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(7) ABSTRACT

The present invention provides an LCD device that has a
higher contrast ratio in a wide viewing angle and that can be
easily produced at low cost. The present invention is a liquid
crystal display device, including in the following order:
a first polarizer;
a first birefringent layer;
a first quarter-wave plate;
a liquid crystal cell;
a second quarter-wave plate;
a second birefringent layer; and
a second polarizer having an absorption axis orthogonal to
an absorption axis of the first polarizer,
wherein the first birefringent layer satisfies Nz>0.9 and has
an in-plane slow axis orthogonal to the absorption axis
of the first polarizer:
the first quarter-wave plate has an in-plane slow axis form-
ing an angle of about 45° with the absorption axis of the
first polarizer;
the liquid crystal cell displays a black screen by aligning
liquid crystal molecules in the liquid crystal cell verti-
cally to a substrate surface;
the second quarter-wave plate has an in-plane slow axis
orthogonal to the in-plane slow axis of the first quarter-
wave plate; and
the second birefringent layer satisfies Nz<0.1 and has an
in-plane slow axis parallel to the absorption axis of the
second polarizer.
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Fig. 10
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Fig. 12
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LIQUID CRYSTAL DISPLAY DEVICE
HAVING FIRST AND SECOND
BIREFRINGENT LAYERS AND FIRST AND
SECOND QUARTER-WAVE PLATES

This application is the U.S. national phase of International
Application No. PCT/IP2008/071698 filed 28 Nov. 2008,
which designated the U.S. and claims priority to JP Applica-
tion No. 2008-099526 filed 7 Apr. 2008, the entire contents of
each of which are hereby incorporated by reference.

TECHNICAL FIELD

The present invention relates to liquid crystal display
(LCD) devices, and more particularly relates to circularly-
polarizing plate-including VA (vertical alignment) LCD
devices.

BACKGROUND ART

LCD devices are widely used as display devices for various
data-processing devices such as computers and televisions. In
particular, TFT LCD devices (hereinafter, also referred to as
“TFT-LCD”) become popular, and expansion of the TFT-
LCD market is expected. Such a situation creates a demand
for much improved image quality.

Although the present description employs the TFT-LCD as
an example, the present invention may be applicable to gen-
eral LCDs such as passive matrix LCDs and plasma address
LCDs, in addition to the TFT-LCDs.

The most widely used mode in the TFT-LLCDs currently is
a mode in which a liquid crystal having positive dielectric
anisotropy is horizontally aligned between parallel sub-
strates, namely, the TN mode. In a TN LCD device, the
alignment direction of LC molecules adjacent to one sub-
strate is twisted by 90° to that of LC molecules adjacent to the
other substrate. Such TN LCD devices are now produced at
low costand have been industrially mature, while they are less
likely to achieve a higher contrast ratio.

In addition, there are known LCD devices having another
mode in which a liquid crystal having negative dielectric
anisotropy is aligned vertically to parallel substrates, namely
the VA LCD devices. In the VA LCD devices, LC molecules
are aligned almost vertically to the surfaces of the substrates
when no voltage is applied. Here, the liquid crystal (LC) cell
hardly shows birefringence and optical rotation, and light
passes through the LC cell while hardly changing in its polar-
ization state. Thus, in the case of the arrangement such that
the LC cellis interposed between two polarizers (linear polar-
izers) absorption axes of which are orthogonal to each other
(also referred to as cross-Nicol polarizers), it is possible to
display an almost perfectly black screen when no voltage is
applied. When a voltage is applied, the LC molecules are
made to be almost parallel to the substrates, and the LC cell
shows large birefringence, and the LCD device displays a
white screen. Thus, such a VA LCD device easily achieves a
very high contrast ratio.

The VA LCD devices show asymmetric viewing angle
characteristics when LC molecules are all aligned in the same
direction in the presence of an applied voltage. In view of this,
for example, MVA (multi-domain VA) LCD devices, which
are one kind of the VA LCD devices, are now being widely
used. According to the MVA LCD devices, the LC molecules
are aligned in multiple directions by a structurally-modified
pixel electrode or an alignment control member such as a
protrusion formed in a pixel. The MVA LCD devices are
ordinarily so designed that an axial azimuth of a polarizer
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makes an angle 0f45° with respect to an alignment azimuth of
LC molecules in the presence of an applied voltage in order to
maximize the transmittance in white display state. This is
because the transmittance of a light beam passing through a
birefringent medium interposed between the cross-Nicole
polarizers is proportional to sin” (2ct) where o (unit:rad) is an
angle made by the axis of the polarizer and a slow axis of the
birefringent medium. In typical MVA LCD devices, the LC
molecules can be aligned separately in four domains, or at
azimuths of 45°, 135°, 225°, and 315°. Also in the four-
domain VA LCD devices, LC molecules are often aligned in
Schlieren texture or in undesired directions near at a domain
boundary or near the alignment control member. This is one
factor causing loss of transmittance.

Inview of these circumstances, circularly-polarizing plate-
including VA LCD devices are provided as disclosed in Patent
Documents 1 to 3, for example. According to the LCD
devices, the transmittance of a light beam passing through a
birefringent medium interposed between a right-circularly-
polarizing plate and a left-circularly-polarizing plate
orthogonal to each other is independent on an angle made by
the axis of the polarizer and the slow axis of the birefringent
medium. Therefore, a desired transmittance can be secured as
long as the tilt angle of the LC molecules can be controlled,
even if the alignment azimuth is not 45°, 135°, 225°, and
315°. Accordingly, a conical protrusion may be disposed at
the center of a pixel, thereby aligning the LC molecules at
every azimuth, or alternatively the LC molecules may be
tilted at random azimuths without any control of the align-
ment azimuth, for example. In the present description, the VA
LCD devices including circularly-polarizing plates are
referred to as CPVA LCD devices or CP LCD devices. In
addition, VA LCD devices including linearly-polarizing
plates are referred to as LPVA LCD devices or LP LCD
devices. As is well known, the circularly-polarizing plate is
typically composed of a combination with a linearly-polariz-
ing plate and a quarter-wave plate.

Common CPVA LCD devices have a low contrast ratio as
viewed in oblique directions and can not show sufficient
viewing angle characteristics. In this point, the CPVA LCD
devices have room for improvement. In view of this, tech-
nologies involving use of retardation films for improving the
viewing angle characteristics have been proposed. For
example, Patent Documents 1, 2, and 3 disclose the following
methods (A), (B), and (C), respectively.

(A) Use of two quarter-wave plates satisfying nx>ny>nz
(B) Combination use of a quarter-wave plate satisfying
nx>nz>ny and a retardation film (so-called negative C plate)
satisfying nx=ny>nz

(C)Use of one or two half-wave plates satisfying nx>nz>ny in
addition to the configuration in (B)

[Patent Document 1]

Japanese Kokai Publication No. 2002-40428

[Patent Document 2]

Japanese Kokai Publication No. 2003-207782

[Patent Document 3]

Japanese Kokai Publication No. 2003-186017

DISCLOSURE OF THE INVENTION

As a result of the inventors’ studies, it was found that the
methods (A) and (B) still have room for improvement in
viewing angle characteristics. In addition, the methods (B)
and (C) involve use of biaxial retardation films of nx>nz>ny
(0<Nz<1), which are expensive and hard to produce. In this
point, there is still room for improvement in the methods (B)
and (C).
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The present invention is devised considering the aforemen-
tioned situations. An object of the present invention is to
provide an LCD device that has a higher contrast ratio in a
wide viewing angle and that can be easily produced at low
cost.

The inventors made various investigations on LCD devices
that have a higher contrast ratio in a wide viewing angle and
that can be easily produced at low cost, and then noted retar-
dation conditions of birefringent layers disposed between a
pair of polarizers (first and second polarizers) disposed in
cross-Nicol. Then, the inventors found that the orthogonality
between the first and second polarizers in oblique directions
can be maintained while the orthogonality therebetween in
the front direction is maintained when a first birefringent
layer satisfying Nz>0.9, preferably Nzz1.0 (satisfying
nx>ny=nz) and a second birefringent layer satisfying
Nz<0.1, preferably Nz=0.0 (satisfying nx<ny=nz) are prop-
erly disposed between the first and second polarizers. The
inventors also found that unlike the biaxial retardation film
satisfying nx>nz>ny (0<Nz<1), materials with appropriate
intrinsic birefringence are used to produce the first and sec-
ond birefringent layers easily. Thus, the present inventors
have found the solution of the aforementioned problems and
arrived at the present invention.

The present invention relates to a liquid crystal display
device, including 1n the following order:

a first polarizer;

a first birefringent layer;

a first quarter-wave plate;

aliquid crystal cell,

a second quarter-wave plate;

a second birefringent layer; and

a second polarizer having an absorption axis orthogonal to
an absorption axis of the first polarizer,

wherein the first birefringent layer satisfies Nz>0.9 and has
an in-plane slow axis orthogonal to the absorption axis of the
first polarizer;

the first quarter-wave plate has an in-plane slow axis form-
ing an angle of about 45° with the absorption axis of the first
polarizer;

the liquid crystal cell displays a black screen by aligning
liquid crystal molecules in the liquid crystal cell vertically to
a substrate surface;

the second quarter-wave plate has an in-plane slow axis
orthogonal to the in-plane slow axis of the first quarter-wave
plate; and

the second birefringent layer satisfies Nz<0.1 and has an
in-plane slow axis parallel to the absorption axis of the second
polarizer.

The following will describe the present invention in detail.

