 1. Initial room-temperature LCs
o]
APAPA 1967 Cha . N‘@_O_&_cm
83~110°C
MBBA 1969 CH3 H=N C4Hs
22~47°C
5CB 1973 CSH.“C =N

23~355°C

and photo alignment,
4) full-color LCD using in-cell color filters,
5) improvement of viewing angle,
6) improvement of the response speed of LCDs and
power consumption, and
7) the adoption of thin film transistor drivers for
realizing LCDs with high information contents.
In the succeeding sections, we will focus on
items 3), 4), and 5) and conduct experiments with
them on a laboratory scale. Some of them are mass-
produced.

5. Realization of defect-free, optically high-
quality and large-area LCDs

5.1. Elimination of disclination defects and
the demonstration of multicolor TN LCDs. As
mentioned in Section 2, the invention of TN
LCDs22) in 1971 opened a new era of LCD
technology for the fabrication of digital watches
and calculators. However, optical defects degrade the
optical quality of TN LCDs; these are reverse twist
disclinations and reverse tilt disclinations as shown in
Figs. 13 and 14, respectively.??)2%
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Fig. 13. A microphotograph of the reverse twist disclination and its molecular model.*
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(a), (b), (¢) Microphotographs of reverse tilt disclinations, which decrease with the application of voltage, and (d) an example

of defect-free black and white switching, which is achieved with a pretilt angle of 2°—3° by performing the rubbing process proposed by

S. Kobayashi and F. Takeuchi in 1972.17):19)23):24):35),50)

In 1972, F. Takeuchi, a staff of BUSICOM
Corporation in Osaka, became a visiting researcher
at RIKEN, Saitama, Japan, where S. Kobayashi
conducted LC research as a member of staff at
RIKEN. In the early stage of the research, Takeuchi
observed the appearance of unfamiliar patterns in
TN LCD cells. He inquired “what are they?”
Kobayashi explained that they are “disclinations
(disinclinations) originating from the discontinuity
of refractive indices and are visible when the TN cell
is sandwiched between two closed polarizers”.*?)

The structure and operation are shown in Fig. 5.
However, it is impossible to fabricate optical defect-
free TN LCDs. To fabricate defect-free TN LCDs, it
is necessary to provide a pretilt angle, which is
provided in advance before applying the operation
voltage by performing the rubbing process on both
substrates. Thus, the entire inclination of the LC

molecule system is performed in unison, as will be
introduced and discussed in the following parts of
this paper. An illustrative explanation of the pretilt
angle generation is presented in the Appendix.

When the splay and bent conformation coexist
in a 90° twisted cell, the reverse twist disclination
occurs, which causes light leakage and degrades
optical contrast in the black state in the TN LCD
cell. Takeuchi proposed an off 90° twist, i.e., 88° twist
conformation that has lower energy than that of a
90° twist. This method was very effective and was
granted a U.S. patent.”” In 1974, E.P. Raynes
invented an alternative to our method; he proposed
a method of doping chiral molecules such as a
cholesteric LC.20)

Figure 15 shows the molecular conformation of
the existing reverse tilt disclination in the TN LCD
cell without a pretilt angle in both substrates. If there
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TN LCDs.

is no pretilt angle, there is no reverse tilt disclina-
tion.?)*9) Based on the abovementioned research
work, we demonstrated defect-free color TN LCDs,
as shown in Fig. 16.23):249)

Figure 16 was obtained by Kobayashi and
Takeuchi through collaboration with facilities at
both RIKEN and BUSICOM Co. The results shown
in Fig. 16 were demonstrated at RIKEN in October
1972, and many people saw a working TN LCD for
the first time. The same demo was also performed at
Tokyo Institute of Technology. It was also presented
at the 1973 SID International Symposium?)) and
published in The Proceedings of SID in 1974.2%

The TN LCD shown in Fig. 16 was fabricated
using a prototype of the rubbing machine; its
practical version was invented by S. Kobayashi in
1972-1973.22:23:4%) The rubbing machine consists of

