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NORMALLY WHITE, SUPERTWIST
NEMATIC LIQUID CRYSTAL DISPLAY OF
REFLECTIVE TYPE

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 10/272,833, filed Oct. 16, 2002, now
abandoned the entire disclosure of which is hereby incor-
porated by reference.

BACKGROUND

The present invention relates in general to liquid crystal
displays (LCDs), and in particular to normally white,
supertwist nematic liquid crystal displays of reflective type.

Reflective liquid crystal displays are widely used in
mobile systems, since they feature very low energy con-
sumption, small size, low weight, and are convenient for use
outdoors. Reflective displays with a single polarizer have
good potential for reaching high brightness, enhanced con-
trast ratio and low energy consumption.

Supertwist nematic liquid crystal displays (STN displays)
of reflective type with single polarizer possess potentially
high brightness and good color rendition capacity. STN
displays are characterized by large twist angles of nematic
liquid crystal (LC) directors (approximately from 180° to
260°) as compared to regular twist nematic liquid crystal
displays (TN displays). STN displays provide voltage-con-
trast characteristics with sharp cutoff, which are required to
obtain high multiplexing ability and contrast ratios. STN
displays feature extraordinarily high resolution ability and
small pixel size, which enhance information capacity of
such displays in displaying numerical (symbolic) informa-
tion as well as in displaying images, for example photo-
graphs. Consequently, STN displays feature excellent image
quality, as compared to regular passive-matrix TN-displays.
These advantages are especially pronounced in large dis-
plays with high multiplexing level. STN displays cost low,
require low operating voltage and feature low energy con-
sumption.

A normally white, supertwist nematic liquid crystal dis-
play of reflective type is described in “TFT/LCD Liquid-
Crystal Displays Addressed by Thin-Film Transistors” by
Toshihisa Tsukada, Vol. 29, Gordon and Breach Science
Publishers, p. 153. The known STN-display contains a layer
of nematic liquid crystal. The dependences of the voltage-
contrast characteristic on the LC director twist angle in the
range from 210 to 330° are presented. 1t has been shown that
the dependence of the contrast ratio on the applied control
voltage is sensitive at the twist angle of 240°. However, the
optimum direction of the transmission axis of the polarizer
and the optimum values of the product dAn of the nematic
layer thickness (d) and the difference of the refraction
indexes (optical anisotropy) An, which provide maximum
values of the contrast ratio and brightness, have not been
determined.

A known normally white, supertwist nematic liquid crys-
tal display of reflective type is described by Shin-Tson W,
Deng-Ke Yang, “Reflective Liquid Crystal Displays”, John
Wiley & Sons, Ltd., p. 9. This known STN display consists
of a glass plate, which is coated with a layer of aluminum to
create a reflecting surface (mirror), and a layer of nematic
liquid crystal, above which there is a second glass plate.
Polarizing and scattering layers are formed on the second
glass plate. One of the drawbacks of this known STN display
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is that the optimum direction of the optical transmission axis
of the polarizer, which provides maximum contrast of the
display, is not known.

A known twist nematic liquid crystal reflective display
comprising a liquid crystal and two polarizers with an LC
director twist angle of 45° is described by S. -T. Wu, D. -K.
Yang, Reflective Liquid Crystal Displays, 2001 by John
Willey & Sons Ltd, p. 108. This design requires two
polarizers, one of which is placed between the liquid crystal
and the mirror. The drawback of this design is image
parallax, which prohibits the display from being used in
applications that require high resolution. Since a second
polarizer is necessary, the design cannot be simplified by
combining the functions of a mirror and an electrode in a
single element. Such display has relatively low brightness
and small viewing angle and contrast, etc.

A possible design of twist nematic liquid crystal reflective
display comprises a liquid crystal between two electrodes, a
phase compensator and one polarizer. One of the two
electrodes in this design is transparent, while the second
electrode has good reflective ability and functions as a
mirror at the same time. The phase compensator (or com-
pensator) represents a phase shifting plate, which provides a
phase delay of 7/2. The compensator eliminates the need for
a second polarizer. Due to dual birefringence in the absence
of the second polarizer, the light becomes elliptically polar-
ized after it travels twice through the liquid crystal. There-
fore, the compensator changes the elliptical polarization to
linear, which provides image contrast. The drawback of this
design is that it is impossible to precisely transform elliptical
polarization into linear polarization for all wavelengths at
any selected operating voltage across the liquid crystal.

This drawback manifests itself in relatively low image
contrast. Another drawback of this design is the inclusion of
the compensator, which complicates the design of the dis-
play.

Another twist nematic liquid crystal reflective display
comprises a liquid crystal, two electrodes, a phase compen-
sator and a single polarizer. The design of this display
suggests using a phase compensator to obtain high quality
image without parallax. The phase compensator can essen-
tially be any material suitable for use in displays and
featuring birefringence. The phase compensator installed
between the polarizer and liquid crystal allows making the
second electrode reflective, thereby simplifying the design.
The design requires selection of special parameters of the
liquid crystal and compensator according to conditions that
are difficult to satisfy in the entire visible region of the
spectrum. This manifests itself in the following drawbacks
of the design. First, either distortions of color rendition are
possible, or using different voltage for the blue, red or green
colors may result in a more complex design of display.
Second, since the phase compensator and the liquid crystal
have to have weak dispersion, optical parameters of which
are interrelated, material selection for the design is hindered.

There is a twist nematic liquid crystal reflective display
comprising a front polarizer, a phase compensator and a
liquid crystal. 1n order to increase the contrast and brightness
of the image, the following parameters are selected: the
angle between the transmission axis of the polarizer and the
alignment direction of the LC director on the front surface
of the liquid crystal, the optical anisotropy of the liquid
crystal and the phase compensator, as well as the twist angle
of the liquid crystal.

The drawback of above mentioned displays using a phase
compensator plate is that the image is very sensitive to the
thickness of the liquid crystal and the phase compensator,
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1.e., sensitive to the precision of fabrication. Besides, cor-
rection of image distortions related to fabrication tolerances
complicates the design and imposes special requirements to
the properties of the liquid crystal.

Another twist nematic liquid crystal reflective display
comprises a single polarizer and does not contain the phase
compensator. To obtain the best brightness, contrast and
color rendition, this design suggests using optimized values
of the LC director twist angle, the angle between the optical
axis of the polarizer and the alignment direction of the
director at the surface of LC closest to the polarizer, and the
optical path difference between the ordinary and extraordi-
nary rays in the liquid crystal. The drawback of this design
is the uncertainty of the mentioned parameters, which com-
plicates the optimization.

Another twist nematic liquid crystal reflective display can
comprise a polarizer and liquid crystal. To obtain the best
brightness, contrast and color rendition, and low sensitivity
1o the variations of thickness of the liquid crystal cell, this
design suggests optimization of the LC director twist angle,
the angle between the optical transmission axis of the
polarizer and the alignment direction of the director of LC
on the surface closest to the polarizer, and the optical
anisotropy of the liquid crystal. One of the drawbacks of the
display is, first, the high sensitivity to a voltage level of a
switched off condition, i.e., the voltage which defines trans-
mission state of the display. It also does not maintain the
achromaticity when it transits from the “black” state to the
“white” state. Moreover, the level of contrast and brightness
is insufficient.

Another display uses the angle between the transmission
axis of the polarizer and the orientation of LC directors as
another parameter of optimization. This parameter is varied
to obtain high contrast, brightness and achromaticity, in
addition to the twist angle of the liquid crystal and the
optical path difference. Optimization is performed with the
specially designed mathematical method (H. S. Kwok,
Parameter space representation of liquid crystal display
operating modes, J. Appl. Phys. 80 (7), p. 3687, 1996). The
drawback of this display is, first, the wide range of optical
path differences proposed by the authors. This display
suffers from poor stability within the region of the suggested
angles. In other words, the proposed solution does not take
into account the high sensitivity of the mixed regime of
operation of the liquid crystal to the precision of fabrication
of displays. Another drawback is the non-standard values of
the twist angles. The small values of twist angles do not
provide multiplexing ability of the display.

Another known normally white, supertwist nematic liquid
crystal display of reflective type comprises a reflector, a
single polarizer and a special retarder, twist-retarder (TR).
The drawback of this display is that the display contains a
retarder layer, and that the optimum orientations of the
optical transmission axis of the polarizer which provide the
maximum contrast of the display are not known. The pres-
ence of the retarder in the display results in additional losses
of light transmission, complicates the design of the display,
increases its size, and raises the manufacturing cost of the
display.