The LCD device of the present invention includes, in the
following order, a first polarizer, a first birefringent layer, a
first quarter-wave plate, an LC cell, a second quarter-wave
plate, a second birefringent layer, and a second polarizer
having an absorption axis orthogonal to that of the first polar-
izer. The term “polarizer” herein represents an element which
converts natural light into linearly polarized light and is syn-
onymous with polarizing plate or polarizing film. Typically, a
PVA (polyvinyl alcohol) film with a dichroic anisotropic
material such as an iodine complex adsorbed and aligned
thereon may be employed as the polarizer. Usually, a protec-
tive film such as a triacetyl cellulose (TAC) film is laminated
on the respective sides of the PVA film to secure mechanical
strength, moisture resistance, heat resistance, and the like,
and the resulting laminated film is practically used. Unless
otherwise specified, the term “polarizer” herein means the
element with the polarization function alone, not including
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the protective films. The first and second polarizers are so
designed that one constitutes a polarizer (a back-side polar-
izer) and the other constitutes an analyzer (a viewing-side
polarizer). The LCD device of the present invention may
include, in the following order, the first polarizer, the first
birefringent layer, the first quarter-wave plate, the LC cell, the
second quarter-wave plate, the second birefringent layer, and
the second polarizer having the absorption axis orthogonal to
the absorption axis of the first polarizer when the substrate
surface of the L.C cell is viewed in plane. It is preferable that
the absorption axis of the first polarizer forms an angle of 90°
with the absorption axis of the second polarizer when the
substrate surface of the LC cell is viewed in plane in order that
the LCD device can display a substantially complete black
screen to provide a high contrast ratio in the front direction.
However, the angle may slightly deviate from 90° as long as
the viewing angle is compensated without reduction in the
contrast ratio in the front direction. Specifically, the advanta-
geous effects of the present invention can be sufficiently
exhibited when the absorption axis of the first polarizer and
the absorption axis of the second polarizer form an angle
within 90°£1° (89° to 91°) as the substrate surface of the LC
cell is viewed in plane. In the LCD device of the present
invention, the respective components (the first polarizer, the
first birefringent layer, the first quarter-wave plate, the LC
cell, the second quarter-wave plate, the second birefringent
layer, the second polarizer, and the like) may be just stacked
one above another, but preferably fixedly stacked one above
another to prevent misalignment of the optic axes thereof. The
stacking method is not especially limited, and appropriate
methods such as use of adhesive, cohesive and the like with
excellent in transparency can be employed. The kind of the
adhesive, cohesive and the like is not especially limited, but
materials showing substantially no optical anisotropy are
preferable. The adhesive, cohesive, and the like preferably
canbe cured or dried without high-temperature processes and
also preferably cured or dried in a short-period of time so as
not to change optical characteristics of the circularly-polar-
izing plates.

The LC cell generally includes a pair of substrates and an
LC layer therebetween. The LC cell of the present invention
is in a VA (vertical alignment) mode where a black screen is
displayed by aligning L.C molecules in the L.C cell vertically
to the substrate surface. The VA mode includes MVA (multi-
domain VA) mode, CPA (continuous pinwheel alignment)
mode, PVA (patterned VA) mode, EVA (biased vertical align-
ment), and Reverse TN mode, and the like. Thus, the LC cell
of the present invention may not be one capable of aligning
the LC molecules just vertically to the substrate surface, and
may be one capable of substantially vertically aligning the LC
molecules thereto or providing the LC molecules with a
pretilt angle. The LC cell may be one capable of aligning the
LC molecules vertically to the substrate surface in the
absence of an applied voltage.

The LCD device of the present invention includes the first
birefringent layer, the first quarter-wave plate, the second
quarter-wave plate, and the second birefringent layer between
the first and second polarizers. The term “birefringent layer”
herein represents a layer having optical anisotropy, and is
synonymous with retardation film, retardation plate, optically
anisotropic layer, birefringent medium, and the like. The term
“quarter-wave plate” herein represents an optically-anisotro-
pic layer giving a retardation of about ¥4 wavelength (exactly
137.5 nm, but larger than 115 nm and smaller than 160 nm) at
least to a light beam at 550 nm wavelength, and is synony-
mous with A/4 retardation film or A/4 retardation plate.
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The LCD device of the present invention displays a black
screen in the following mechanism. A light beam that has
entered the first polarizer from the normal direction (front
direction) is converted into a linearly-polarized light beam by
the first polarizer and passes through the first birefringent
layer, maintaining its polarization state. Then when passing
through the first quarter-wave plate, the linearly-polarized
light beam is converted into a circularly-polarized light beam
and passes through the LC cell, maintaining its polarization
state. Then, when passing through the second quarter-wave
plate, the circularly-polarized light beam is converted again
into a linearly-polarized light beam and passes through the
second birefringent layer, maintaining its polarization state,
and finally, the linearly-polarized light beam is blocked by the
second polarizer. Thus, the first and second birefringent lay-
ers are not meant to give a retardation to an incident light
beam from the normal direction.

In oblique directions, the angle made by the absorption
axes of the first and second polarizers is apparently different
from that in the front direction. This apparent difference in the
angle is compensated by retardations of the first and second
birefringent layers. Specifically, the first and second birefrin-
gent layers are meant to give a retardation only to alight beam
incident from oblique directions, thereby compensating the
viewing angle characteristics.

As mentioned above, the first and second birefringent lay-
ers of the present invention allow that the orthogonality
between the first and second polarizers in oblique directions
can be provided while that in the front direction is maintained.
As aresult, the LCD device with an improved contrast ratio in
the oblique directions and excellent viewing angle character-
istics can be provided.

The LCD device of the present invention is not especially
limited as log as it includes the first polarizer, the first bire-
fringent layer, the first quarter-wave plate, the LC cell, the
second quarter-wave plate, the second birefringent layer, and
the second polarizer as components, and may or may not
include other components.

The above-mentioned display principle in the present
invention can be achieved when the respective components of
the present invention are as follows.

The first birefringent layer satisfies Nz>0.9 and has an
in-plane slow axis orthogonal to the absorption axis of the
first polarizer. The term “Nz coefficient” is defined as Nz=
(nx-nz)/(nx—ny), where the principal refractive index of a
birefringent layer (including an LC cell or a quarter-wave
plate) in the in-plane direction is nx and ny (nx>ny) and the
principal refractive index thereof'in the out-of-plane direction
(in the thickness direction) is nz. The wavelength for the
measurements of the principal refractive index, the retarda-
tion, and the like optical characteristics herein is 550 nm
unless otherwise mentioned.

Even in the case of birefringent layers each having the
same Nz coefficient, difference in the average refractive indi-
ces (nx+ny+nz)/3 of the birefringent layers causes difference
in effective retardations of the birefringent layers to incident
light from oblique directions due to refractive angles. Thus,
the design principle becomes complicated. In order to avoid
this problem, the average refractive index of each birefringent
layer is herein standardized to 1.5 for Nz coefficient calcula-
tion, unless otherwise mentioned. For the birefringent layer
having an actual average refractive index of not 1.5, the value
is converted assuming that the average refractive index is 1.5.
The below-mentioned retardation Rxz is also standardized in
the same manner.

When the first birefringent layer has an Nz coefficient of
smaller than 1.0, it satisfies nx>nz>ny to possibly become
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hard to produce. In contrast to this, generally, birefringent
layers satisfying 1.0=Nz can be easily produced by common
methods (for example, by uniaxial transverse stretching or
biaxial transverse and longitudinal stretching). However, in
production of birefringent layers satisfying 1 .0=Nz, birefrin-
gent layers of Nz=about 0.9 happen to be prepared. Thus the
first birefringent layer satisfying Nz>0.9 can be easily pre-
pared. It is more preferable that the first birefringent layer
satisfies 1.1=Nz=4.0. The first birefringent layer satisfying
1.1=Nz=4.01s easier to produce because it can be produced
by a common uniaxial transverse stretching or biaxial trans-
verse and longitudinal stretching and typically by using mate-
rials with positive intrinsic birefringence. In view of this, the
first birefringent layer preferably includes a material with
positive intrinsic birefringence. When a material with posi-
tive intrinsic birefringence is used to prepare the first birefrin-
gent layer satisfying 1.1=Nz=4.0 by the above-mentioned
stretching, the in-plane slow axis can be made to be at 90°
with respect to (orthogonal to) the longitudinal direction of a
roll-liked retardation film, and so roll-to-roll processing can
be employed for attachment of the first birefringent layer to
the first polarizer. Also in this point, it is preferable that the
material with positive intrinsic birefringence is used to pro-
duce the first birefringent layer satisfying 1.1=Nz=4.0.
Polarizing films that are PVA films with a dichroic anisotropic
material such as an iodine complex adsorbed and aligned
thereon are a typically roll-liked polarizer having an absorp-
tion axis in parallel to its longitudinal direction, and they can
be attached to the first birefringent layer so that the in-plane
slow axis of the first birefringent layer makes an angle of 90°
with respect to (orthogonal to) the absorption axis of the first
polarizer by roll-to-roll processing. The first birefringent
layer may satisfy Nz>0.9 and may have an in-plane slow axis
orthogonal to the absorption axis of the first polarizer when
the substrate surface of the LC cell is viewed in plane.

The second birefringent layer satisfies Nz<0.1 and has an
in-plane slow axis parallel to the absorption axis of the second
polarizer. When the second birefringent layer has an Nz coef-
ficient of larger than 0.0, it satisfies nx>nz>ny to possibly
become hard to produce. In contrast to this, generally, bire-
fringent layers satisfying Nz=0.0 can be easily produced by
common methods (for example, by uniaxial transverse
stretching or biaxial transverse and longitudinal stretching).
However, in production of birefringent layers satisfying
Nz=0.0, birefringent layers of Nz=about 0.1 happen to be
prepared. Thus the second birefringent layer satisfying
Nz<0.1 can be easily prepared. It is more preferable that the
second birefringent layer satisfies -3.0=Nz=-0.1. The sec-
ond birefringent layer satisfying -3.0=Nz=-0.1 is easier to
produce because it can be produced by common biaxial trans-
verse and longitudinal stretching and typically by using mate-
rials with negative intrinsic birefringence. In view of this, the
second birefringent layer preferably includes a material with
negative intrinsic birefringence. When a material with nega-
tive intrinsic birefringence is used to prepare the second bire-
fringent layer satisfying -3.0=Nz=-1.0 by the above-men-
tioned stretching, the in-plane slow axis can be made to be at
0° with respect to (parallel to) the longitudinal direction of a
roll-liked retardation film, and so roll-to-roll processing can
be employed for attachment of the second birefringent layer
to the second polarizer. Also in this point, it is preferable the
material with negative intrinsic birefringence is used to pro-
duce the second birefringent layer satisfying —3.0=Nz=-
1.0. The second birefringent layer may satisfy Nz<0.1 and
may have an in-plane slow axis parallel to the absorption axis
of the second polarizer when the substrate surface of the LC
cell is viewed in plane.
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In order to achieve a higher contrast ratio in a wide viewing
angle range (a viewing-angle compensation) without reduc-
tion in the contrast ratio in the front direction, as mentioned
above, the in-plane slow axis of the first birefringent layer and
the absorption axis of the first polarizer are basically required
to form an angle of 90° and the in-plane slow axis of the
second birefringent layer and the absorption axis of the sec-
ond polarizer are basically required to form an angle of 0°.
This is because as follows.