Fig. 16.
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a metal cylinder wrapped with a fabric such as a
woolen close, and the cylinder is rotated and
horizontally transferred to rub the substrate plate
covered with a transparent electrode and polymer
film-like polyimide, where the pressure of the cylinder
on the substrate is precisely controlled to determine
the rubbing strength. Currently, such rubbing
machines with the same principle and cylinder
structure are in laboratories and factories around
the world. The original rubbing machine shown in
Fig. 17 is preserved in the Memorial Room at RIKEN
as her 100-Year Anniversary.*”)

5.2. Realization of defect-free and large-area
STN LCDs. In the 1980s, digital LCD watches and
calculators were manufactured using the technique
of oblique vacuum evaporation of oxide materials to
realize LC molecular alignment with an appropriate
pretilt angle.’® The scanning vacuum evaporation
technique is available even though this technique is
inferior to the rubbing technique during the mass
production of large-area LCDs, which will be
introduced subsequently.

In 1984, an STN LCD was reported,?? fabri-
cated using the scanning vacuum evaporation tech-
nique. In this STN LCD, when the pretilt angle is as
low as that of TN LCDs, the stripe domain appears,
as shown in Fig. 18a, which significantly reduces the
contrast ratio.

To remove the stripe domain, H. Fukuro and S.
Kobayashi modified the surface of a polyimide
polymer by attaching alkyl branches to polyimide
alignment molecules, as shown in Fig. 18a, and
applying the rubbing process to them. Through this

(a) Demonstration of defect-free TN LCDs and (b) multicolor TN LCDs using color polarizer in 1972.23)24)
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Fig. 17. Rubbing machine used for fabricating defect-free TN
LCD.

technique, they successfully produced high pretilt
angles of 7°—10° (Fig. 18b) and fabricated a defect-
free STN LCD.*»%) This kind of STN LCDs were
adopted for fabricating the world’s first notebook PC
Toshiba DynaBook (Fig. 19) and word processors.'?)

N

Total width is 4cm

Fig. 18.
and generating a high pretilt angle.

[Vol. 98,

Fig. 19. Toshiba DynaBook personal computer using STN LCDs
in 1989 (Courtesy of Toshiba).

In Fig. 20, the pale gray color represents LC
molecules, the blue color represents molecules used in
achieving a pretilt angle through rubbing, and the
red color represents UV reactive molecules doped and
migrated to the surface; this technology is called self-
surface alignment, which requires no preliminary
rubbing or applied voltage during UV photocur-
ing.5):56)

5.3. Realization of defect-free FLC LCDs. In
1980, an FLC LCD with a fast-switching speed of
sub-millisecond was reported.??)?) This LCD piqued
keen interest among many people. However, a severe

- LT Moleoule
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)
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Microphotograph of stripe domains of alkyl branch polyimide (a) before the rubbing process and (b) after the rubbing process
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Fig. 21. (a) FLCD with defect and (b) defect-free FLCD.

Fig. 22.

The color filter-less field-sequential defect-free FLCD
4-inch SVGA 800 x 600 pixels.

challenge was encountered: a zigzag defect that
degrades optical contrast. Nonetheless, this defect
was again removed by the Kobayashi group using a
very flat polymer alignment film, RN-1199, Nissan
Chemical Co. as demonstrated in Fig. 21.%%)

This zero pretilt angle method is also useful for
fabricating IPS and FFS LCDs.