There is a method of fabrication of the twist nematic
liquid crystal reflective display with optimized LC director
twist angle and its optical anisotropy. Despite the author’s
claims of generalized displays with a single polarizer, these
displays are not truly single polarizer displays. The beam
splitter used in the display in fact plays the role of two
polarizers. This is because the polarizing beam splitter
transmits one polarization state, but reflects the orthogonal
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one. Thus, if a sheet polarizer is used, it is necessary to use
additional retarders to obtain a black appearance in ON state
(or OFF state for normally-black operation mode). The use
of the retarder complicates the design and makes additional
problems when internal polarizers made of a thin crystalline
film (TCF) are used. Another disadvantage is the fact that the
author assumes the “black” state (or “bright” state for
normally-black mode) corresponding to the homeotropic
distribution of the LC director. It is not the case for STN
designs, where to obtain high multiplexing ability the black
state does not correspond to the truly homeotropic distribu-
tion of the LC director, because it may lead to high voltage
difference between OFF and ON states, which is incompat-
ible with a high multiplexing level. To make a real optimi-
zation, it is necessary to solve not only the optical problem,
but also the problem of in-field behavior of the LC director.

SUMMARY AND OBIJECTS OF THE
INVENTION

Accordingly, one of the objectives of the present inven-
tion is to overcome the aforementioned drawbacks of known
STN displays such as large losses of light transmission upon
passing through the multilayer structure of the display,
complexity of design, large display thickness, low contrast
ratio and multiplexing ability, and low brightness.

These and other objectives are achieved by the normally
white supertwist nematic liquid crystal display of the present
invention. The display comprises a reflector, a layer of chiral
nematic liquid crystal having a front aligning surface facing
a light source and a rear aligning surface facing the reflector,
and a front polarizer. The nematic liquid crystal has an
optical retardation (And) of the layer and a distribution of
directors, wherein there is a twist angle (®) between an
alignment direction of the director at the front aligning
surface and an alignment direction of director at the rear
aligning surface. The front polarizer is disposed between the
layer of the chiral nematic liquid crystal and the light source.
The front polarizer has a transmission axis forming an angle
(o) with the alignment direction of the director at the front
aligning surface of the chiral nematic liquid crystal layer.
The optical retardation (And) and the angle (ct) are defined
by the following formulas:

Q{@)=sign(®)-(47.0-0.49361Dl+2.6786x1073 P25,
deg, and

And(®)=-11.674+0.1915-D9.8393x 104D+
1.6667x10751@B0.05, pm.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing objects and advantages of the invention
will be more clearly understood from the following descrip-
tion when read in conjunction with the accompanying draw-
ings in which:

FIG. 14 is a schematic illustrating an embodiment of the
present invention.

FIG. 1 is a schematic illustrating a simulated design
including a light source, a standard O-type polarizer, [TO
layers, a chiral nematic liquid crystal layer, alignment layers
and a mirror.

FIGS. 2a and 25 are the optimization maps for 180° STN
with a single front polarizer (A=550 nm) for the left-handed
twist with a front easy axis at +120° (FIG. 2a) and for the
right-handed twist with a rear easy axis at +120° (FIG. 2b).

FIGS. 3a and 35 are the optimization maps for 200° STN
with a single front polarizer (A=550 nm) for the left-handed
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wwist with the front easy axis at +120° (FIG. 3a) and for the
right-handed twist with the rear easy axis at +120° (F1G. 35).

FIGS. 44 and 45 are the optimization maps for 220° STN
with a single front polarizer (A=550 nm) for the left-handed
twist with a front easy axis at +120° (FIG. 4a) and for the
right-handed twist with a rear easy axis at +120° (FIG. 4b).

FIGS. 5a and 55 are the optimization maps for 240° STN
with a single front polarizer (A=550 nm) for the left-handed
twist with a front easy axis at +120° (FIG. 5q) and for the
right-handed twist with a rear easy axis at +120° (FIG. 55).

FIGS. 6a and 65 are the optimization maps for 260° STN
with a single front polarizer (A=550 nm) for the left-handed
twist with a front easy axis at +120° (FIG. 6a) and for the
right-handed twist with a rear easy axis at +120° (FIG. 65).

FIGS. 7a and 7b are schematics illustrating the orientation
of the optical transmission axis of the front polarizer and the
front and rear easy axes of the chiral nematic liquid crystal
having a left-handed twist angle of -180° (FIG. 7a) and a
right-handed twist angle of +180° (FIG. 75).

FIGS. 84 and 86 are schematics illustrating the orientation
of the optical transmission axis of the front polarizer and the
front and rear easy axes of the chiral nematic liquid crystal
having a left-handed twist angle of -200° (FIG. 8a) and a
right-handed twist angle of +200° (FI1G. 8b).

FIGS. 9a and 95 are schematics illustrating the orientation
of the optical transmission axis of the front polarizer and the
front and rear easy axes of the chiral nematic liquid crystal
having a left-handed twist angle of -220° (FIG. 94) and a
right-handed twist angle of +220° (FIG. 9b).

FIGS. 10a and 105 are schematics illustrating the orien-
tation of the optical transmission axis of the front polarizer
and the front and rear easy axes of the chiral nematic liquid
crystal having a lefi-handed twist angle of —240° (FIG. 10q)
and a right-handed twist angle of +240° (FIG. 105).

FIGS. 11a and 115 are schematics illustrating the orien-
tation of the optical transmission axis of the front polarizer
and the front and rear easy axes of the chiral nematic liquid
crystal having a left-handed twist angle of -260° (FIG. 11a)
and a right-handed twist angle of +260° (F1G. 115).

FIG. 12 is a chart illustrating the reflection coefficient
versus applied voltage for the STN designs with different
twist angles for 180°, 200°, 220°, 240° and 260° STN.

FIG. 13 shows spectra illustrating the reflection coefli-
cient for 180° STN with a single front polarizer in OFF- and
ON-states.

FIG. 14 shows spectra illustrating the reflection coefli-
cient for 200° STN with a single front polarizer in OFF- and
ON-states.

FIG. 15 shows spectra illustrating the reflection coefli-
cient for 220° STN with a single front polarizer in OFF- and
ON-states.

FIG. 16 shows spectra illustrating the reflection coefli-
cient for 240° STN with a single front polarizer in OFF- and
ON-states.

FIG. 17 shows spectra illustrating the reflection coefli-
cient for 240° STN with a single front polarizer in OFF- and
ON-states.

FIG. 18 is a chart illustrating the dependence of angle o
of the transmission axis of the front polarizer with respect to
the front easy axis on twist angle ®.

FIG. 19 is a chart illustrating the dependence of the
optical retardation And of the chiral nematic LC layer on
wist angle ®.

FIG. 20 is a schematic showing a normally white,
supertwist nematic liquid crystal display in accordance with
one embodiment of the present invention.
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FIG. 21 is a schematic showing a normally white,
supertwist nematic liquid crystal display in accordance with
another embodiment of the present invention.

DETAIL DESCRIPTION OF THE INVENTION

As used herein, the term “front” when used to describe
glass layer, electrode, protective layer, polarizer, alignment
layer, transmission axes and alignment directions means that
the described element is located on the viewer side of the
chiral nematic liquid crystal (CNLC) and faced to a light
source.

As used herein, the term “rear” when used to describe
glass layer, electrode, protective layer, alignment layer,
transmission axes and alignment directions means that the
described element is located on side of the liquid crystal
opposite to the viewer and faced to a reflector.

Under Liquid Crystal Display (LCD) here and below we
understand either a liquid crystal display or its part in the
device.

As shown in FIG. 1a, an embodiment of this invention
comprises a light source 1, a front glass plate 2, a front
optically transparent electrode 3, a front optically transpar-
ent protective layer 4, front polarizer 5, a front alignment
Pl-layers 6, a chiral nematic liquid crystal (CNLC) layer 7,
a rear alignment Pl-layers 8, a rear optically transparent
protective layer 9, a rear optically transparent electrode 10,
a rear glass plate 11, and reflector 12 which has a reflection
coeflicient no less than 95%.