In order to maintain the contrast ratio in the front direction,
it is required to (1) disable the birefringent layer in the front
direction. In order to compensate the viewing angle, it is
required to (2) enable the birefringent layer in oblique direc-
tions.

In order to satisfy the condition (1), the birefringent layers
and the polarizers are required to satisfy either of the follow-
ing axial relationships: (a) the optic axis of the polarizer 1 and
the optic axis of the birefringent layer 2 are parallel when
viewed from the front direction (FIG. 1(a)); and (b) the optic
axis of the polarizer 1 and the optic axis of the birefringent
layer 2 are orthogonal when viewed from the front direction
(FIG. 2(a)).

The term “optic axis” herein does not represent the optic
axis strictly used in crystal optics, and is defined as follows.
Assuming that the average value of the three principal refrac-
tive indices of the birefringent layer is calculated and then the
difference between each principal refractive index and the
average value is calculated, the principal axis which corre-
sponds to the principal refractive index having the maximum
magnitude of the difference is the “optic axis” herein. Thus,
an optically biaxial birefringent layer has not two but a single
“opticaxis.” As mentioned here, the “optic axis” of the biaxial
birefringent layer corresponds to the optic axis of the conven-
tional definition when it is optically approximated to a
uniaxial birefringent layer.

In order to satisfy the condition (2), the axes are required to
satisfy not the relationship (a) but the relationship (b). This is
because as follows.

When light is incident into a laminate of the polarizers 1
and the birefringent layers 2 from an oblique direction, the
birefringent layer 2 shows substantially no contribution in the
oblique direction in the case that the effective transmission
axis of the polarizer 1 viewed from the oblique direction is
parallel to one of the vibrating directions in the two eigen-
modes of vibration of the birefringent layer 2 (the vibrating
direction of the electrical potential displacement vector D) to
the incident light from the oblique direction. That is, in order
to enable the birefringent layer 2 in the oblique direction, the
effective transmission axis of the polarizer 1 viewed from the
oblique direction is required to be neither parallel nor perpen-
dicular to the vibrating direction in the eigenmodes of polar-
ization of the birefringent layer.

In the case that the optic axis of the polarizer 1 and the optic
axis of the birefringent layer 2 are parallel as in the condition
(a), the effective transmission axis of the polarizer 1 is parallel
to one vibrating direction in the two eigenmodes of vibration
of the birefringent layer 2 viewed from any direction, as
shown in FIG. 1(b). Thus, the birefringent layer 2 is disabled.
In contrast, in the case that the optic axis ofthe polarizer 1 and
the optic axis of the birefringent layer 2 are orthogonal as in
the condition (b), the effective transmission axis of the polar-
izer 1 is neither parallel nor orthogonal to the vibrating direc-
tion in the eigenmodes of polarization of the birefringent
layer 2 viewed from oblique directions, as shown in FIG. 2(b).
Thus, the birefringent layer 2 is enabled.

The polarizer in the present invention preferably includes a
PVA film with a dichroic anisotropic material such as an
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iodine complex adsorbed and aligned thereon, what is called
an O-type polarizer. The “O-type polarizer” herein absorbs
light vibrating in a specific direction in the plane of the ele-
ment (defined as the absorption axis), and transmits light
vibrating in the direction orthogonal to the absorption axis in
the plane of the element (defined as the transmission axis) and
light vibrating in the normal direction of the element. That is,
the O-type polarizer has one absorption axis and two trans-
mission axes, and the optic axis of the O-type polarizer is
along the absorption axis.

The first birefringent layer satisfying Nz=1.0 serves as a
uniaxial birefringent layer and the in-plane fast axis thereof
serves as the optic axis. Here, in the case that the first bire-
fringent layer satisfies Nz>1.0 or 1.0>Nz>0.9, the optic axis
thereof is parallel to the in-plane slow axis. Thus, the in-plane
slow axis of the first birefringent layer and the absorption axis
of the first polarizer preferably form an angle of 90° when the
substrate surface of the LC cell is viewed in plane. The angle
may slightly deviate from 90° as long as the viewing angle is
compensated without reduction in the contrast ratio in the
front direction. Specifically, the advantageous effects of the
present invention can be sufficiently exhibited when the in-
plane slow axis of the first birefringent layer and the absorp-
tion axis of the first polarizer form an angle within 90°+1°
(89° to 91°) as the substrate surface of the LC cell is viewed
in plane.

The second birefringent layer satisfying Nz=0.0 serves as a
uniaxial birefringent layer and the axis orthogonal to the
in-plane slow axis (the in-plane fast axis) thereof serves as the
optic axis. Here, in the case that the second birefringent layer
satisfies Nz<0.0 or 0.0<Nz<0.1, the optic axis thereof is par-
allel to the in-plane fast axis. Thus, the in-plane slow axis of
the second birefringent layer and the absorption axis of the
second polarizer are basically required to form an angle of 0°.
The angle may slightly deviate from 0° as long as the viewing
angle is compensated without reduction in the contrast ratio
in the front direction. Specifically, the advantageous effects of
the present invention can be sufficiently exhibited when the
in-plane slow axis of the second birefringent layer and the
absorption axis of the second polarizer form an angle within
0°x1° (-1° to 1°) as the substrate surface of the L.C cell is
viewed in plane.

The first quarter-wave plate has an in-plane slow axis form-
ing an angle of about 45° with the absorption axis of the first
polarizer, and the second quarter-wave plate has an in-plane
slow axis orthogonal to the in-plane slow axis of the first
quarter-wave plate. The first and second polarizers are dis-
posed so that the absorption axes thereof are orthogonal to
each other (in cross-Nicol), and so in other words, the second
quarter-wave plate has an in-plane slow axis forming an angle
of about 45° with the absorption axis of the second polarizer.
Contributed to this arrangement between the first and second
quarter-wave plates, a combination of the first polarizer and
the first quarter-wave plate and a combination of the second
polarizer and the second quarter-wave plate are designed that
one combination serves as a left-hand circularly-polarizing
plate and the other serves as a right-hand circularly-polariz-
ing plate. As a result, a white screen with a high transmittance
can be displayed. The in-plane slow axes of the first and
second quarter-wave plates are orthogonal to each other, and
so in a black screen, the retardations of the first and second
quarter-wave plates are canceled, and the birefringence is
hardly shown at least in the front direction. So in the front
direction, an almost completely black screen can be displayed
to provide a high contrast ratio. As mentioned above, in order
to display a white screen with a high transmittance and an
almost completely black screen, it is most preferable that the
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in-plane slow axes of the first and second quarter-wave plates
form an angle of 45° (+45° or -45°) with the absorption axes
of the first and second polarizers, respectively, but the angle
may slightly deviate from 45° unless the contrast ratio in the
front direction is reduced. Specifically, the advantageous
effects of the present invention can be sufficiently obtained
when the angle of the in-plane slow axis of the first quarter-
wave plate with the absorption axis of the first polarizer and
the angle of the in-plane slow axis of the second quarter-wave
plate with the absorption axis of the second polarizer as the
substrate surface of the LC cell is viewed in plane are each
within 45°+2° (43° to 47°). Similarly, the advantageous
effects of the present invention can be sufficiently obtained
when the angle of the in-plane slow axis of the first quarter-
wave plate with the in-plane slow axis of the second quarter-
wave plate as the substrate surface of the LC cell is viewed in
plane is within 90°+1° (89° to 91°).

Preferable embodiments of the LCD device of the present
invention are mentioned in detail hereinbelow.

The preferable embodiments of the LCD device are clas-
sified as follows according to the difference between the
degrees of biaxiality of the first and second birefringent lay-
ers. In the case of serving as a uniaxial birefringent layer, the
first birefringent layer satisfies Nz=1, and the second birefrin-
gent layer satisfies Nz=0. Thus, the biaxial parameter ANz1 of
the first birefringent layeris defined as INz-11, and the biaxial
parameter ANZ2 of the second birefringent layer is defined as
INzl. Here, the first birefringent layer satisfies Nz>0.9 and the
second birefringent layer satisfies Nz<0.1. Thus, the LCD
device satisfies ANz1=0 and ANz2=0. In this case, the pref-
erable embodiments of the LCD device include (a) an
embodiment satisfying ANz1=ANz2, (b) an embodiment sat-
isfying ANzl<ANz2, and (c) an embodiment satisfying
ANz1>ANz2. The “ANz1=ANz2” herein means that the dif-
ference between ANz1 and ANz2 is less than 0.2.

In the embodiment (a), the first and second birefringent
layers have the same degree of biaxiality. According to this
embodiment, provided can be LC displays with more sym-
metric viewing angle characteristics and a higher contrast
ratio in a wide viewing angle range.

FIG. 3 and Table 1 show the relationship between ANzl of
the first birefringent layer and an optimum Rxy in the case
that ANz1=ANz2 is satisfied (in the figure, “W” represents the
first birefringent layer and “A” represents the second birefrin-
gent layer). The optimum Rxy is a value shown when the
highest contrast ratio is given as the LCD device is viewed
from a direction bisecting the angle formed by the absorption
axes of the first and second polarizers. The “Rxy” herein is an
in-plane retardation (unit: nm) defined by Rxy=(nx-ny)xd
where the principal refractive index of a birefringent layer
(including an LC cell or a quarter-wave plate) in the in-plane
direction is nx and ny (nxZny); the principal refractive index
thereof in the out-of-plane direction (in the thickness direc-
tion) is nz; and the thickness of the birefringent layeris d. The
term “in-plane slow axis of the birefringent layer” herein
represents the direction of principal dielectric axis (x-axis
direction) corresponding to the principal refractive index nx.
The below-mentioned Rxz is an out-of-plane (thickness-di-
rection) retardation (unit: nm) defined by Rxz=(nx-nz)xd
where the principle refractive index of a birefringent layer
(including an LC cell or a quarter-wave plate) in the in-plane
direction is nx and ny (nx=ny); the principal refractive index
thereof in the out-of-plane direction (in the thickness direc-
tion) is nz; and the thickness of the birefringent layeris d. The
below-mentioned retardation Rio of the LC cell is defined by
IRxz|. The wavelength for the measurements of the principal
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refractive index, the retardation, and the like optical charac-
teristics herein is 550 nm unless otherwise mentioned.