Using a defect-free PSV FLCD, we fabricated
color filter-less field-sequential defect-free FLCD 4-
inch SVGA 800 x 600 pixels (Fig. 22).*)

The technology of the color filter-less field-
sequential color TN LCD was invented by H. Hasebe
and S. Kobayashi in SID 1985.%)
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The conventional FLCD demonstrates a bi-
stable electro—optical operation; however, the adop-
tion of polymer stabilization brings symmetric and
V-shaped electro—optical characteristics.*?%)

Nowadays, photo alignment technology is
widely used for manufacturing various LCDs instead
of the rubbing process.?”60)

5.4. Realization of defect-free and multi-
domain TN LCDs wusing photo alignment.
Figure 23 depicts a representative photo alignment
method, where the polymer film is first irradiated
vertically with a polarized UV light, and then, the
substrate is rotated by 90° and irradiated with the
oblique polarized UV light.%”) This technology
achieved four domains in a pixel and provide a wide
viewing angle.®") This method had a positive impact
on 10th generation LCD TVs.6V

5.5. Theoretical considerations and explan-
ations of surface alignment of the treated sub-
strates. Regarding the physics of LC alignment in
LCDs, we used lessons learned from our life mentor,
Professor Koji Okano, who taught us statistical
mechanics such as the steric interaction between
LC molecules and substrates’? and quantum me-
chanics for anisotropic van der Waals force,® to
achieve uniaxial alignment of LC molecules; stick and
slip in tribology will be the generation mechanism of
pretilt angles, and the rubbing process that causes
optical anisotropy in the treated substrates®® will be
the origin of the uniaxial alignment of LC molecules,
resulting in defect-free LCDs, as shown in Figs. 14
and 16.29:29:4950) Other examples are alignment
on stretched polymer films®) and Langmuir-Blodget
films.%6)

Regarding literature on LC molecule alignment,
a review paper by S. Ishihara and M. Mizusaki®” and
other books®)%) provide a thorough introduction to
LC molecule alignment in LCDs.

6. Improvements in the performance of LCDs

6.1. Existing technologies for increasing the
viewing angle in LCDs using optical compensa-
tion. The first invention for increasing the viewing
angle in TN LCDs was demonstrated by H. Mori
at Fujifilm Co. using a discotic LC.™ Then, many
related studies have been conducted such as the work
by T. Miyashita et al.,”) K. Ono,™ and H.L. Ong.™)

Figure 24 demonstrates how to realize a wide
viewing angle in TN and OCB LCDs by optical
compensation. Figure 24a shows ISO transmission
curves with viewing angle dependence; however, the
transmission is homogeneous.”) M. Kitamura per-
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results. (a) First UV irradiation. (b) Second UV irradiation.

formed computer simulations of electro—optical
performance of LCDs.™

6.2. New alternative methods for increasing
the viewing angles and optical uniformity in NP-
doped LCDs. The basic idea and motivation for
doping NPs of size >100nm is to modify the
properties of LCs governed by the order parameter
and optical properties, as discussed in a previous
paper.™

Figure 25 shows an example of the increase and
broadening of the optical output intensity in a 0.05-
wt.% Si0, NP-doped ECB LCD.™)

Figure 26 shows argon laser light projected on a
screen after passing through TN LCDs, where (a)
shows TN LCDs without NP doping, and (b) shows
a 0.075-wt.% P~yCd-ZrOs-doped TN LCD cell. As
shown in Fig. 26a, diffraction and laser speckle
patterns are observed, whereas, in Fig. 26b, the
optical pattern becomes uniform. The reduction in
the number of speckle-patterns and crosses may be
attributed to the forward optical scattering by NPs,
and thus, de-coherence occurs when light passes
through the NP-doped ECB cell, where the size of
the NP is significantly smaller than the optical

ZA< ®§> A @ . It E/ N
X 4 vy 1 /
\W/4 /

\\\\\

(b) Second UV irradiation

200 um (b)

An example of photo alignment technology for removing the reverse tilt disclinations to realize defect-free TN LCD with actual

wavelength. This type of optical scattering will be
analyzed with Rayleigh—Gans criteria such that

2kalm — 1] <« 1,

where k represents the wave number for light with
wavelength A\ propagating in a medium with a
refractive index ratio m between mnpanoparticle and
TMimedium; and k= 27T//\ = 27Tnmcdium/)\VAC7 and a
represents the radius of the NP. In this system, the
diameter of the NP is ~7nm, and the wavelength
of light is 488 nm, which satisfies Rayleigh—Gans
criteria.™