A unit vector-director characterizes the orientation of a
CNLC in each point. The CNLC is oriented by front (facing
a light source) and a rear (facing the reflector) aligning
surface, which define the boundary condition to produce a
distribution of directors. This distribution of directors has a
director 13 at the front surface of the CNLC and a director
14 at the rear surface of the CNLC. A projection of the
director 13 at the front surface onto the front aligning surface
of the CNLC layer determines an alignment direction of the
director at the front CNLC surface (front easy axis) 15. A
projection of the director 14 at the rear surface onto the rear
aligning surface of the CNLC layer determines an alignment
direction of the director at the rear CNLC surface (rear easy
axis) 16.

A pre-tilt angle 17—the angle between the direction of the
director at the front surface and a projection of this director
onto the front aligning surface—is one of the angles that
characterize a direction of the director 13 at the front surface
of CNLC layer. A pre-tilt angle 18—the angle between the
direction of the director at the rear surface and a projection
of this director onto the rear aligning surface—is one of
angles that characterizes a direction of a director 14 at a rear
surface of CNLC layer. The present invention provides a
normally white, supertwist nematic liquid crystal display
(LCD) of reflective type. This display comprises a reflector,
a layer of chiral nematic liquid crystal having a front
aligning surface facing a light source and a rear aligning
surface facing the reflector, and a front polarizer. The
nematic liquid crystal has an optical retardation (And) of the
layer and a distribution of directors, wherein the chiral
nematic liquid crystal has a twist angle (@) between an
alignment direction of the director at the front aligning
surface and an alignment direction of the director at the rear
aligning surface. The front polarizer is disposed between the
layer of chiral nematic liquid crystal and the light source.
The front polarizer has a transmission axis forming an angle
(o) with the alignment direction of the director at the front
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aligning surface of the chiral nematic liquid crystal layer.
The optical retardation (And) and the angle (c) are defined
by the following formulas:

a(®)=sign(d)-(47.0-0.4936DH2.6786x 107> @?) 3,
deg, and

And(®)=-11.674+0.1915.1-DI9.8393x 104D+
1.6667x107%101*0.05, pm.

In one embodiment of the invention the twist angle (@) is
in the range of approximately 180 to 260 degree. In another
embodiment of the invention the chiral nematic liquid
crystal (CNLC) is further characterized by a helix natural
pitch (P) having a value of approximately 360° d/®, wherein
(d) is a thickness of the liquid crystal layer. In another
embodiment of the invention the liquid crystal director at the
front surface coincides with a pretilt angle.

The disclosed display does not require retarders and can
function with a single polarizer, which simplifies the display
structure, reduces the display thickness, reduces light losses,
increases the viewing angle, and reduces manufacturing
costs. The contrast ratio of the display is enhanced by
selecting desirable orientation of the optical transmission
axis of the front polarizer, as well as the product (And) of the
thickness of the CNLC layer (d) and the optical anisotropy
(An).

The above improvements provided by the disclosed dis-
play are achieved by specially selecting the physical param-
eters of the layers in the display such as the thickness, the
orientation of the optical transmission axis of the front
polarizer, and the optical anisotropy of the CNLC. In other
words, the technical result is achieved by desirable selection
of both geometrical and optical layer parameters of the
display.

Parameters such as elastic constants and low frequency
dielectric anisotropy (A€) determine the threshold voltage
(Vres) and the switching time of the LC cell from one
operating state to the other. The threshold voltage (V,,..)
does not depend on the refraction indexes of the CNLC.
Switching from one state of the CNLC to another is a low
frequency process. Thus, the listed parameters determine the
operating regime of the display rather than the optical
features of the display and do not affect the disclosed
technical results.

The ratio of the operating voltages V. 0V, ., may be
determined by the choice of liquid crystal according to the
required multiplexing ability, i.e., Vo and V o are param-
eters of the operating regime of the display and do not
depend on the optical characteristics of the layers in the
display.

Manufacturing parameters include the thickness of the
substrates such as glass plates, the thickness of the optically
transparent electrodes such as ITO, the thickness of the
protective layer such as silicon dioxide, and the thickness of
the alignment layer such as polyimide. The thickness of the
above layers may be chosen according to their functional
purpose.

The thickness of the glass plates desirably provides struc-
tural rigidity and protection for other layers in the display
from external effects. Typically, the thickness of the glass
plates is 0.7 mm (refraction index n=1.5).

The thickness of the optically transparent electrodes desir-
ably provides low electrical resistance and possibility of
application of voltage to it. Typically, the thickness of this
layer is 0.03 um (refraction index n=1.85).

The thickness of the protective layer such as silicon
dioxide desirably provides additional protection for the
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STN-cell from electrical break down. Typically, the thick-
ness of this layer is 60 nm-100 nm (refraction index
n=1.57).

The thickness of the alignment layer such as polyimide
(PI) is desirably sufficient to provide alignment of the liquid
crystal. Typically, the thickness for polyimide layer such as
SE3210 Nissan (refraction index n=1.68) is 60 nm.

The thicknesses of all layers listed above are chosen such
as to ensure fulfillment of their functional purpose. There-
fore, these parameters may be fixed within the interval of
their allowable values.

Additional parameters may also be predetermined.

The twist angle (®) of the optical axis of the CNLC
director can be of different values. For example, the twist
angle can be one of the following values: +180, +200, +220,
+240, and +260°. The twist angle is fixed for a specific STN
LCD and chosen such to provide good multiplexing ability
of the display and sensitivity of the reflection coefficient to
the control voltage.

The pretilt angle of the CNLC director at the interface
with the alignment layer is a fixed value, which is deter-
mined by the alignment material (in the case of the poly-
imide, the pretilt angle is about 4°) and possibly by the type
of liquid crystal material.

The concentration of chiral dopant is determined by the
twist angle of the CNLC director and the thickness of the
liquid crystal layer, and therefore derived from the optimi-
zation of display design.

Thus, two components in the display structure are impor-
tant from the standpoint of achieving the disclosed technical
results. They are the layer of the front polarizer made of a
thin film crystalline material, which is characterized by the
orientation of its optical transmission axis and its thickness,
and the layer of CNLC, which is characterized by the
product (dAn) of the CNLC layer thickness (d) and the
optical anisotropy (An). The thickness of the CNLC layer (d)
may be selected according to different criteria. Thus, if high
speed of operation of the display is required, the CNLC layer
should be relatively thin, since the switching time of the
display decreases proportionally to the square of the liquid
crystal layer thickness (d). If the thickness (d) is chosen out
of the condition of manufacturability and reproducibility of
the CNLC layer, then it is typically within the interval of
approximately 3-6 um.

The schematic of one example of the simulated designs is
shown in FIG. 15. The schematic includes a light source 1,
a conventional O-type polarizer 19, a front glass plate 2, a
front optically transparent electrode (ITO layer) 3, a front
alignment Pl-layer 6, a CNLC layer 7, a rear alignment
Pl-layers 8, a rear optically transparent electrode (ITO layer)
10, a rear glass plate 11 and a reflector 12, which represents
a mirror. In FIG. 15, the referenced coordinate axes (x, y, 7)
(Laboratory frame) are illustrated. The disclosed normally
white, supertwist nematic liquid crystal display of reflective
type is characterized by several angles:

¢, is the angle of the alignment direction of the liquid
crystal director at the front surface of the LC layer (front
easy axis) with respect to the x-axis of the Laboratory frame;

¢, is the angle of the alignment direction of the liquid
crystal director at the rear surface of the LC layer (rear easy
axis) with respect to the x-axis of the Laboratory frame; and

¢ is the angle of the transmission axis of the front
polarizer with respect to the x-axis of the Laboratory frame.

The direction of the front easy axis of the CNLC layer
coincides with the rubbing direction at the front surface. On
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the contrary, the direction of the rear easy axis of the CNLC
layer and the rubbing direction at the rear surface are
differed in 180 degrees.

The mentioned angles (¢,, ¢,, and ¢) are measured from
the x-axis in the x-y plane of the selected coordinate system
(Laboratory frame). The x-y plane is parallel to the layers of
the display. The z-axis points from the light source to the
display and is perpendicular to the layers of the display. The
angles measured from the x-axis in clockwise direction are
considered to be positive and the angles measured from the
x-axis in counterclockwise direction are considered to be
negative. The performance of the design does not depend on
the particular choice of the coordinate system.