The values Rxy of the first and second birefringent layers
are most preferably the optimum values shown in FIG. 3 and
Table 1, respectively, in order to provide LC display with a
high contrast ratio in a wide viewing angle range. However,
the values may slightly deviate from the respective optimum
values unless the contrast ratio in oblique directions is
reduced. For sufficient advantageous effects of the invention,
it is preferable that the values Rxy are within the optimum
values+15 nm.

As shown in FIG. 3 and Table 1, the relationship between
ANz1 of the first birefringent layer and the optimum Rxy is
not simple typically, but in the case of 2.0=Nz=4.0
(1.0=ANz1=3.0), the following formula (1) gives a suffi-
ciently close approximate value, which is shown by the line
(solid line) in FIG. 3.

Rxy=(72-9.6xANz1) (1)

FIG. 3 and Table 1 show that in the case of 2.0=Nz=4.0
(1.0=ANz1=3.0), the values Rxy of the first and second
birefringent layers are each preferably within 45 to 64 nm.

TABLE 1
First Second First Second
birefringent A birefringent A birefringent  birefringent
layer Nz Nzl layer Nz Nz2  layer Rxy layer Rxy

1.0 0.0 0.0 0.0 92 92

1.1 0.1 -0.1 0.1 87 87
1.2 0.2 -0.2 0.2 83 83

1.3 0.3 -0.3 0.3 80 80

1.4 0.4 -0.4 04 77 77

1.5 0.5 -0.5 0.5 74 74
2.0 1.0 -1.0 1.0 64 64
22 1.2 -1.2 1.2 61 61

23 1.3 -13 1.3 60 60

2.8 1.8 -1.8 1.8 54 54
3.0 2.0 -2.0 2.0 53 53

33 2.3 =23 23 50 50

35 2.5 =25 235 48 48
4.0 3.0 -3.0 3.0 45 45

In the embodiment (b), the first birefringent layer has a
relatively low biaxial parameter and the second birefringent
layer has a relatively high biaxial parameter. In this embodi-
ment, the first birefringent layer requires a lower retardation
Rxy as compared with the embodiment (a). Thus, LC display
with ahigher contrast ratio in a wide viewing angle range can
be provided even if the first birefringent layer includes a
material that is less likely to show a retardation.

FIG. 4 and Table 2 show the relationship between ANz2
and an optimum Rxy in the case that ANz1=0 and ANz2>0 are
satisfied (in the figure, “W” represents the first birefringent
layer and “A” represents the second birefringent layer). The
optimum Rxy was a value shown when the highest contrast
ratio is given as the LCD device is viewed from a direction
bisecting the angle formed by the absorption axes of the first
and second polarizers. The values Rxy of the first and second
birefringent layers are most preferably the optimum values
shown in FIG. 4 and Table 2, respectively, in order to provide
LC display with a high contrast ratio in a wide viewing angle
range. However, the values may slightly deviate from the
respective optimum values unless the contrast ratio in oblique
directions is reduced. For sufficient advantageous effects of
the invention, it is preferable that the values Rxy are within
the optimum values=15 nm. The present invention satisfies,
but not limited to, ANz1=0 (Nz=1.0), and generally ANz1=0
(Nz>0.9). The closer the value of ANzl is to the value of
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ANz2, the closer the invention is to the embodiment (a)
(ANz1=ANz2). Thus, in the embodiment (b), the optimum
Rxy for each of ANz1 and ANz2 is presumably between the
optimum. Rxy obtained from Table 1 and the optimum Rxy
obtained from Table 2.

TABLE 2
First Second First Second
birefringent A birefringent A birefringent birefringent
layer Nz Nzl layer Nz Nz2  layer Rxy layer Rxy
1.0 0.0 0.0 0.0 92 92
1.1 0.1 0.0 0.0 83 96
1.2 0.2 0.0 0.0 75 100
1.3 0.3 0.0 0.0 70 103
1.4 0.4 0.0 0.0 64 106
1.5 0.5 0.0 0.0 60 108
2.0 1.0 0.0 0.0 45 116
2.2 1.2 0.0 0.0 40 118
23 1.3 0.0 0.0 39 119
2.8 1.8 0.0 0.0 32 123
3.0 2.0 0.0 0.0 29 124
33 23 0.0 0.0 27 125
3.5 2.5 0.0 0.0 25 126
4.0 3.0 0.0 0.0 22 127

In the embodiment (c), the first birefringent layer has a
relatively high biaxial parameter and the second birefringent
layer has a relatively low biaxial parameter. In this embodi-
ment, the second birefringent layer requires a lower retarda-
tion Rxy as compared with the embodiment (a). Thus, LC
display with a higher contrast ratio in a wide viewing angle
range can be provided even if the second birefringent layer
includes a material that is less likely to show a retardation.

FIG. § and Table 3 show the relationship between ANzl
and an optimum Rxy in the case that ANz2=0 and ANz1>0 are
satisfied (in the figure, “W” represents the first birefringent
layer and “A” represents the second birefringent layer). The
optimum Rxy was a value shown when the highest contrast
ratio is given as the LCD device is viewed from a direction
bisecting the angle formed by the absorption axes of the first
and second polarizers. The values Rxy of the first and second
birefringent layers are most preferably the optimum values
shown in FIG. 5 and Table 3, respectively, in order to provide
LC display with a high contrast ratio in a wide viewing angle
range. However, the values may slightly deviate from the
respective optimum values unless the contrast ratio in oblique
directions is reduced. For sufficient advantageous effects of
the invention, it is preferable that the values Rxy are within
the optimum values=15 nm. The present invention satisfies,
but not limited to, ANz2=0 (Nz=0.0), and generally ANz2=0
(Nz<0.1). The closer the value of ANz2 is to the value of
ANz1, the closer the invention is to the embodiment (a)
(ANz1=ANz2). Thus, in the embodiment (c¢), the optimum
Rxy for each of ANz1 and ANz2 is presumably between the
optimum Rxy obtained from Table 1 and the optimum Rxy

obtained from Table 3.
TABLE 3
First Second First Second
birefringent A birefringent A birefringent  birefringent
layer Nz Nzl layer Nz Nz2  layer Rxy layer Rxy
1.0 0.0 0.0 0.0 92 92
1.0 0.0 -0.1 0.1 96 &3
1.0 0.0 -0.2 0.2 100 75
1.0 0.0 -0.3 0.3 103 70
1.0 0.0 -04 0.4 106 64
1.0 0.0 -0.5 0.3 108 60
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TABLE 3-continued
First Second First Second
birefringent A birefringent A birefringent  birefringent
layer Nz Nzl layer Nz Nz2  layer Rxy layer Rxy
1.0 0.0 -1.0 1.0 116 45
1.0 0.0 -1.2 1.2 118 40
1.0 0.0 -13 1.3 119 39
1.0 0.0 -1.8 1.8 123 32
1.0 0.0 -2.0 2.0 124 29
1.0 0.0 -23 23 125 27
1.0 0.0 -2.5 23 126 25
1.0 0.0 -3.0 3.0 127 22

It is preferable that the biaxial parameter ANz1 of the first
birefringent layer is substantially equal to the biaxial param-
eter ANz2 of the second birefringent layer in order that the
orthogonality between the firstand second polarizers is main-
tained well also in oblique directions and a higher contrast
ratio can be provided in a wide viewing angle range, although
the preferable embodiments of the present of the LCD device
of the present invention have been mentioned with reference
to the embodiments (a) to (c) classified according to the
difference between the degrees of biaxiality of the first and
second birefringent layers. According to this, the orthogonal-
ity between the first and second polarizers can be maintained
well also in oblique directions, and so LCD devices with more
symmetric viewing angle characteristics and a higher contrast
ratio in a wide viewing angle range can be provided. From
these viewpoints, it is more preferable that |ANzl-
ANz2|=0.4 is satisfied, and still more preferably IANz1-
AN72I=0.2 is satisfied, and particularly preferably IANz1-
ANZ2/=0.1.

The first birefringent layer preferably satisfies
2.0=Nz=4.0, more preferably 2.3=Nz=3.3. According to
this, LCD devices with a higher contrast ratio in a wide
viewing angle range can be produced at low cost. The reason
for it is mentioned below.

Also in linearly-polarizing plate-including VA LCD
devices (hereinafter referred to LPVA LCD devices), optical
compensation involving use of retardation films for a higher
contrast ratio in a wide viewing angle has been proposed so
far. LPVA LCD devices including two biaxial retardation
films for optical compensation have been practically used.
The Nz coefficients and the designed values Rxy of the biaxial
retardation films depend on a retardation of an LC cell, or
Rle=IRxyl, but in the case of R1c=290 to 370 nm, which is a
retardation of a typical VA LC cell, 2.3=Nz=3.3 and 50
nm=Rxy=60 nm are satisfied and this corresponds to the
first birefringent layer in the embodiment (a). Specifically,
when also in the present invention, the retardation conditions
of the first and second birefringent layers are adjusted within
such a range of providing a high contrast ratio in a wide
viewing angle, and the same retardation conditions as in the
above-mentioned biaxial retardation film practically used in
LPVA LCD devices can be adopted to the first birefringent
layer, this is preferable in terms of use of members common
to CPVALCDs and LPVA LCDs and a reductionin costs. The
above-mentioned biaxial retardation film is commonly used
in large-sized TVs, and so it can be easily available at low
cost. As a result of the inventors” studies, it was found that use
of the biaxial retardation film satisfving the above-mentioned
retardation conditions as the first birefringent layer of the
present invention allows a high contrast ratio in a wide view-
ing angle. The principle of it is mentioned with reference to
the Poincare sphere below.