6.3. Reduction of the threshold voltage and
that of the power consumption in NP-doped
LCDs. Figure 27 demonstrates that doping of
MgO NPs reduces the threshold voltage of TN LCD
by 26%.7"

The threshold voltage can be written as

K
Vth—ﬂ/go—Ag,

where K represents the elastic constant, and Ae
denotes dielectric anisotropy and is proportional to
the order parameter. Then, the relative threshold
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Fig. 24. Demonstration of realizing a wide viewing angle in TN and OCB LCDs by optical compensation. (a) White state. (b) Black
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Fig. 25.
wt.% SiOy NPs.

Increase in the optical output profile by doping 0.05-

voltage against that of the order parameter is given
as

AVin/Vin = (1/2)A8/8.™
As shown in Fig. 27, a 26% reduction in the threshold

voltage results in a 50% reduction in the order
parameter: This is an extreme case. In most cases,

Fig. 26. Argon laser light projected on a screen after passing
through two TN LCD cells. (a) TN LCD without NP doping.
(b) 0.075-wt.% P~yCd-ZrOy-doped TN LCD cell.

the quantity values of the Vth reduction range from
5% to 10%.™) This Vth reduction is reproduced by
raising the temperature by 10°C; this temperature
is known as the Kobayashi temperature.” This
suggests that doping NPs into LCs could effectively
increase temperature.”"9 Power consumption in
LCDs is proportional to the square of the applied
voltage; thus, the reduction in Vth by NP doping
reduces the power consumption of LCDs. A good
example of the reduction in power consumption is
introduced in the following.

We proposed that the power efficiency of a
display be characterized by luminance efficiency
(LE), defined as
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Fig. 27. Reduction of threshold voltage by MgO NP doping.

LE = cd/W,

where cd is the unit for luminance and W is the unit
of power consumption for one square meter by
assuming that power consumption is proportional
to the display area (Table 2). Herein, we compare
the LE of a standard commercial LCD TV and an
NP-doped field-sequential TN LCD; their LE values
are 1.95 and 5.13, respectively. According to the
standard value of The Energy Star Program ver-
sion 5.3 (https://www.energystar.gov/products/spec/
television_specification_version_5_3_pd), LE is 3.8
(cd/W).

The numerical value of our LCD is 2.63 times
better than current commercial LCD TVs in terms of
power consumption.'”1? Another advantage of NP
doping is the significant increase in color gamut in
LCDs, but this topic is left in Refs. 17 and 19.

6.4. Quantum dot (QD). Figure 28 shows
the structure of QD, with (a) showing the core/shell,
(b) the energy band structure, and (c) the actual
structure of core/shell/and ligand and their sizes.™)
A QD is a single crystal composed of nano-sized
semiconductors as a novel photo-luminescence device
for the backlight of LCDs.

Examples of the core/shell are as follows:

Shell Core  Shell

0.5~1nm|1-1.6nm
2-10nm

(b) ()

Fig. 28. Quantum dot (QD) structure. (a) core/shell, (b) energy
band, and (c) actual structure of core/shell/and ligand molecules
and their size. Reproduced with permission from Ref. 79

(IET@).

CdSe/ZnS,ZnSe. Cd-free materials, including
InP/ZnS,InP /ZnSe.

InP/ZnS,InP/ZnSe. Another Cd-free material is
Perovskite: CsPbX3 (X = Cl, Br, and I).

Ligand molecules such as oleic acid were adopted
to prevent the segregation of QDs kept in an organic
solvent before they are used to construct the LCD
backlight. The design of the core/shell structure is
to realize a long exciton lifetime. Photo-luminance
produced by the illumination using a blue light
source is red, green, and blue lights with a narrow
half-value width, depending on the size.”™

7. Improvement of response speed in LCDs

The residual technical issue in LCDs that will be
resolved is their slow response speed.