To simulate the electrooptical behavior of liquid crystal
displays, two principal problems must be solved. The first
one is related to the distribution of the CNLC director in an
electric field, while the second one is related to the optics
evaluation.

In a most general form taking into account the hydrody-
namic back flow effects, the Ericksen-Leslie equations for
the CNLC director n=(n,, n,, n,) can be written as follows
[P. G. de Gennes and J. Prost, The Physics of Liquid
Crystals, Oxford University Press, New York 1993]:

1y dn, 1 ) (1.1)
pﬁVx ) P wznzﬁ +agnxﬁ+§agnxnyvy+
ar 97| 1 )
z(Zaln;nf — it + aan? + oy + asn? +agnt )V,
an, an, 1 , (1.2)
av, P ll/zﬂzﬁ +a/3nyE+§a/3nxnyVX+
Pa- =3
ar  dz| 1 n 5
E(Zmn;nﬁ - afzng + ll’3ﬂ§ +ay +asn; + a/gn;)V)/,
Iaznx_ dF d OF  dn, v (1.3)
R R Tl
Fny L OF doF v (14
F IR T R TRl
&n aF d 9F  om, , , (1.5)
IW:MZ W+Eﬁ—yw—w3nx\/x—agnyvy
Z ~ 7

where p is CNLC density, 1 is inertia moment per unit
volume, V,, and V, are x- and y-components of the flow
velocity, V. =3V, /dz, s Lagrange multiplier, o, is Leslie
viscosity coeflicient, and y=a;—a, and is rotational viscosity.
In the above equations, F is the CNLC free energy density
defined as follows:

1 . 2 2 2)
F= ;[I(u(dzvn) + Kpp(n-rotn+ go)° + Kaz(nxrot n)"] +
D
) 2
M9¢(1+8J-n)
e, U 3)
D, = L bre (3
&

where K, K,,, K;; are the CNLC elastic constants, AC
and €, are the dielectric anisotropy and dielectric constant
component perpendicular to the CNLC director respectively,
(o 18 the inverse pitch wavenumber (it is not zero in the case
of a CNLC material), D, is z-component of the dielectric
displacement and Uy . is the voltage applied to the CNLC
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layer. The laboratory xyz frame is chosen in a way that xy
plane is parallel to the CNLC cell substrates. 1f the inertia
and viscosity terms are neglected, then the system (1) is
reduced and the problem becomes a static one, so the CNLC
director distribution can be found for a given voltage applied
to the CNLC layer. The results presented here are based on
both dynamic and static calculations of the CNLC director
distribution under applied electric field using special soft-
ware for solving the system (1) at proper boundary condi-
tions corresponding to the different twist angles of the
CNLC director.

The second task is connected to the optics calculations for
the total system, which, in general case, consists of polar-
izers, glass plates, electrodes and liquid crystal layer. This
requires solving Maxwell equations. The exact method to do
this has been proposed by Berreman [D. W. Berreman, J.
Opt. Soc. Am., 62, p. 502-510, 1972]. According to Berre-
man, if the anisotropic optical media is inhomogeneous only
in one direction, then the six Maxwell equations for elec-
tromagnetic field are reduced to the four equations, which
can be written in matrix form as follows:

b i, @)
azt ¢ X
where:
E; A Ap Az A
H, Ay Axm gy Ay
X= , A= \
E, A3p B3y Mgz Ay
-H, Ay Ap Mgy Ay

E,, E,, H,, and H, are the tangential components of the
electric and magnetic fields respectively. In the cases where
magnetic anisotropy and optical activity are neglected, the
number of nonzero components of A is reduced to 10, and
they are expressed in terms of the principal values of the
dielectric tensor components and Euler angles for the prin-
cipal axes of this tensor [D. W. Berreman, J. Opt. Soc. Am.,
62, p. 502-510, 1972]. Integration of equation (4) in the case
of layered optical system of thickness h results in the
following expression for the field at the output of the optical
system:

X=(P( ) P(hs) . . . Ph,))x(0) 5)
where (0) is the field at the input of the optical system, and
P(h,) is the transfer matrix for each of n optical elements.

Thus, the solution of the optical problem is reduced to
calculations of the transfer matrix for all the optical elements
and finding of the transmission and reflection coefficients for
the total system. The general and efficient implementation of
the method to perform such calculations are proposed by S.
P. Palto in J. of Experimental and Theoretical physics, vol.
92, No. 4, 2001, pp. 552-560, and used in the calculations
presented herein.

The simulation was performed for a virtual CNLC mate-
rial having the same elastic constants and low frequency
dielectric anisotropy as MLC-6806-000 liquid crystal mate-
ral ((k;, k,, k)=(13.2, 6.5, 18.3), (€,£,)=(35,10)). The
calculations were performed for partially coherent light of
the coherence length of 100 um with the middle wavelength
at 550 nm. The ordinary refractive index of the CNLC
material is n=1.495=1.5. The thickness of CNLC layer is
d=5 pm. The thickness of the thin crystal film (TCF) is 0.5
um. The optical anisotropy And of the CNLC is a variable
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parameter. Its desired value depends on the twist angle of the
CNLC director. The angular orientation of the front polarizer
is also a variable parameter having the desired value depen-
dent on the twist angle.

The SiO, layers were excluded from the simulation for
simplicity because they do not change the desired values of
the polarizer orientation or birefringence of the CNLC
material, and they do not significantly influence the optical
performance.

For all designs, the pretilt angle was fixed at 4° at two
boundaries despite the fact that the twist angle higher than
240 degrees requires higher pretilt angles to escape the
formation of domains. The fixed pretilt angle allows making
the comparison of the different designs. Separate simula-
tions made for 260° designs showed that the increase of the
pretilt angle does not lead to better optical performance,
which is not desirable for 260° STN in comparison with the
other designs having lower twist angles.

The natural pitch value of the CNLC material may be
varied to obtain different twist angles. In the simulations, the
inverse natural pitch values of 0.1, £0.11, £0.12, 0.13,
+0.14 um ™" are used for £180, +200, 220, +240, and £260°
STNs respectively (the CNLC layer thickness is 5 pm
(micrometer); the sign “+” means the right-handed twist, and
the sign “~” means the left-handed twist).

The O-type front polarizer is assumed to be close to an
ideal one (characterized by absorption coefficient (k,, k )=
(0, 0.03) um™*, refractive indices n_=n,=1.5 and thickness of
200 pm).

The optimization maps, which show the contrast ratio
versus the front polarizer axis orientation (¢) and the
extraordinary reflective index (n,,) of the CNLC material, are
shown in FIGS. 2-6.

FIGS. 2a and 24 are optimization maps for 180° STN of
reflective type with a single internal TCF front polarizer
(A=550 nm). FIG. 2a shows the dependence of the contrast
ratio at normal light incidence for the left-handed twist with
a front easy axis at +120° on the transmission axis angle (¢)
of the front polarizer and the extraordinary index of the
CNLC material (n,,). FIG. 2b shows the dependence of the
contrast ratio at normal light incidence for the right-handed
twist with a rear easy axis at +120° on the transmission axis
angle (¢) of the front polarizer and the extraordinary index
of the CNLC material (n,). In FIGS. 2a and 25, the closed
curves represent a constant level of contrast ratio in a plane
of parameters n// and ¢. The curves in FIGS. 2a and 25 are
shown with a variable increment of contrast ratio of about
0.9. As the contrast ratio increases, the appropriate area
decreases. For the maximum value of the contrast ratio, the
appropriate area degenerates into a point. The maximum
contrast ratio achievable using the TCF is about 7 (not
shown in FIGS. 2a and 26 because of large density of
curves). FIG. 2a shows that there are desired orientations of
the optical transmission axis of the front polarizer, fabricated
from optically anisotropic dichroic thin crystal film, and that
there are corresponding values of the product dAn, which
are: p=75+3° and And=0.64 pum for left-handed twist design.
FIG. 2b shows that there are desired orientations of the
optical transmission axis of the front polarizer, fabricated
from optically anisotropic dichroic thin crystal film, and that
there are corresponding values of the product dAn, which
are: ¢=-15+3° and And=0.64 pm for right-handed twist
design.