The Poincare sphere is widely known in crystal optics as a
useful approach for tracing of state of polarization of a light
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beam propagating through a birefringent layer (for example,
see “Kessyo Kogaku”, written by Takasaki Hiroshi, published
by Morikita Publishing Co., Ltd., 1975, p. 146 to 163). On the
Poincare sphere, right-handed polarized state is represented
on the upper hemisphere; left-handed polarized state on the
lower hemisphere, linear polarized state on the equator; right-
and left-handed circular polarized states are on upper and
lower poles, respectively. Between two polarization states
symmetrical with respect to the center of the sphere, the
ellipticity angles are the same in absolute value but opposite
in polarity. This shows that the two polarization states are in
the orthogonal polarization state. The effects attributed to the
birefringent layer are shown on the Poincare sphere as fol-
lows. The point showing state of polarization of a light beam
before propagating through a birefringent layer is rotated in a
counterclockwise direction by an angle determined by (2m)x
(retardation)/(wavelength) (unit:rad) around the slow axis
(specifically, the point showing the polarization state of
slower one of the two eigenmodes of vibration of a birefrin-
gent layer) (this is the same when the point is rotated in a
clockwise direction around the fast axis). The rotation center
and the rotation angle in an oblique view direction are deter-
mined by the slow axis and the retardation at the viewing
angle. Although not being explained in detail, these can be
calculated, for example, by determining a vibrating direction
in the eigenmode of vibration and a wave vector in the bire-
fringent layer from Fresnel equation for the normalincidence.
The slow axis in an oblique view direction depends on a
viewing angle, and en Hz coefficient defined by (nx-nz)/(nx-
ny) or the above-defined biaxial parameters ANz1 and ANz2.
The retardation in an oblique view direction depends on a
viewing angle, the biaxial parameters ANz1 and ANz2, and
the retardations Rxy and Rxz.

Below mentioned is the state of polarization of a light beam
propagating through an LPVA LCD device where optical
compensation is provided by two biaxial retardation films.
The LPVA LCD device has, as shown in FIG. 6, a multi-layer
structure composed of a first polarizer 11 (absorption axis
azimuth of 90°), a first biaxial retardation film r1 (slow axis
azimuth of 0°), a VA LC cell 31, a second biaxial retardation
film r2 (slow axis azimuth of 90°), and a second polarizer
(absorption axis azimuth 0f 0°). The LCD device of F1G. 6 is
viewed from a direction with an azimuth angle (hereinafter,
also referred to as an azimuth angle of 45°) bisecting an angle
made by the absorption axis azimuth 90° of the first polarizer
11 and the absorption axis azimuth 0° of the second polarizer
12 and the direction inclined from the normal direction by 60°
(hereinafter, also referred to as an inclination angle of 60°).
The polarization state of a light beam output from a backlight
(not shown, located below the first polarizer 11) at the output
of the first polarizer 11 is represented by P0 on the Poincare
sphere, and PO does not correspond to E showing state of
polarization the second polarizer 12 can absorb, i.e., extinc-
tion position (absorption axis azimuth) of the second polar-
izer 12. This is represented on S1-S2 plane of the Poincare
sphere in FIG. 7(a) and, represented on S1-S3 plane thereofin
FIG. 7(b). The points showing the respective polarization
states are actually on the Poincare sphere, but these are pro-
jected on S1-S2 and S1-S3 planes, respectively.

P0 and E, which are on the S2 axis when the LCD device is
viewed in the front direction (not shown), do not overlap with
each other in the oblique direction with an azimuth angle of
45° and an inclination angle of 60°. Assuming that the LCD
device excludes the VA LC cell 31 and the first and second
biaxial retardation films rl and r2, light leakage would occur
in the oblique direction. In practice, however, the LCD device
includes the VA LC cell 31 and the first and second biaxial

20

25

40

45

60

65

14

retardation films rl and r2, and so a light beam having passed
through the first biaxial retardation film r1 changes its polar-
ization state. So PO is rotated by a specific angle around the
slow axis of the first biaxial retardation film r1 represented by
R1 on the Poincare sphere to reach P1. In this case, the
rotation is in the counterclockwise direction when the coor-
dinate origin O is viewed from R1. Then the light beam passes
through the VA LC cell 31, and thereby P1 is rotated by a
specific angle around the slow axis of the LC cell represented
by LC on the Poincare sphere to reach P2. In this case, the
rotation is in the counterclockwise direction when the coor-
dinate origin O is viewed from LC. P2 is positioned on the
south hemisphere of the Poincare sphere, and so P2 and the
arrow showing pathway to P2 are each shown by the dotted
line in FIG. 7(a). Finally, the light beam passes through the
second biaxial retardation film r2, and thereby P2 is rotated by
a specific angle around the slow axis of the second birefrin-
gent retardation film r2, represented by R2 (slow axis) on the
Poincare sphere to finally reach P3. P3 corresponds to E. In
this case, the rotation is in the counterclockwise direction
when the coordinate origin O is viewed from R2. In F1G. 7(b)
where the polarization state is represented on S1-S3 plane, the
conversion from P2 to P3 is shown as clockwise-rotation
around the fast axis of the second biaxial retardation film r2,
represented by R2 (fast axis) on the Poincare sphere. Thus,
the LCD device of FIG. 6 can block the light beam from the
backlight also when viewed from the direction with an azi-
muth angle of 45° and an inclination angle of 60°, similarly
when viewed in the front direction. Specifically, according to
the LCD device of FIG. 6, the polarization state represented
by PO on the Poincare sphere is finally converted into that
represented by E through P1 and P2 by using the three bire-
fringent media, i.e., the first biaxial retardation film r1, the VA
LC cell 31, and the second biaxial retardation film r2.

Then, mentioned is the case where instead of the VA LC
cell 31 and the second biaxial retardation film r2, a biaxial
retardation film r2' having a slow axis represented by R2' on
the Poincare sphere is disposed. In this case, P1 is rotated
around the slow axis of the biaxial retardation film r2', repre-
sented by R2' on the Poincare sphere, not in the clockwise
direction but in the counterclockwise direction when the
coordinate origin O is viewed from R2'. So P2' after the
conversion can be made to correspond to E when a proper
retardation Rxy is selected. The inventors’ studies determined
that the slow axis can be represented by R2' on the Poincare
sphere in an oblique viewing direction with an azimuth angle
0f45° and an inclination angle of 60° by disposing the second
birefringent layer satisfying Nz<0.1 so that its in-plane slow
axis forms an angle of 0° with the absorption axis of the
second polarizer 12. The entire configuration in this case is
shown in FIG. 8. Specifically, the multi-layer body of FIG. 8
is composed of the first polarizer 11 (absorption axis azimuth
90°), the first biaxial retardation film r1 (slow axis azimuth
0°), the second biaxial retardation film r2' (slow axis azimuth
0°), and the second polarizer 12 (absorption axis azimuth 0°).
By use of the two birefringent media, i.e., the first biaxial
retardation film r1 and the second biaxial retardation film r2',
the polarization state represented by P0 on the Poincare
sphere is finally converted into that represented by E through
P1. This is the principle why the LCD device of the present
invention can well maintain the orthogonality between the
first and second polarizers even in the oblique direction. This
is projected on S1-S2 plane on the Poincare sphere in FIG.
9(a) and projected on S1-S3 plane in FIG. 9(b). Thus, the
same retardation conditions as in the above-mentioned
biaxial retardation film practically used in LPVA LCDs can
be employed to the first birefringent layer of the present
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invention. In addition, in order that P2' showing the final
polarization state corresponds to E, it is more preferable that
the biaxial parameter ANz1 of the first birefringent layer is
made to be substantially equal to the biaxial parameter ANz2
of the second birefringent layer, whereby R2' and R1 are
symmetrical with respect to S2 axis of the Poincare sphere.
This is because the distance from R1 and S2 axis depends on
ANz1 and the distance between R2' and S2 axis depends on
ANz2, and further these distances are the same when
ANz1=ANz2 is satisfied. In order that P2' showing the final
polarization state corresponds to E, it is preferable that a
retardation Rxy of the second birefringent layer is substan-
tially the same as that of the first birefringent layer.

The above description relates to the case where a higher
contrast ratio in a wide viewing angle range can be provided
in the embodiment where any birefringent medium is not
present between the first birefringent layer (corresponding to
the above-mentioned first biaxial retardation film r1) and the
second birefringent layer (corresponding to the above-men-
tioned second biaxial retardation film r2"). In practice, how-
ever, the LCD device of the present invention includes the first
quarter-wave plate, the LC cell, and the second quarter-wave
plate between the first and second birefringent layers. Also in
this case, the same effects as in the case where no birefringent
media are disposed can be obtained when in oblique direc-
tions influences of birefringence attributed to these birefrin-
gent media can be minimized.

From these viewpoints, it is preferable in the LCD device
of the present invention that the Nz coefficients of the firstand
second quarter-wave plates are appropriately controlled. Fur-
ther, it is preferable that the LCD device further includes a
third birefringent layer satisfying Rxy =10 nm and Rxz>0 nm
between the first quarter-wave plate and the liquid crystal cell
and/or between the Liquid crystal cell and the second quarter-
wave plate. According to this, influences of the birefringence
attributed to the LC layer and the first and second quarter-
wave plates can be minimized in the oblique directions. As a
result, the LCD device with a higher contrast ratio in a wide
viewing angle range can be provided. When a retardation Rxy
ofthe third birefringent layer is larger than 10 nm, the contrast
ratio in the front direction might be reduced. In order to
effectively achieve the advantageous effects of the present
invention, the third birefringent layer is preferably disposed
adjacent to the LC cell. The phrase “disposed adjacent to”
herein means that no birefringent medium is disposed
between the LC cell and the third birefringent layer. In one
embodiment, for example, an isotropic film may be disposed
between the third birefringent layer and the LC cell.

The optimum Rxz of the third birefringent layer (a sum of
values Rxz when two or more third birefringent layers are
disposed) is shown by the following formula (2) and depends
on Nzql, Nzg2, and Rlc where an Nz coefficient of the first
quarter-wave plate is defined as Nzq1; an Nz coefficient of the
second quarter-wave plate is defined as Nzq2; and a retarda-
tion Rlc of the LC cell is defined as [Rxzl. When a value of
(Nzq1+Nzq2) is large, the optimum Rxz can be zero, which
means that no third birefringent layer is needed.

Rxz=Rlc-137.5x(Nzq1+Nzg2-1) 2).

It is most preferable that a retardation Rxz of the third
birefringent layer is the optimum value satisfying the above
formula (2) in view of providing an LCD device with a higher
contrast ratio in a wide viewing angle range. However, the
retardation Rxz may slightly deviate from the optimum value
unless the contrast ratio in the oblique direction is reduced.
The retardation Rxz is preferably within the optimum
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value+50 nm in view of obtaining sufficient advantageous
effects of the present invention. The optimum retardation Rxz
is calculated as follows.