7.1. Existing technologies for increasing the
response speed of LCDs. As mentioned above,
LCDs are widely used as information displays for
televisions, computer monitors, and various instru-
ments. However, their response speed needs further
improvement. To this end, several methods have been
adopted as follows: (1) using LC materials with low
viscosity,*”*%) (2) devising electrode structures,®):!)

Table 2. Quantitative numerical values of LE (cd/W)
LCD TV (SHARP) 60" FSC LCD
[A] Luminance (cd/m?) 450 1,050
[B] Power (W/m?) 230/1.00 (=230) 1.92/0.0094 (=204)
[A]/[B] LE (cd/W) 1.95 5.13

According to the Energy Star Program (ESP) version 5.3, the power consumption of LCD TV with 50 inches in the diagonal must be
108W or less. The ESP gives luminance efficiency (LE) = 3.8 (cd/W).


https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
https://www.energystar.gov/products/spec/television_specification_version_5_3_pd
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Fig. 29.

(3) doping with chiral agents,” (4) doping with
NPs,) (5) using ferroelectric LC materials,??+*9) (6)
using an LCD with a narrow gap cel,®? (7) OCB
LCD,* (8) blue-phase LCD,*) and (9) overdriving
the voltage threshold to increase the response speed
during the switching-on process.®!

In the following, we shall describe two novel-
alternatives to these existing technologies for improv-
ing the response speed.

7.2. Improvement of response speed in ECB
LCDs using an asymmetric optical compensation
system. Discovery of the generation of the temporal
effect in asymmetric optically compensated (OC)
ECB LCDs and their performance is important.

Figure 29 illustrates the optical system of an OC
ECB LCD cell, whose e-axis, e, is rotated by /4
from the z-axis, and the e-axis of the compensator
(+A-plate), ey, is crossed to e, where R = 2m(n, —
ne) d/\ is the optical retardation of each axis 1 and 2,
where e and o denote the extraordinary and ordinary
refractive index axes, respectively.™

When the retardation in axes 1 and 2 is equal,
the system is symmetric. In contrast, when they are
different, the system is asymmetric. In 2015, we
unintentionally discovered a slow response speed
during the switching-off process of an asymmetric OC
ECB LCD, where we chose 6 = 7/2 + o (« = 7°), in
contrast to when we chose 6 =7/2 —a (a=T7°).
Then, we obtained a two-fold faster response speed
during the switching-off process.” The geometry
phase, which is a historically well-known word, is
performed by S. Pancharatnam® and M.V. Berry.%0)
However, they did not deal with the temporal effect
as a system response to the externally applied field.

The switching angle in the ECB LCD will be the
polar angle, 0, from the zaxis. However, the polar
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Optical configuration of ECB LCD.
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Fig. 30. Relationship between ¢; and 6 by the cell gap, d=
2.78 pm.

angle, 6;, will be replaced by optical retardation, 61,
as will be given as follows:

_ 2mdn, 1
B 2

A 12
[1 — (1 - ﬂ) sin? 91]
ny

Figure 30 shows the relationship between 6; and 6,
by the cell gap, d = 2.78 nm.

Now, we shall derive a formula for the optical
transmission in our optical system by updating
previous work.™)

In the ECB LCD, the normalized optical trans-
mission of the single cell reads

T) = sin®(61/2), 3]

1

where 6; represents the optical phase delay between
the e-axis and o-axis for the incident light wave.
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Equation [3] produces the normally white state when
61/2 = w/4. The normalized optical transmission of
the OC ECB LCD is given as

TQ = sinQ[(él — 62)/2] [4]

When 6; = &, To =0 and the optical system shown
in Fig. 29 becomes symmetric; under this condition,
the system produces a black state, as shown in
Fig. 21. If we insert 62/2 = /2 — « into Eq. [4], we
have

Ty = cos®[(61/2 + a)]. [5]

This means that T; has a phase advancement « in
61/2. This phase advancement generates a temporal
effect that produces a two-fold faster response during
the switching-off process, as reported in a previous
paper.®!) Regarding the switching-on process, there is
no optical compensation effect due to the overdriving
effect from the driving electric field.3¥

7.3. Generation of temporal effect in asym-
metric OC IPS and FFS LCDs. We shall then
proceed to asymmetric OC IPS and FFS LCDs by
extending to this field from the asymmetric OC ECB
LCD given in Section 7.2.