FIGS. 3a and 3 are optimization maps for 200° STN of
reflective type with a single internal TCF polarizer (A=550
nm). FIG. 3a shows the dependence of the contrast ratio at
normal light incidence for the left-handed twist with a front
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easy axis at +120° on the transmission axis angle (¢) of the
front polarizer and the extraordinary index of the liquid
crystal material (n,). FIG. 3b shows the dependence of the
contrast ratio at normal light incidence for the right-handed
twist with a rear easy axis at +120° on the transmission axis
angle (¢) of the front polarizer and the extraordinary index
of the liquid crystal material (n,). In FIGS. 3a and 35, the
closed curves represent a constant level of contrast ratio in
a plane of parameters n// and ¢. The curves in FIGS. 3a and
3b are shown with a variable increment of contrast ratio of
about 0.9. As the contrast ratio increases, the appropriate
area decreases. For the maximum value of the contrast ratio,
the appropriate area degenerates into a point. The maximum
contrast ratio achievable using the TCF is about 9 (not
shown in FIGS. 3a and 3b because of large density of
curves). FIG. 3a shows that there are desired orientations of
the optical transmission axis of the front polarizer, fabricated
from optically anisotropic dichroic thin crystal film, and that
there are corresponding values of the product dAn, which
are: $=65+3° and And=0.60 pum for left-handed twist design.
FIG. 3b shows that there are desired orientations of the
optical transmission axis of the front polarizer, fabricated
from optically anisotropic dichroic thin crystal film, and that
there are corresponding values of the product dAn, which
are: $p=-25+3° and And=0.60 pm for right-handed twist
design.

FIGS. 4a and 4b are optimization maps for 220° STN of
reflective type with a single internal TCF front polarizer
(A=550 nm). FIG. 4a shows the dependence of the contrast
ratio at normal light incidence for the left-handed twist with
a front easy axis at +120° on the transmission axis angle (¢)
of the polarizer and the extraordinary index of the liquid
crystal material (n,). FIG. 45 shows the dependence of the
contrast ratio at normal light incidence for the right-handed
twist with a rear easy axis at +120° on the transmission axis
angle (¢) of the front polarizer and the extraordinary index
of the liquid crystal material (n,,). In FIGS. 4a and 45. the
closed curves represent a constant level of contrast ratio in
a plane of parameters n// and ¢. The curves in FIGS. 44 and
4b are shown with a variable increment of contrast ratio of
about 0.9. As the contrast ratio increases, the appropriate
area decreases. For the maximum value of the contrast ratio,
the appropriate area degenerates into a point. The maximum
contrast ratio achievable using the TCF is about 9 (not
shown in FIGS. 4a and 4b because of large density of
curves). FIG. 4a shows that there are desired orientations of
the optical transmission axis of the front polarizer, fabricated
from optically anisotropic dichroic thin crystal film, and that
there are corresponding values of the product dAn, which
are: $=50+3° and And=0.59 pm for left-handed twist design.
FIG. 4b shows that there are desired orientations of the
optical transmission axis of the front polarizer, fabricated
from optically anisotropic dichroic thin crystal film, and that
there are corresponding values of the product dAn, which
are: $=-31x3° and And=0.591 pm for right-handed twist
design.

FIGS. 5a and 54 are optimization maps for 240° STN of
reflective type with a single internal TCF front polarizer
(A=550 nm). FIG. 5a shows the dependence of the contrast
ratio at normal light incidence for the left-handed twist with
a front easy axis at +120° on the transmission axis angle (¢)
of the front polarizer and the extraordinary index of the
liquid crystal material (n,). FIG. 5b shows the dependence
of the contrast ratio at normal light incidence for the
right-handed twist with a rear easy axis at +120° on the
transmission axis angle (¢) of the front polarizer and the
extraordinary index of the liquid crystal material (n,). In
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FIGS. 5a and 5b, the closed curves represent a constant level
of contrast ratio in a plane of parameters n// and ¢. The
curves in FIGS. 5¢ and 5b are shown with a variable
increment of contrast ratio of about 1.1. As the contrast ratio
increases, the appropriate area decreases. For the maximum
value of the contrast ratio, the appropriate area degenerates
into a point. The maximum contrast ratio achievable using
the TCF is about 9 (not shown in FIGS. 5a and 56 because
of large density of curves). FIG. 5a shows that there are
desired orientations of the optical transmission axis of the
front polarizer, fabricated from optically anisotropic dich-
roic thin crystal film, and that there are corresponding values
of the product dAn, which are: $=38+3° and And=0.65 pm
for left-handed twist design. FIG. 56 shows that there are
desired orientations of the optical transmission axis of the
front polarizer, fabricated from optically anisotropic dich-
roic thin crystal film, and that there are corresponding values
of the product And, which are: ¢=-38+3° and And=0.65 pm
for right-handed twist design.

FIGS. 6a and 64 are optimization maps for 260° STN of
reflective type with a single internal TCF front polarizer
(A=550 nm). FIG. 6a shows the dependence of the contrast
ratio at normal light incidence for the left-handed twist with
a front easy axis at +120° on the transmission axis angle (¢)
of the front polarizer and the extracrdinary index of the
liquid crystal material (n,). FIG. 65 shows the dependence
of the contrast ratio at normal light incidence for the
right-handed twist with a rear easy axis at +120° on the
transmission axis angle (¢) of the front polarizer and the
extraordinary index of the liquid crystal material (n,). In
FIGS. 6a and 6b, the closed curves represent a constant level
of contrast ratio in a plane of parameters n// and ¢. The
curves in FIGS. 6a and 64 are shown with a variable
increment of contrast ratio of about 0.3 to 0.4. As the
contrast ratio increases, the appropriate area decreases. For
the maximum value of the contrast ratio, the appropriate area
degenerates into a point. The maximum contrast ratio
achievable using the TCF is about 4 (not shown in FIGS. 6a
and 65 because of large density of curves). FIG. 6a shows
that there are desired orientations of the optical transmission
axis of the front polarizer, fabricated from optically aniso-
tropic dichroic thin crystal film, and that there are corre-
sponding values of the product And, which are: $=20+3° and
And=0.90 um for left-handed twist design. FIG. 65 shows
that there are desired orientations of the optical transmission
axis of the front polarizer, fabricated from optically aniso-
tropic dichroic thin crystal film, and that there are corre-
sponding values of the product And, which are: ¢=-40+3°
and And=0.90 um for right-handed twist design.

The ordinary reflective index of the CNLC is fixed at the
value of 1.5, but it does not limit the generality, because the
results should be associated with the optical retardation And
of the CNLC layer. From the map data, two possible modes
of design operation can be observed. One mode corresponds
to low optical anisotropy of the CNLC material. The second
mode is high birefringence mode. For its operation, it
requires either a high thickness of the CNLC layer or a
CNLC material with high birefringence (if the CNLC layer
thickness is about 5 um or less). The first mode is preferable
when a neutral color appearance is needed because the low
birefringence results in low spectral dispersion.

From the optimization maps, the optimal angles of the
front polarizer orientation and optimal optical retardation of
the CNLC layer can be derived for maximum performance.

FIG. 7a illustrates one embodiment of the invention in
which the CNLC has a twist angle of —-180 degree (left-
handed twist). The alignment direction of the director at the
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front CNLC surface indicated by line A—A'(the front easy
axis) is arranged to form an angle ¢,=120° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=—60° with respect to the
x-axis. Thus, the directors of the CNLC are rotated coun-
terclockwise (left-handed twist) about the z-axis to an angle
®=-180° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C-C' is arranged to form a desired angle ¢=75° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in FIG. 7a. The desired value of angle a
is —45°.

FIG. 75 illustrates one embodiment of the invention in
which the CNLC has a twist angle of 180 degree (right-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A-A' (the front easy
axis) is arranged to form an angle ¢,=-60° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=120° with respect to the x-axis.
Thus, the directors of the CNLC are rotated clockwise
(right-handed twist) about the z-axis to an angle ®=180°
from the front to the rear CNLC surface. The optical
transmission axis of the front polarizer indicated by line
C-C' is arranged to form a desired angle ¢=-15° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in FIG. 7b. The desired value of angle o
is 45°.

FIG. 8a illustrates one embodiment of the invention in
which the CNLC has a twist angle of =200 degree (left-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A-A' (the front easy
axis) is arranged to form an angle ¢,=120° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=—80° with respect to the
x-axis. Thus, the directors of the CNLC are rotated coun-
terclockwise (left-handed twist) about the z-axis to an angle
®=-200° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C-C' is arranged to form a desired angle ¢=65° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in FIG. 8a. The desired value of angle o
is -55°.