Below mentioned is the case where an LCD device having
the following configuration is viewed in a direction with an
azimuth angle of 45° and an inclination angle of 60°. The
LCD device has, as shown in FIG. 10, a multi-layer structure
composed of a first polarizer 11 (absorption axis azimuth
90°), a first birefringent layer rl (slow axis azimuth of 0°), a
first quarter-wave plate q1 (slow axis azimuth of 135°), a VA
LC cell 31, a third birefringent layer 13, a second quarter-
wave plate q2 (slow axis azimuth of 45°), a second birefrin-
gent layer r2 (slow axis azimuth 0f0°), and a second polarizer
12 (absorption axis azimuth of 0%). When viewed in the
oblique direction, the location on the Poincare sphere of the
slow axis Q1 of the first quarter-wave plate ql, the slow axis
LC of the VA LC cell 31, the slow axis R3 of the third
birefringent layer r3, the slow axis Q2 of the second quarter-
wave plate q2 satisfies the relationship shown in FIG. 11.
When the changes in the polarization state at the output of the
respective birefringent media are taken as rotation and con-
version of points on the Poincare sphere showing the polar-
ization state, the conversions attributed to the respective bire-
fringent media are all the same in rotation center but different
from one another in the rotation direction and the rotation
angle. The respective rotation angles are proportional to
effective retardations each of the first quarter-wave plate q1,
the VA LC cell 31, the third birefringent layer r3, and the
second quarter-wave plate q2 in the above-mentioned oblique
viewing direction. The respective effective retardations
thereof are actually represented by the following formulae (3)
to (6):

Tg1(45,60)=140+56.1x(Nzg1-0.5) 3)

T'1c(45,60)=0.408xRlc @
T'73(45,60)=0.408xRaz )
Tq2(45,60)=140-56.0x(Nzq2-0.5) (6),

where an effective retardation of the first quarter-wave plate
ql in the oblique viewing direction is defined as I'q1 (45, 60),
an effective retardation of the VA LC cell 31 in the oblique
viewing direction as I'lc (45, 60), an effective retardation of
the third birefringent layer r3 in the oblique viewing direction
as I'r3 (45, 60), an effective retardation of the second quarter-
wave plate q2 in the oblique viewing direction as 1'q2 (45,
60). For simplification of calculation, the third birefringent
layer r3 is assumed to satisfy Rxy=0 nm.

The LCD device is assumed to satisfy the following for-
mula (7).

+T¢1(45,60)-Tlc(45,60)+T#3(45,60)-Tq2(45,60)=0 %)

In this case, a light beam emitted from a backlight (not
shown, located below the first polarizer 11) passes through
the first polarizer 11 and the first birefringent layer r1 succes-
sively and then is converted into the polarization state repre-
sented by P1 on the Poincare sphere, into that represented by
P2 after passing through the first quarter-wave plate ql, into
that represented by P3 after passing through the VA LC cell
31, into that represented by P4 after passing through the third
birefringent layer r3, and finally into that represented by P5
after passing through the second quarter-wave plate q2. P5
showing the final polarization state corresponds to P1, and the
final polarization state is not completely changed from that
before incident on the first quarter-wave plate q1. This shows
that as viewed at least in an oblique direction with an azimuth
angle of 45° and an inclination angle of 60°, the .CD device
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in FIG. 10 is optically equivalent to the multi-layer body in
FIG. 8 to provide a higher contrast ratio. Thus, the optimum
retardation Rxz of the third birefringent layer is determined.
Specifically, the formulae (3) to (6) are substituted into the
formula (7) to lead to the formula (2). The positions of P2 to
P5 in FIG. 11 depend on Rle, Nzql, and Nzq2, and FIG. 11
shows, as an example, the embodiment where Rlc=320 nm
and Nzql=Nzq2=1.0 are satisfied. For simply showing the
conversion of the polarization state, the positions of the
respective points are roughly shown and might not be accu-
rate. For clarity of illustration, the arrows showing tracing
from P2 to P5 are not shown.

Then, the following will mention the case where the LCD
deviceis viewed in an oblique direction with an azimuth angle
of 0° and an inclination angle of 60°. In the oblique direction,
the positional relationship on the Poincare sphere among the
slow axis Q1 of the first quarter-wave plate ql, the slow axis
LC of the VA LC cell 31, the slow axis R3 of the third
birefringent layer r3, and the slow axis Q2 of the second
quarter-wave plate q2 is shown in FIG. 12. Unlike in the
oblique direction with an azimuth angle of 45° and an incli-
nation angle of 60°, in the oblique direction with an azimuth
angle of0° and an inclination angle of 60°, the positions of Q1
and Q2 depend on Nzql and Nzq2. FIG. 12 shows, as an
example, the embodiment where Nzq1=Nzq2=1.0 is satis-
fied. The rotation center of the conversion attributed to the VA
LC cell 31 and that of the conversion attributed to the third
birefringent layer r3 are the same but different from the rota-
tion center of the conversion attributed to the first quarter-
wave plate ql and that of the conversion attributed to the
second quarter-wave plate q2. In this case, a light beam emit-
ted from the backlight passes through the first polarizer 11
and the first birefringent layer rl successively and is con-
verted into the polarization state represented by P1 on the
Poincare sphere (P1 corresponds to P0 because the first bire-
fringent layer rl has no influences in the oblique direction
with an azimuth angle of 0° and an inclination angle of 60°),
and then into that represented by P2 after passing through the
first quarter-wave plate ql, into that represented by P3 after
passing through the VALC cell 31, into that represented by P4
after passing through the third birefringent layer r3, and into
that represented by P5 after passing through the second quar-
ter-wave plate q2. P5 showing the final polarization state does
not always correspond to P1. Specifically, the LCD device in
FIG. 10 is not necessarily optically equivalent to the multi-
layer body in FIG. 8 and can not provide a sufficiently high
contrast ratio in the oblique direction with an azimuth angle of
0° and an inclination angle of 60°. In FIG. 12, the positions of
P2 to P5 depend on Rle, Nzql, and Nzq2. FIG. 12 shows, as
an example, the embodiment where Rle=320 nm,
Nzq1=Nzq2=1.0 are satisfied. For simply showing the con-
version of the polarization state, the positions of the respec-
tive points are roughly shown and might not be accurate.

In order to provide an LCD device that can show a higher
contrast ratio also in the oblique direction with an azimuth
angle of 0° and an inclination angle of 60° to achieve a higher
contrast ratio in a wide viewing angle range, the first and
second quarter-wave plates preferably satisfy 0.8=Nzql+
Nzq2=1.2, and more preferably 0.9=Nzql+Nzq2=1.1, and
still more preferably Nzql+Nzq2=1.0. The reason for this is
as follows.

When Nzql +Nzq2=1.0 is satisfied, the slow axis Q1 of the
first quarter-wave plate q1 and the slow axis Q2 of the second
quarter-wave plate q2 on the Poincare sphere are always
symmetrical with respect to the coordinate origin O regard-
less of the viewing direction. Further, in an oblique direction
with any azimuth @ and an inclination angle of 60°, an effec-
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tive retardation I'ql (D, 60) of the first quarter-wave plate q1
and an effective retardation I'q2 (®, 60) of the second quartetr-
wave plate g2 are almost the same. Based on the formula (2),
for a higher contrast ratio in an oblique direction with an
azimuth angle of 45° and an inclination angle of 60°, the
optimum retardation Rxz of the third birefringent layer is the
same as Rlc when Nzql +Nzq2=1.0 is satisfied. Accordingly,
when the LCD device satisfying Nzql+Nzq2=1.0 is viewed
from the direction with an azimuth angle of 0° and an incli-
nation angle of 60°, the positional relationship on the
Poincare sphere among the slow axis Q1 of the first quarter-
wave plate q1, the slow axis LC of the VA LC cell 31, the slow
axis R3 of the third birefringent layer r3, and the slow axis Q2
of the second quarter-wave plate q2 is shown in FIG. 13. The
positions of Q1 and Q2 depend on Nzql and Nzq2. FIG. 13
shows, as an example, the embodiment where Nzq1=1.0 and
Nzq2=0.0 are satisfied. The conversion attributed to the VA
LC cell 31 and that attributed to the birefringent layer r3 are
the same in the rotation center and the absolute value of the
rotation angle, but the rotation angle is opposite in polarity.
The conversion attributed to the first quarter-wave plate ql
and that attributed to the second quarter-wave plate q2 are the
same in the rotation center and the absolute value of the
rotation angle, but the rotation angle is opposite in polarity. In
this case, a light beam emitted from the backlight passes
through the first polarizer 11 and the first birefringent layer r1
successively and is converted into the polarization state rep-
resented by P1 on the Poincare sphere (P1 corresponds to PO
because the first birefringent layer r1 has no influences in the
oblique direction with an azimuth angle of 0° and an inclina-
tion angle of 60°), and then into that represented by P2 after
passing through the first quarter-wave plate g1, into that rep-
resented by P3 after passing through the VA LC cell 31, into
that represented by P4 after passing through the third bire-
fringent layer r3, and into that represented by P5 after passing
through the second quarter-wave plate q2. PS showing the
final polarization state corresponds to P1, which shows that
the final polarization state is not completely changed from
that before incident on the first quarter-wave plate q1. Thus,
the LCD device satisfying Nzql +Nzq2=1.0 is optically equal
to the multi-layer body in FIG. 8 to show a higher contrast
ratio when viewed in the oblique direction with an azimuth
angle of 0° and an inclination angle of 60°. In FIG. 13, the
positions of P2 to P5 depend on Rle, Nzq1, and Nzq2. FIG. 13
shows, as an example, the embodiment in which Rle=320 nm,
Nzq1=1.0, Nzq2=0.0 are satisfied. For simply showing the
conversion of the polarization state, the positions of the
respective points are roughly shown and might not be accu-
rate.