Figure 31 illustrates the optical system of OC
IPS and FFS LCDs, where e; and ey denote the e-
axes of the active LCD and compensator, respec-
tively.5”)

In OC IPS and FFS LCDs, the switching angle is
represented by ¢, and ¢y represents the setting
azimuthal angle of a compensator (+A-Plate), whose
angle is set to ¢ = 37/4 — a, which can be controlled

Compensator
e % f
01 [} a

\

\ 02 (/4 degrees)
\ (,bz ~

V4 R e

\ . 1 LCD
\
\ s ’
‘o2 (tb 1
\| 2
P
77 p
”
s
4
 d
4
rd
”
,
Fig. 31. Optical configuration of our asymmetric OC IPS LCD

(FFS LCD) system.
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using a dynamic retarder when we use an IPS cell as
the compensator. When « =0, the system is sym-
metric with ¢, = 7/4.

The entire system is sandwiched between
crossed polarizers, where the incident light field into
the LCD system is polarized in the z-direction and
the transmitted wave is polarized in the y-direction.
Labels e; and oy in Fig. 31 indicate the axes of the
extraordinary and ordinary waves, respectively, and
labels es and o9 indicate those of the compensator,
respectively.5”)

7.A. Analytical derivation of normalized
optical transmission of a single IPS cell. Using
the system shown in Fig. 31, we perform a 2 x 2
Jones matrix calculation®® for the I; of the single cell.

The input electrical field is

5. 6

After performing Jones matrix calculations, we
obtained the normalized optical transmission for the
IPS single cell such that

T, = sin?(2¢y). [7]

For the asymmetric OC IPS LCD, we obtained
the normalized transmission with a phase advance
by a:

Ty = cos®(2[¢1 + al). 8]

In Ref. 87, a full description of the Jones matrix
calculations for deriving these equations is given. In
our system, the symmetry breaking causes a phase
shift, which leads to a fast response during the
switching-off process. This effect is shown in Table 3.
When the LC cell and A-plate are crossed, ¢ = ¢ =
w/4 and é; = 6o ~ m; then, the symmetric system
produces a black (dark) state and no ultrafast
switching process occurs.

8. Experimental measurements

8.1. Optical configurations and switching of
single and OC IPS and FFS LCD cells with
Ae >0 and Ae < 0. Figures 32 shows the optical
configurations and switching of single and OC IPS

Table 3. Results of response time for the n-OC IPS device

) n-OC IPS n-OC IPS
Single n-IPS
(=0) (a0 =—-6.8)
Tof (msec) 25.6 25.1 14.9(42% decrease)
Vip (V) 6.8 9.1 15.0
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(b) Switching of n-IPS and n-FFS

Fig. 32. Optical configuration of switching in single and OC IPS
and FFS LCDs with negative dielectric anisotropy. (a) Switch-
ing of p-IPS and p-FFS. (b) Switching of n-IPS and n-FFS.

and FFS LCD cells used in this study, where p and n
denote Ae > 0 and Ae < 0, respectively.

Next, we explain the switching process in our
OC LCDs, along with the contents of Fig. 33. This
figure shows simulation results for the normalized
transmission and compares Ty (I}) with Tp (L)
against the switching angles calculated using
Egs. [7] and [8].

The top and central parts in this figure show the
behaviors during the switching-off process, and the
bottom and right parts show the behaviors during
the switching-on process. Thus, ¢, for Ty (L) starts
from —a°, and ¢ for T} () starts from 45°.