FIG. 85 illustrates one embodiment of the invention in
which the CNLC has a twist angle of 200 degree (right-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A-A' (the front easy
axis) is arranged to form an angle ¢,=80° with respect to the
x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=—120° with respect to the
x-axis. Thus, the directors of the CNLC are rotated clock-
wise (right-handed twist) about the z-axis to an angle
®=-200° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C—C' is arranged to form a desired angle ¢=-25° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in FIG. 8b. The desired value of angle o
is 55°.

FIG. 9a illustrates one embodiment of the invention in
which the CNLC has a twist angle of -220 degree (left-
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handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A—A' (the front easy
axis) is arranged to form an angle ¢,=120° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=—100° with respect to the
x-axis. Thus, the directors of the CNLC are rotated coun-
terclockwise (left-handed twist) about the z-axis to an angle
®=-220° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C-C' is arranged to form a desired angle ¢=50° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in F1G. 9a. The desired value of angle o.
is =70°.

FI1G. 95 illustrates one embodiment of the invention in
which the CNLC has a twist angle of 220 degree (right-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A-A' (the front easy
axis) is arranged to form an angle ¢,=—100° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=120° with respect to the x-axis.
Thus, the directors of the chiral nematic liquid crystal are
rotated clockwise (right-handed twist) about the z-axis to an
angle ®=220° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C—C' is arranged to form a desired angle ¢=-31° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis 1s also shown in F1G. 9b. The desired value of angle o
is 69°.

F1G. 104 illustrates one embodiment of the invention in
which the CNLC has a twist angle of -240 degree (left-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A—A' (the front easy
axis) is arranged to form an angle ¢,=120° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=—120° with respect to the
x-axis. Thus, the directors of the CNLC are rotated coun-
terclockwise (left-handed twist) about the z-axis to an angle
®=-240° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C-C' is arranged to form a desired angle ¢=38° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in F1G. 10a. The desired value of angle
o is -82°.

FI1G. 105 illustrates one embodiment of the invention in
which the CNLC has a twist angle of 240 degree (right-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A—A' (the front easy
axis) is arranged to form an angle ¢, =-120° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=120° with respect to the x-axis.
Thus, the directors of the CNLC are rotated clockwise
(right-handed twist) about the z-axis to an angle ®=240°
from the front to the rear CNLC surface. The optical
transmission axis of the front polarizer indicated by line
C—C'is arranged to form a desired angle $=38° with respect
to the x-axis. The angle o formed between the transmission
axis of the front polarizer and the front easy axis is also
shown in F1G. 105. The desired value of angle o is 82°.

FI1G. 11a illustrates one embodiment of the invention in
which the CNLC has a twist angle of -260 degree (left-
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handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A-A' (the front easy
axis) is arranged to form an angle ¢,=120° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=140° with respect to the x-axis.
Thus, the directors of the CNLC are rotated counterclock-
wise (left handed twist) about the z-axis to an angle
®=-260° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C-C' is arranged to form a desired angle $=20° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis is also shown in FIG. 11a. The desired value of angle
a is -100°.

F1G. 115 illustrates one embodiment of the invention in
which the CNLC has a twist angle of 260 degree (right-
handed twist). The alignment direction of the director at the
front CNLC surface indicated by line A-A' (the front easy
axis) is arranged to form an angle ¢,=-160° with respect to
the x-axis. The alignment direction of the director at the rear
CNLC surface indicated by line B-B' (the rear easy axis) is
arranged to form an angle ¢,=120° with respect to the x-axis.
Thus, the directors of the chiral nematic liquid crystal are
rotated clockwise (right-handed twist) about the z-axis to an
angle ®=260° from the front to the rear CNLC surface. The
optical transmission axis of the front polarizer indicated by
line C—C' is arranged to form a desired angle ¢=-40° with
respect to the x-axis. The angle o formed between the
transmission axis of the front polarizer and the front easy
axis 1s also shown in FIG. 114. The desired value of angle
a is 100°.

The desired values of the CNLC layer optical retardation
and the orientation of transmission axis of the front polarizer
with respect to the x-axis (¢) and with respect to the front
easy axis (a) for different left- and right-handed twist angles
of the CNLC director are presented in Table 1.

The desired orientation of the front polarizer may be more
conveniently defined by angle abetween the transmission
axis of the front polarizer and the front easy axis. As Table
1 shows, if the left-handed twist is shifted to the right-
handed twist, the desired orientation of the front polarizer
(angle o) simply changes the sign in front of the value.

TABLE 1

Transmission

axis of the

front polar- Optical Maximum
Twist  izer with Transmission axis of retardation  Contrast
angle respectto the front polarizer with (And) ratio
D, the x-axis respect to the front easy  of the CNLC  (Ron/
deg  axis ¢, deg. axis (rubbing) a, deg layer, um Rorr)
-180 75+3 75-120=-45 0.64 7
-200 65+3 65 - 120 = =55 0.6 9
-220 50+£3  50-120=-70 0.59 9
-240 38+3  38-120=-82 0.65 9
-260 203 20-120=-100 0.9 4
+180  -15+3  -15-(-60)=45 0.64 7
4200 -25+3 -25-(-80)=55 0.6 9
+220 -31+£3 =31 -(-100)=69 0.59 9
+240  -38+£3 -38 - (-120)=82 0.65 9
+260  -40+£3 -40 - (-140) = 100 0.9 4

From the results summarized in Table 1, the best perfor-
mance is achieved for twist angles in the range of 200-240
degrees, in which, the contrast ratio can be as high as 9 even
without using any antireflective coating. Such high perfor-
mance is contributed to the use of a single front polarizer,
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which results in a high reflection coeflicient in OFF state, as
shown in FIG. 12. 1n FI1G. 12, the dependences of a
reflection factor on applied voltage are shown for the STN
designs with different twist angles (curve 1 for 180° STN;
curve 2 for 200° STN; curve 3 for 220° STN; curve 4 for
240° STN; and curve 5 for 260° STN). The performance is
sharply decreased if the twist angle achieves the value of
260°. The contrast also decreases if the twist angle is less
than 200°. 1t is also important that the increase of the twist
angle results in narrowing the voltage range corresponding
1o the BLACK (ON) state, as shown in F1G. 12. Taking all
these into account, a twist angle in the range between 200
and 240° is desirable in design optimization.

The spectra of the reflection coeflicient for OFF and
ON-states and for different twist angles of the optimized
STN designs are shown in FIGS. 13-17.

FI1G. 13 is the spectra of the reflection coefficient for 180°
STN with a single front polarizer in OFF- (curve 1) and ON-
(curve 2) states. The twist angle is about —180°. The desired
angle o between the front easy axis of the CNLC director
and the transmission axis of the front polarizer is about 45°.
The OFF-state color is yellow.

F1G. 14 is the spectra of the reflection coefficient for 200°
STN with a single front polarizer in OFF- (curve 1) and ON-
(curve 2) states. The twist angle is about =200°. The desired
angle o between the front easy axis of the CNLC director
and the transmission axis of the front polarizer is about -55°.
The OFF-state color is bluish (close to white).

F1G. 15 is the spectra of the reflection coefficient for 220°
STN with a single front polarizer in OFF- (curve 1) and ON-
(curve 2) states. The twist angle is about =220°. The desired
angle o between the front easy axis of the CNLC director
and the transmission axis of the front polarizer is about -70°.
The OFF-state color is bluish.

F1G. 16 is the spectra of the reflection coefficient for 240°
STN with a single front polarizer in OFF- (curve 1) and ON-
(curve 2) states. The twist angle is about —-240°. The desired
angle o between the front easy axis of the CNLC director
and the transmission axis of the front polarizer is about -82°,
The OFF-state color is bluish (close to white).

FI1G. 17 is the spectra of the reflection coefficient for 260°
STN with a single front polarizer in OFF- (curve 1) and ON-
(curve 2) states. The twist angle is about —260°. The desired
angle o between the front easy axis of the CNLC director
and the transmission axis of the front polarizer is about
-100°. The OFF-state color is vellow.