In the present invention, the first birefringent layer is dis-
posed on one side of the LC cell, and the second birefringent
layer on the other side thereof. According to this configura-
tion, the first birefringent layer can protect the first polarizer,
and the second birefringent layer can protect the second
polarizer. This obviates the need of disposing a TAC film, an
isotropic film, and the like for protecting the polarizers, which
results in production of a slim-profile and cost-effective LCD
device. Use of the quarter-wave plate also as the protective
film for the polarizer causes a problem in manufacturing in
that roll-to-roll processing can not be employed because the
absorption axis of the polarizer is required to form an angle of
45° with the in-plane slow axis of the quarter-wave plate.

When the first and second birefringent layers are both
disposed on only one side of the LC cell, the first or second
birefringent layer needs to be stretched in its longitudinal
direction, thereby making its axis to be directed in the roll
longitudinal direction at the time of roll-to-roll processing for
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attachment of the polarizer and the first and second birefrin-
gent layers. In this case, it becomes difficult to effectively use
birefringent layers that are widely used in large-sized TVs.

EFFECT OF THE INVENTION

The LCD device of the present invention has a high con-
trast ratio in a wide viewing angle range and can be easily
produced at low cost because it includes a pair of the first
birefringent layer satisfying Nz>0.9 and the second birefrin-
gent layer satisfying Nz<0.1. Such an LCD device of the
present invention can be preferably used in display devices
such as a TV and a mobile device.

BEST MODE FOR CARRYING OUT THE
INVENTION

(Birefringent Layer)

With respect to the birefringent layers used in the present
invention, materials and optical characteristics thereof are not
especially limited. Examples of the materials include thin
plates made of inorganic materials, stretched polymer films,
and ones in which alignment ofliquid crystalline molecules is
fixed.

The method for forming the birefringent layers is not espe-
cially limited. The polymer films may be formed by solvent
cast, melt extrusion, and the like. Alternatively, coextrusion
may be employed to form a plurality of birefringent layers at
atime. The polymer films may or may not be stretched as long
as desired retardations can be exhibited. The stretching
method is not especially limited. The polymer films may be
stretched under tension between rolls, compressed and
stretched between rolls, uniaxially stretched in a transverse
direction with a tenter, or biaxially stretched in longitudinal
and transverse directions. Alternatively, the polymer films
may be specially stretched under the influence of contractile
force of a thermo-shrinkable film. When the liquid crystalline
materials are used, for example, liquid crystalline materials
are applied on a base film with an alignment treatment-pro-
vided surface, and thereby fixing alignment of the liquid
crystalline materials. The base film may not be provided with
the alignment treatment or the coating may be separated from
the base film after the alignment fixing to be transferred onto
another film as long as the desired retardations are exhibited.
Alternatively, the alignment of the LC materials may not be
fixed. The same methods as in use of the liquid crystalline
materials may be employed when non-crystalline materials
are used. The following will in more detail describe the bire-
fringent layers classified by types.

(First Birefringent Layer)

The first birefringent layer may include a material formed
by stretching a film containing a component with positive
intrinsic birefringence. The first birefringent layer may be
composed of two or more birefringent layers stacked one
above another, but preferably composed of a single layer
(single film) in view of ease and cost-effectiveness of the
production. Examples of the component with positive intrin-
sic birefringence include polycarbonate, polysulfone, poly-
ether sulfone, polyethylene terephthalate, polyethylene,
polyvinyl alcohol, norbornene, triacetyl cellulose, and diatyl
cellulose.

(Second Birefringent Layer)

The second birefringent layer may include a material
formed by stretching a film containing a component with
negative intrinsic birefringence or one formed by stretching a
film containing a component with positive intrinsic birefrin-
gence under the influence of contractile force of a thereto-
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shrinkable film. For simplification of the production method,
one formed by stretching a film containing a component with
negative intrinsic birefringence is preferable. The second
birefringent layer may be composed of two or more birefrin-
gent layers stacked one above another, but preferably com-
posed of a single layer (single film) in view of ease and
cost-effectiveness of the production. Examples of the com-
ponent with negative intrinsic birefringence include polysty-
rene, polyvinyl naphthalene, polyvinyl biphenyl, polyvinyl
pyridine, polymethyl methacrylate, polymethyl acrylate, an
N-substituted maleimide copolymer, fluorene skeleton-con-
taining polycarbonate, and triacetyl cellulose (particularly
with a small acetylation degree).

(Third Birefringent Layer)

The third birefringent layer may include a material formed
by stretching a film containing a component with positive
intrinsic birefringence, one coated with a liquid crystalline
compound e.g. a cholesteric (chiral nematic) liquid crystal
and a discotic liquid crystal, and one coated with anon-liquid
crystalline compound including a polymer e.g. polyimide and
polyamide. The third birefringent layer may be composed of
two or more birefringent layers stacked one above another,
but preferably composed of a single layer (single film) in view
of ease and cost-effectiveness of the production.

(First and Second Quarter-Wave Plates)

The same materials as in the first to third birefringent layers
may be appropriately used for the first and second quarter-
wave plates. The first and second quarter-wave plates each
may be composed of two or more birefringent layers stacked
one above another, but preferably composed of a single layer
(single film) in view of ease and cost-effectiveness of the
production.

(Polarizer)

The polarizers may include a polyvinyl alcohol (PVA) film
with a dichroic anisotropic material such as an iodine com-
plex adsorbed and aligned thereon.

(LC Cell)

The LC cell is not especially limited as long as it can
display a black screen by aligning LC molecules in the LC
cell vertically to a substrate surface, and VA LC cells may be
employed, for example. Examples of the VA LC cells include
MVA, CPA, PVA, EVA, and Reverse TN LC cells. Examples
of a driving system of the LC cell include TFT system (active
matrix system), passive matrix system, and plasma address
system. The LC cell has a configuration, for example, in
which LCs are disposed between a pair of substrates each
provided with electrodes and display is provided by voltage
application between the electrodes.

(Method for Measuring Rxy, Rxz, Nz, nx, ny, and nz)

Rxy, Rxz, Nz, nx, ny, and nz were measured with a dual-
rotating retarder polarimeter (Axo-scan, Axometrics, Inc.).
Rxy was measured from the normal direction of the birefrin-
gent layer. Rxz, Nz, nx, ny, and nz were calculated by curve
fitting with a known index ellipsoid. For the calculation,
retardations of the birefringent layer were measured from the
normal direction and the directions each with an inclination
angle of —=50° to 50° from the normal direction. Azimuths of
the inclinations each were made orthogonal to the in-plane
slow axis. Rxz, Nz, nx, ny, and nz depend on the average
refractive index=(nx+ny+nz)/3, which is given as the condi-
tion for the curve fitting calculation. Here, the average refrac-
tiveindex of each birefringent layer was setto 1.5. Even in the
case of the birefringent layer having an actual average refrac-
tive index of not 1.5, the average refractive index was con-
verted into 1.5.
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(Method for Measuring Viewing Angle Dependence of Con-
trast of LCD Device)

The viewing angle dependence of contrast was measured
with a viewing angle measuring apparatus (EZContrast 160,
ELDIM). The light source was a backlight mounted ona L.C
TV (LC37-GH1, SHARP Corp.). Brightnesses upon display-
ing a white screen and a black screen were measured in the
oblique direction with an azimuth angle of 45° and an incli-
nation angle of 60°. The ratio thereof was regarded as CR (45,
60). Brightnesses upon displaying a white screen and a black
screen were measured in the oblique direction with an azi-
muth angle of 0° and an inclination angle of 60°. The ratio
thereof was regarded as CR (0, 60).

The present invention is mentioned in more detail showing
embodiments but not limited to these embodiments.

Embodiment 1

FIG. 14 is a perspective view that schematically shows a
structure of an LCD device of Embodiment 1.

As shown in FIG. 14, the LCD device of Embodiment 1
according to the present invention is a VA LCD device pro-
duced by stacking a TAC film 101, a first polarizer 111, a first
birefringent layer 151, a first quarter-wave plate 181,a VALC
cell 131, a third birefringent layer 171, a second quarter-wave
plate 182, a second birefringent layer 161, a second polarizer
112, and a TAC film 102 in this order.

The optical characteristics and axial designs of the bire-
fringent films 151, 161, and 171, the quarter-wave plates 181
and 182, the polarizers 111 and 112, and the LC cell 131 of the
present embodiment are as shown in Table 4.

Table 4 does not show the optical characteristics of the TAC
films 101 and 102 disposed outside the polarizers 111 and 112
(the side closer to the LC cell is defined as the inside, and the
side farther therefrom is defined as the outside) because the
outside TAC films 101 and 102 have no influence on the
optical characteristics of the LCD device if only they are
transparent films. The same is applied to the following
Embodiments, Comparative Embodiments, and Reference
Embodiments. In each table, the axis of each of the birefrin-
gent layers 151, 161, and 171 and each of the quarter-wave
plates 181 and 182 is defined by the azimuth angle of the
in-plane slow axis, and the axis of each of the polarizers 111
and 112 is defined by the azimuth angle of the absorption axis.
In each table, the name of the matetial of each of the birefrin-
gent layers 151, 161, and 171 is indicated by means of the
following abbreviations.

NB: norbornene

PC: polycarbonate

PMMA: polymethylmethacrylate

NM: N-substituted maleimide copolymer

ChLC: cholesteric liquid crystal

PI: polyimide

TAC: triacetyl cellulose

Z: isotropic film

Embodiments 2 and 3

The LCD devices of Embodiments 2 and 3 according to the
present invention each are almost the same LCD device of
Embodiment 1 except that the retardations Rxy and the Nz
coeflicients of the first and second birefringent layers 151 and
161 are changed. Table 4 shows the optical characteristics and
axial designs of the birefringent films 151, 161, and 171, the
quarter-wave plates 181 and 182, the polarizers 111 and 112,
and the LC cell 131 of the present embodiments.
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Embodiment 4

The LCD device of Embodiment 4 according to the present
invention is almost the same LCD device of Embodiment 1
except that the Nz coefficients of the first and second quarter-
wave plates 181 and 182 are changed. Table 4 shows the
optical characteristics and axial designs of the birefringent
films 151, 161, and 171, the quarter-wave plates 181 and 182,
the polarizers 111 and 112, and the LC cells 131 of the present
embodiment.

Embodiment 5

The LCD device of Embodiment 5 according to the present
invention is almost the same LCD device of Embodiment 1
except that the material of the second birefringent layer 161 is
changed. Table 4 shows the optical characteristics and axial
designs of the birefringent films 151, 161, and 171, the quar-
ter-wave plates 181 and 182, the polarizers 111 and 112, and
the LC cell 131 of the present embodiment.