The results in Fig. 33 are interpreted as follows:

(1) T3 (L) has a phase advancement of « over T;
(1)

(2) According to the top area, Ty (L) starts the
decay process with a finite inclination, whereas Tj
(L) starts the decay process with no inclination. This
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Fig. 33. Simulation results of a comparison of switching charac-

teristics of Ty (I) with Ty (k) starting from the switching-off
process.
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Fig. 34. Experimentally obtained V-T curves for p-IPS (Ae > 0)
and p-OC IPS LCDs with o = 0 (symmetric).

decay in the absence of inclination is attributed to
the fast response in the decay process, which has been
experimentally demonstrated in this study. This
phenomenon is a purely optical effect, with the decay
process occurring as the common molecular relaxa-
tion for both symmetric and asymmetric systems.

(3) Ty (I) has a finite value at the right bottom
because of energy conservation, which means that the
operation is not normally black. The realization of a
normally black operation is described in Section 3.4.

8.2. V-T curves of single p-IPS and p-OC IPS
LCDs. Figure 34 shows the experimentally
obtained V-T curves of IPS LCDs, as recorded at
25°C using a DMS-703 (Autronic Melchers, GmbH)
instrument. Interestingly, in the symmetric compen-
sation system, the introduction of optical compensa-
tion produces a wide operating voltage range, as
shown in Fig. 35. The V-T curve with the Free-
dericksz transition is described in a book.??)
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Fig. 35. V-T curves of the p-OC IPS devices without optical

compensation (a=0) and with optical compensation (o=
—6.8°).

Figure 35 shows the V-T curves of the p-OC IPS
devices without optical compensation (o =0) and
with optical compensation (o= —6.8°). The pro-
posed asymmetric OC IPS produces T=0 at 4V,
indicating a non-normally black operation. In gen-
eral, an LCD is operated as normally black or white;
thus, the normally black operation was achieved
using a dynamic optical compensator (retarder),
which was fabricated in our work.5”) A simulation
was also performed on this problem, as given in
Section 10.

8.3. Experimental results of response time.
The physical properties of the LC materials and the
specifications of the LCD cells used in this study are
described as follows: The cell gap of the sample cells
was 3.5 um, and the wavelength of the optical light
source was 589nm. The anisotropy of refractive
indexes and dielectric constants of used nematic
liquid crystal materials are given in Table 4.

Based on these quantities, the experimental
results in Tables 3 and 5 indicate that the response
time of the proposed asymmetric OC IPS device was
reduced by 42%—56% compared with that of single
cell OC IPS devices. The same results were obtained
for the ASOC FFS device, and we will report the

Table 4. Numerical values of the anisotropy of refractive indexes
and anisotropy of dielectric constants of the used nematic
liquid crystals*®

An (589nm, 25°C) Ae (25°C)
p-IPS 0.088 6.2
n-1PS 0.110 —4.1
p-FFS 0.110 11.9
n-FFS 0.110 —4.1

*) After Datasheet of DIC.

[Vol. 98,

Table 5. Results of response time for the p-OC IPS device
. p-OC IPS p-OC IPS
Single p-IPS
(a=0) (a=—-6.8°)
Toft (msec) 18.3 14.1 8.1(56% decrease)
Vop (V) 4.0 4.5 5.5

corresponding data elsewhere. The results for the
switching-on process indicate that the response time
will be significantly reduced by adopting the over-
driving technique.5%)

9. Temporal derivatives of I and I,
and their comparison

Here, we derive temporal derivatives of I} and I,

as
Aol aon_y
ot~ a0y ot~ Closinldo) o
For an OC IPS:
8.[2 o 3.[2 8¢1 _ . 8¢1
ooy o - Clsin(ie —don =, (10
= —2] sin(4¢;)[cos(4a)
— sin(4a) cot(4¢ )] 85%1 . [11]