The above data show that the desirable performance is
obtained in the cases of the twist angles ranging from 200°
to 240°. For these twist angles, the appearance of the display
in bright (OFF) state is slightly bluish but is still very close
1o “white” color if standard D65 light source is used. 1f the
CNLC director twist angle is less than 200° or higher than
240°, the color of the “bright” state becomes yellow. Also
the overall performance characterized by luminance ratio
(weighted contrast ratio with account for human eye sensi-
tivity) in OFF and ON-states decreases in the latter case.
Thus, for single front polarizer designs, the desirable twist
angle is in the range from approximately 200° to 240°.

The above data or results represent the basis for obtaining
empirical (analytical) relations between the parameters of
the display. For this purpose, obtained data were approxi-
mated by polynomials of the second degree (power) for the
dependence of a angle on twist angle (P) and polynomials
of third of degree (power) for the dependence of optical
retardation of CNLC layer on the twist angle (®). Resulting
from the optimization using the described method, the
desired values of coefficients of evocative polynomials, and
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also empirical (analytical) dependences have been obtained.
For the value of twist angle ® in the range of approximately
from 180° to 260°, the values of angle o and retardation And
are defined by the following formulas:

a(d)=sign(P)-(47.0-0.4936P1+2.6786-107>P?)=3,
deg, and

And(®)=-11.674+0.1915.1-1D1-9.8393-10~* d%+
1.6667-10751DP+0.05, um.

F1G. 18 illustrates the derived (obtained) dependence of
the angle between the transmission axis of the front polarizer
and the front easy axis on the twist angle ®. F1G. 19
illustrates the dependence of the optical retardation of the
CNLC layer on the twist angle @. The data from Table 1 are
also marked on in FIGS. 17-18. The curve has small
deviations from the data within the limit of errors of the
theoretical calculations.

As the data presented herein indicate, there is a set of
values of angle o at which the optical transmission axis of
the front polarizer are desirably oriented. This angle prac-
tically does not depend on the type of CNLC materials, and
in particular on the optical anisotropy An, since the neces-
sary desire value of the product And can be obtained with the
corresponding correction of the CNLC layer thickness (d).
Thus, the present invention is not in any way limited to a
specific material such as MLC-6806-000. The principal
optical characteristics are defined by the optical retardation
of a CNLC layer. The theoretical calculations are provided
in terms of this optical retardation. The obtained theoretic
results are applicable for any CNLC. The type of CNLC will
influence ON/OFF-state voltage that is specified indepen-
dently by the CNLC manufacturer (for instance Merck
always specifies U10, U90).

Numerical investigations have also shown that the thick-
ness of the polarizing layer does not affect the above
desirable values of angle a. At the same time, the contrast
ratio changes periodically due to the interference effects
with the increase of TCF polarizer thickness. The desirable
front polarizer thickness depends on the refractive indices of
the particular TCF material. 1ts typical value is in the range
of approximately 0.4-0.6 pm. The desirable performance
(contrast ratio and brightness) is defined by the properties of
the TCF material. The material allows creation of the
polarizers with a high performance close to the performance
of the standard polarizers. The brightness of the design is
characterized by absolute reflection coeflicient higher than
40% and a contrast ratio close to 10.

An anisotropic thin crystal film (TCF) described in U.S.
Pat. Nos. 5,739,296 and 6,049,428 and in the following
publications: P. Lazarey, et al., “X-ray Diffraction by Large
Area Organic Crystalline Nano-films” Molecular Materials,
14(4), 303-311 (2001), and Bobrov, Y. “Spectral properties
of Thin Crystal Film Polarizers” Molecular Materials,
14(3), 191-203 (2001) may be used as the front polarizer.
The characteristics of the optically anisotropic dichroic thin
crystal film are small thickness, low temperature sensitivity,
high anisotropy of refraction indexes, anisotropy of absorp-
tion coeflicients, large value of dichroic ratio and simplicity
of fabrication. The properties of the material utilized and the
fabrication method of the crystalline film affect the molecu-
lar-crystalline structure of the thin crystal film. The TCF is
formed via crystallization of liquid-crystalline phase of at
least one organic material that forms lyotropic or (thermo-
tropic) liquid crystal phase. The lyotropic or (thermotropic)
liquid crystal phase is typically formed via deposition of the
liquid crystal onto a substrate with the use of the alignment
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influence and subsequent drying. The organic material in the
anisotropic thin crystal film is typically comprised of at least
one organic compound. The chemical formula of the organic
compound contains at least one ionogenic group which
provides its solubility in polar solvents, and/or at least one
non-ionogenic group which provides its solubility in non-
polar solvents, and/or at least one anti-ion, which may or
may not remain in the molecule structure after the prepara-
tion of the material.

An optically anisotropic dichroic thin crystal film com-
prises a multitude of supramolecular complexes (Jean-Marie
Lehn, <<Supramolecular Chemistry. Concepts and Perspec-
tives>>,—Weinheim; New York; Basel; Cambridge; Tokyo:
VCH Verlagsgesellschaft mbH, 1995) of one or several
organic materials. Moreover, the supramolecular complexes
are aligned in a particular manner in order to provide
polarization of the passing light.

The initial choice of the material to form an optically
anisotropic dichroic thin crystal film is determined by the
presence in the system of -conjugate bonds in the aromatic
conjugate cycles and the presence of groups such as amine,
phenol, ketone, etc. which lay in the plane of molecules and
constitute a part of the aromatic bond system. The molecules
themselves or their fragments have a flat structure. For
example, organic materials can be indanthrone (Vat Blue 4),
or dibenzoimidazole 1,4,5,8-perelenetetracarboxilic acid
(Vat Red 14), or dibenzoimidazole 4,9,10-perelenetetracar-
boxilic acid, or quinacridone (Pigment Violet 19) and others,
the derivatives or mixtures of which form a stable lyotropic
liquid crystal phase.

When such organic compound is dissolved in a suitable
solvent, it forms a colloid system or lyotropic liquid crystal
(LLC), wherein molecules are joined into supramolecular
complexes which represent kinetic units of the system
(described in more detail in WO 01/63346). The liquid
crystal phase represents the preordered state of the system,
from which a solid optically anisotropic dichroic thin crystal
film is provided through the process of alignment of the
supramolecules and subsequent removal of the solvent.

In a nematic liquid crystal display according to one
embodiment of the present invention, the layer of optically
anisotropic dichroic thin crystal film is processed by metal
ions of two- and/or three-valence for the transfer of this
material into an insoluble phase. In an alternative embodi-
ment of the disclosed invention, molecules of at least one
aromatic organic compound may contain heterocycles. In
another embodiment, the layer of optically anisotropic dich-
roic thin crystal film is generated from a lyotropic liquid
crystal on a basis of at least one dichroic dye.

In the obtained optically anisotropic dichroic thin crystal
film, planes of molecules are substantially parallel to each
other and the molecules form three-dimensional crystals in
at least a part of the thin crystal film. By optimizing the
fabrication procedure, a mono-crystalline optically anisotro-
pic thin crystal film may be obtained. The optical axis in the
thin crystal film is substantially perpendicular to the planes
of molecules. Such thin crystal films possess high degree of
anisotropy, and for at least one direction, high refraction
index and/or absorption coefficient.

The optical anisotropy of the mentioned optically aniso-
tropic dichroic thin crystal film is described by ellipsoids of
the imaginary and real parts of the complex refraction index,
characterizing angular dependence of the absorption coef-
ficient and refraction index, respectively (the imaginary and
real parts of the complex anisotropic refraction index). For
the components of the imaginary (K;) and real (n,) parts of
the complex refraction index of the optically anisotropic thin
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crystal films according to the invention, the following rela-
tionships are desirably simultaneously met:

K, 2K,>K;, and
(ny+1,)/25m3,

where K, K,, K; and n,, n,, ny correspond to the main
values of the imaginary and real parts of the anisotropic
complex refraction index of the thin crystal film material
respectively.

Components of the real and imaginary parts of the aniso-
tropic complex refraction index, as well as the direction of
the axes of the ellipsoid, may be experimentally determined
via existing ellipsometric or spectrophotometric methods.

The desired anisotropy of the absorption coeflicients (K,
K,, K;) and refraction indexes (n;, 1n,, n,), as well as the
orientation of the principal axes, i.e. optical properties of the
optically anisotropic dichroic thin crystal film in the multi-
layer structure, may be provided by a certain angular dis-
tribution of molecules in the polarizing film on the surface
of the substrate.

It is also possible to mix colloid systems (in this case
combined supramolecules will be formed in a solution) to
obtain thin crystal films with intermediate optical properties.
Absorption and refraction of the optically anisotropic dich-
roic thin crystal films obtained from mixtures of colloid
systems may assume various values within the limits deter-
mined by the original components. Mixing various colloid
systems to obtain combined supramolecules is possible due
to coincidence of one of the dimensions of molecules
(intermolecular spacing) of various organic compounds
(3.420.3 A).

The thickness of the optically anisotropic dichroic thin
crystal film is controlled through the solid matter content in
the solution. The process variable in fabrication of these
optically anisotropic dichroic thin crystal films is the con-
centration of the solution, which can be conveniently con-
trolled during fabrication.

The degree of crystallinity of the thin crystal film may be
controlled through crystallography and/or optical methods.

Surfaces, which are coated with thin crystal films, may
undergo additional processing to provide uniform wettabil-
ity of the surface (to provide hydrophilicity to the surface).
This processing may be mechanical processing, annealing,
and/or mechano-chemical processing. Prior to application of
the thin crystal film, aligned anisotropic structures may be
formed on the surface of substrate via mechanical process-
ing of the substrate surface to promote a higher degree of
orderliness of molecules in the thin crystal film.

FIG. 20 presents one embodiment of the normally white,
supertwist nematic liquid crystal display of reflective type
with a single front polarizer according to the disclosed
invention, which is lighted by a light source (1). The display
comprises a front glass plate 2, a front optically transparent
electrode 3, a front optically transparent protective layer 4,
a front polarizer 5, a front alignment layer 6, a layer of
CNLC 7, a rear alignment layer 8, a rear optically transpar-
ent protective layer 9, rear optically transparent electrode 10,
a rear glass plate 11, a reflector 12, and an insulation spacer
20. Optically transparent electrodes 3 and 10 may be made
of ITO. Protective layers 4 and 9 may be made, for example,
out of silicon dioxide. Alignment layers 6 and 8 may be
made out of polyimide, for example, polyimide SE3210
from Nissan. The reflector 12 may be fabricated via vacuum
evaporation of metal, for example, aluminum. The external
surface of the front glass plate 2 may be coated with an
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external polarizer and/or anti-reflecting layer and/or a dif-
fuse scattering layer. The normally white, supertwist nem-
atic liquid crystal display of reflective type according to the
present invention may additionally contain layers of internal
anti-reflecting filters. The front polarizer and CNLC layers
are chosen as described herein.

F1G. 21 presents another embodiment of the normally
white, supertwist nematic liquid crystal display of reflective
type with a single polarizer according to the disclosed
invention, which is lighted by a light source (1). The display
comprises a front glass plate 2, a front optically transparent
electrode 3, a front optically transparent protective layer 4,
a front polarizer 5, a front alignment layer 6, and a layer of
CNLC 7, a rear alignment layer 8, a rear optically transpar-
ent protective layer 9, an optically non-transparent rear
electrode 21 that also serves as a reflector with reflection
coeflicient no less than 95%, a rear glass plate 11, and an
insulation spacer 20. The front optically transparent elec-
trode 3 may be made of 1TO. A layer of metal may represent
the rear electrode 21, i.e., this electrode may perform func-
tions of both an electrode and a reflector. The reflecting laver
21 may be fabricated via vacuum evaporation of a metal, for
example, aluminum. Protective layers 4 and 9 may be made,
for example, out of silicon dioxide. Alignment layers 6 and
8 may be made out of polyimide, for example, polyimide
SE3210 from Nissan.

The external surface of the front glass plate 2 may be
coated with the external polarizer and/or anti-reflecting layer
and/or a diffuse scattering layer. The normally white,
supertwist nematic liquid crystal display of reflective type
according to the present invention can additionally contain
layers of internal anti-reflecting filters.

In the embodiment illustrated in F1G. 20, the normally
white, supertwist liquid crystal display has the following
layer parameters: glass plate with thickness 0.7 mm (refrac-
tion index n=1.5); layer of 1TO with thickness 0.03 um
(refraction index n=1.85); layer of optically transparent
silicon dioxide with thickness 75 nm (refraction index
n=1.57); layer of front polarizer, fabricated out of optically
anisotropic dichroic thin crystal film, the angle of optical
transmission axis of which is 35° with respect to the x-axis,
and which is d=0.521 pm thick; layer of polyimide SE3210
Nissan with thickness 60 nm (refraction index n=1.68); layer
of CNLC characterized by And=0.7 pm and left-handed
twist of the director with the twist angle of 240°, from +120°
(at the front surface) to —120° (at the rear surface); layer of
polyimide SE3210 Nissan with thickness 60 nm (refraction
index n=1.68); layer of optically transparent silicon dioxide
with thickness 75 nm (refraction index n=1.57); layer of 1TO
with thickness of 0.03 um (refraction index n=1.85); glass
plate with thickness of 0.7 mm (refraction index n=1.5); and
mirror 95%.

The normally white supertwist liquid crystal display of
the present invention improves the light transmission, sim-
plifies the display design by eliminating of the retarder layer
and utilizing of a single front polarizer, enhances the contrast
ratio and multiplexing ability, increases the viewing angle,
maximizes the achromaticity of the display, and reduces the
display thickness and manufacturing costs.

As described above, a normally white supertwist liquid
crystal display has been described. The foregoing descrip-
tions of specific embodiments of the invention have been
presented for the purpose of illustration and description.
They are not intended to be exhaustive or to limit the
invention to the precise forms disclosed, and obviously
many modifications, embodiments, and variations are pos-
sible in light of the above teaching. 1t is intended that the
scope of the invention be defined by the claims appended
hereto and their equivalents.

[
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The invention claimed is:

1. A normally white supertwist nematic liquid crystal

display comprising:

a reflector,

a layer of chiral nematic liquid crystal having a front
aligning surface facing a light source and a rear align-
ing surface facing the reflector, said nematic liquid
crystal having an optical retardation (And) of the layer
and a distribution of directors, wherein said chiral
nematic liquid crystal has a twist angle (@) between an
alignment direction of a director at the front aligning
surface and an alignment direction of a director at the
rear aligning surface; and

a front polarizer disposed between the layer of the chiral
nematic liquid crystal and the light source, said front
polarizer has a transmission axis forming an angle (o)
with the alignment direction of the director at the front
aligning surface of the chiral nematic liquid crystal
layer;

wherein the optical retardation (And) and the angle (o) are
defined by the following formulas:

a{®)=sign(®)-(47.0-0.4936 |OH2.6786x10~>-@?)«5,
deg, and

And(®)=-11.674+0.19151P1-9.8393x 107D+
1.6667x107%I®F£0.05, um; and

wherein the front polarizer is made out of an optically
anisotropic dichroic thin crystal film material which
comprises aromatic rings and has an intermolecular
spacing of 3.4x0.3 A in the direction of one of optical
axes.

2. The liquid crystal display according to claim 1, wherein
the twist angle (@) is in the range of approximately 180 to
260 degree.

3. The liquid crystal display according to claim 1, wherein
the chiral nematic liquid crystal is further characterized by
a helix natural pitch (P) having a value of approximately
360° d/@, wherein (d) is a thickness of the liquid crystal
layer.

4. The liquid crystal display according to claim 1, wherein
the chiral nematic liquid crystal director at the front surface
coincides with a pretilt angle.

5. The liquid crystal display according to claim 1, wherein
the front polarizer has a thickness that is sufficient to provide
an interference extremum and a maximum contrast ratio in
a spectral range corresponding to the maximum sensitivity
of a human eye.

6. The liquid crystal display according to claim 1, wherein
the optically anisotropic dichroic thin crystal film comprises
metal ions of two- and/or three-valence.

7. The liquid crystal display according to claim 1, wherein
the thin crystal film material comprises heterocycles.

8. The liquid crystal display according to claim 1, wherein
the optically anisotropic dichroic thin crystal film is made of
lyotropic liquid crystal based on at least one dichroic dye.

9. The liquid crystal display according to claim 1, wherein
the optically anisotropic dichroic thin crystal film material is
characterized by imaginary (K,, K,, K;) and real (n,.n,,n,)
components of complex refraction index, said components
satisfy the following relationships:

K, 2K,>K,, and

(ny+1)/ 250,
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