Thus, we obtain a formula, the F-function, by
taking the ratio between Eqgs. [9] and [11] as follows,
where the two minus signs cancel each other:

F = cos(4a) — sin(4a) cot(4¢y). [12]

The F-function (%2 /%) is shown in Fig. 36.
This figure shows that the temporal derivative of I
is significantly larger than that of [ during the
switching-off process, which is consistent with the

experimental results obtained in this study. However,

F(0=-0.12 rad)
= = F(0=-0.05 rad)

F - function

#1 [deg]

F-functions with @ = —0.12rad and o = —0.05rad.

Fig. 36.
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it also shows that this effect terminates at a switching
angle of 15° and that the relation is thereafter
inverted. However, if necessary, a dynamic compen-
sator can be used to stop the phase advancement
after the decay process for the switching-on process,
and the removal of the applied voltage causes an
overvoltage, resolving this problem.

10. Dynamic compensator

A dynamic compensator changes the azimuthal
angle of the e-axis, ¢y =37/4 — a, by applying a
computer-controlled electric voltage, Vi1, according
to the following equation:

a=agexp[l — kVin/Vappl], k> 1 (k=2.5). [13]

(1) For the switching-on operation (starting from
Vappl = 0), the normally black operation will be
induced with a =0 (¢ = 37/4).

(2) For the switching-off operation, where V,,,=
EVin (k= 2.5) and o = a(~T7°), extra phase, «,
is generated.

The experimental results are reproduced
through computer simulations using a computer

simulator: SHINTECH-LCD Master (Fig. 37).

11. Conclusions and summary

1. A brief history of the chronological development
of LCDs is presented, including a series of the
inventions of LCD modes.

2. Advancements in key and existing technologies
that led to the achievement of the current LCDs
are presented.

3. Through the invention of rubbing machines,
surface modification, and novel photo alignment
technology, we realized a variety of defect-free,
optically high-quality, and large-area LCDs.

4. Description of newly developed technologies,
alternatives to existing technologies, by doping

100
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Single p-FFS
oo OC-FFS (a=0deg.)

————— p-OC-FFS (a=-7deg.)

Transmittance (%)

o
=

20 30 40 50 60
Time(msec)

Fig. 37. Demonstration of normally black mode operation using
a dynamic compensator (retarder).
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NPs into LCDs and asymmetric optical com-
pensation for achieving fast response speed and
a wide viewing angle are shown.

5. Detailed descriptions of the asymmetric OC
IPS, FFS, and ECB LCDs are provided.

6. By the development and adoption of a dynamic
compensator driven by applying voltage to this
device, we successfully realized the normally
black mode operation of the asymmetric OC
LCDs. This was reproduced by optical simu-
lations.

Appendix: Figure for explaining the
existence of pretilt angle

Figure A1l is prepared to explain the general
optical effect in LCDs: ECB, VA, and IPS.

An optical transparent film plate or LC plate
with the uni-directional optical refractive index-
anisotropy, An=mn,— n, is sandwiched between
the crossed polarizers, where n, and n, denote the
refractive indexes of the extraordinary and ordinary
wave, respectively. The former is also designated as
the c-axis.

1. ECB: If we rotate the plate in the 2~y plane by
changing the polar angle, 6 from 6 = 7/2 to zero (the
vertical direction) in the z-y plane with the azimuthal
angle, ¢ = w/4: This is the ECB switching from white
to black state.

2. VA: If we make the reversed switching to that
of ECB, this is the VA switching from the black state
to the white state.

3. IPS: If we rotate the e-axis of the plate by
changing the azimuthal angle, ¢ in the 2y plane is

Y
Analyzer

X, E 0
Polarizer

Fig. Al.
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shifted from zero to 7/4, i.e., IPS, the transmission,
Ty, is given as T; = sin?(2¢)sin?(6,/2) for taking
sin?(6;/2) to be unity, and the increase in optical
thickness generates colors.
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