Embodiments 6 and 7

The LCD devices of Embodiments 6 and 7 according to the
present invention each are almost the same LCD device of
Embodiment 1 except that the material of the third birefrin-
gent layer 171 is changed. Table 4 shows the optical charac-
teristics and axial designs of the birefringent films 151, 161,
and 171, the quarter-wave plates 181 and 182, the polarizers
111 and 112, and the LC cells 131 of the present embodi-
ments.

Embodiment 8

FIG. 15 is a perspective view that schematically shows the
structure of the LCD device of Embodiment 8.

The LCD device of Embodiment 8 according to the present
invention is almost the same LCD device of Embodiment 1
except that the retardations Rxz and the Nz coefficients of the
first and second quarter-wave plates 181 and 182 are changed
to negative values and that the third birefringent layer 171 is
not used. Table 5 shows the optical characteristics and axial
designs of the birefringent films 151 and 161, the quarter-
wave plates 181 and 182, the polarizers 111 and 112, and the
LC cell 131 of the present embodiment.

Embodiment 9

The LCD device of Embodiment 9 according to the present
invention is almost the same LCD device of Embodiment 1
except that the retardation Rxz and the Nz coefficient of the
second quarter-wave plate 182 are changed and that the retar-
dation Rxz of the third birefringent layer 171 is changed.
Table 6 shows the optical characteristics and axial designs of
the birefringent films 151, 161, and 171, the quarter-wave
plates 181 and 182, the polarizers 111 and 112, and the LC
cell 131 of the present embodiment.

The LCD device of Embodiment 10 according to the
present invention is almost the same LCD device of Embodi-
ment 9 except that the materials of the second birefringent
layer 161 and the second quarter-wave plate 182 are changed.
Table 6 shows the optical characteristics and axial designs of
the birefringent films 151, 161, and 171, the quarter-wave
plates 181 and 182, the polarizers 111 and 112, and the LC
cell 131 of the present embodiment.

Embodiment 11

The LCD device of Embodiment 11 according to the
present invention is almost the same LCD device of Embodi-
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ment 9 except that the material of the third birefringent layer
171 is changed. Table 6 shows the optical characteristics and
axial designs of the birefringent films 151, 161, and 171, the
quarter-wave plates 181 and 182, the polarizers 111 and 112,
and the LC cell 131 of the present embodiment.

Embodiment 12

FIG. 16 is a perspective view that schematically shows the
structure of the LCD device of Embodiment 12.

The LCD device of Embodiment 12 is almost the same
LCD device of Embodiment 7 except that instead of the third
birefringent layer 171, two third birefringent layers 172 and
173 that are disposed with the LC cell therebetween are used.
Table 7 shows the optical characteristics and axial designs of
the birefringent films 151, 161, 172, and 173, the quarter-
wave plates 181 and 182, the polarizers 111 and 112, and the
LC cell 131 of the present embodiment.

Embodiment 13

FIG. 17 is a perspective view that schematically shows the
structure of the LCD device of Embodiment 13.

The LCD device of Embodiment 13 is almost the same
LCD device of Embodiment 11 except that instead of the third
birefringent layer 171, two third birefringent layers 174 and
175 that are disposed with the LC cell therebetween are used.
Table 7 shows the optical characteristics and axial designs of
the birefringent films 151, 161, 174, and 175, the quarter-
wave plates 181 and 182, the polarizers 111 and 112, and the
LC cell 131 of the present embodiment.

Comparative Embodiment 1

FIG. 18 is a perspective view that schematically shows the
structure of the LCD device of Comparative Embodiment 1.

As shown in FIG. 18, the LCD device of Comparative
Embodiment 1 is a VA LCD device produced by stacking a
TAC film 103, a first polarizer 113, a TAC film 105, a first
quarter-wave plate 183, a VA LC cell 132, a second quartet-
wave plate 184, a TAC film 106, a second polarizer 114, and
a TAC film 104, in this order. Table 8 shows the optical
characteristics and axial designs of the TAC films 105 and
106, the quarter-wave plates 183 and 184, and the polarizers
113 and 114, and the LC cell 132 of the present comparative
embodiment. The quarter-wave plates 183 and 184 of the
present comparative embodiment satisfy nx>ny>nz. In the
LCD device of the present comparative embodiment, the
symmetrical viewing angle characteristics in the horizontal
direction were notobtained when the absorption axis azimuth
of the first polarizer 113 was designed to 90°, and so it was
redesigned to 70°. This asymmetry in the viewing angle char-
acteristics is considered to be caused because the birefringent
medium between the first and second polarizers 113 and 114
has circular birefringence (optical rotation) largely depend-
ing on a viewing angle.

Comparative Embodiment 2

FIG. 19 is a perspective view that schematically shows a
structure of an LCD device of Comparative Embodiment 2.

As shown in FIG. 19, the LCD device of Comparative
Embodiment 2 is a VA LCD device produced by stacking a
TAC film 103, a first polarizer 115, a TAC film 105, a first
quarter-wave plate 185, a VA LC cell 132, a third birefringent
layer 176, a second quarter-wave plate 186, a TAC film 106,
a second polarizer 116, and a TAC film 104, in this order.
Table 8 shows the optical characteristics and axial designs of
the TAC films 105 and 106, the quarter-wave plates 185 and
186, and the polarizers 115 and 116, and the L.C cell 132 ofthe
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present comparative embodiment. The quarter-wave plates
185 and 186 of the present comparative embodiment satisfy
nx>nz>ny.

Comparative Embodiment 3

FIG. 20 is a perspective view that schematically shows a
structure of an LCD device of Comparative Embodiment 3.

As shown in FIG. 20, the LCD device of Comparative
Embodiment 3 is a VA LCD device produced by stacking a
TAC film 103, a first polarizer 115, an isotropic film 191, a
half-wave plate (HWP) 201, a first quarter-wave plate 187, a
VA LC cell 132, a third birefringent layer 177, a second
quarter-wave plate 188, an isotropic film 192, a second polar-
izer 116, and a TAC film 104, in this order. Table § shows the
optical characteristics and axial designs of the third birefrin-
gent layer 177, the half-wave plate 201, the quarter-wave
plates 187 and 188, the polarizers 115 and 116, and the LC
cell 132 of the present comparative embodiment. The quarter-
wave plates 187 and 188 and the half-wave plate 201 of the
present comparative embodiment satisfy nx>nz>ny.

Comparative Embodiment 4

FIG. 21 is a perspective view that schematically shows a
structure of an LCD device of Comparative Embodiment 4.

As shown in FIG. 21, the LCD device of Comparative
Embodiment 4 is a VA LCD device produced by stacking a
TAC film 107, a first polarizer 117, a first biaxial retardation
film rd4, a VA LC cell 133, a second biaxial retardation film r5,
a second polarizer 118, and a TAC film 108, in this order.
Table 9 shows the optical characteristics and axial designs of
the biaxial retardation films r4 and r5, the polarizers 117 and
118, and the LC cell 133. The LCD device of the present
comparative embodiment is an LPVA LCD device.

Comparative Embodiments 5 and 6

The LCD devices of Comparative Embodiments 5 and 6
are almost the same LCD device of Comparative Embodi-
ment 4 except that the retardations Rxy and the Nz coeffi-
cients of the biaxial retardation films r4 and r5, and the retar-
dation Rlc of the LC cell are changed. Table 9 shows the
optical characteristics and axial designs of the biaxial retar-
dation films r4 and r5, the polarizers 117 and 118, and the LC
cell 133 of the present embodiment.

(Evaluation Results)

The LCD devices in the respective Embodiments and
Comparative Embodiments were determined for viewing
angle dependence of contrast, and the CR (45, 60) and the CR
(0, 60) were shown in Tables 4 to 9.

The LCD device in each of Embodiments 1 to 13 according
to the present invention had a CR (45, 60) higher than that in
each of Comparative Embodiments 1 and 2. Even in the visual
evaluation, the LCD device in each of Embodiments 1 to 13
had viewing angle dependence of contrast lower than that in
each of Comparative Embodiments 1 and 2. The LCD device
of Comparative Embodiment 3 also had low viewing angle
dependence of contrast but includes three biaxial retardation
films satisfying nx>nz>ny, which are hard to produce. Fur-
ther, the LCD devices of Comparative Embodiments 4 to 6
had low viewing angle dependence of contrast but had a
brightness on a white screen lower than that in each of
Embodiments 1 to 13 by about 15% because they are LPVA
LCD devices.
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TABLE 4
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material ] Rxy orRle coefficient (45,60) (0, 60)
Embodiment | Second polarizer 0 55 60
Second birefringent layer ~ PMMA 0 55 -100 -1.8
Second quarter-wave plate  NB 435 138 139 1.0
Third birefringent layer NB 2 230
VA liquid crystal cell 320
First quarter-wave plate NB 133 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 2 Second polarizer 0 57 61
Second birefringent layer ~ PMMA 0 55 =75 -14
Second quarter-wave plate  NB 45 138 139 1.0
Third birefringent layer NB 2 230
VA liquid crystal cell 320
First quarter-wave plate NB 1335 138 139 1.0
First birefringent layer NB 0 55 132 2.4
First polarizer 90
Embodiment 3 Second polarizer 0 57 62
Second birefringent layer ~ PMMA 0 80 =26 -0.3
Second quarter-wave plate  NB 45 138 139 1.0
Third birefringent layer NB 2 230
VA liquid crystal cell 320
First quarter-wave plate NB 1335 138 139 1.0
First birefringent layer NB 0 80 106 1.3
First polarizer 90
Embodiment 4 Second polarizer 0 55 53
Second birefringent layer ~ PMMA 0 55 -100 -1.8
Second quarter-wave plate  NB 45 138 185 1.3
Third birefringent layer NB 1 100
VA liquid crystal cell 320
First quarter-wave plate NB 1335 138 185 1.3
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 5 Second polarizer 0 58 61
Second birefringent layer ~ NM 0 55 -98 -1.8
Second quarter-wave plate  NB 45 138 139 1.0
Third birefringent layer NB 2 230
VA liquid crystal cell 320
First quarter-wave plate NB 1335 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 6 Second polarizer 0 60 62
Second birefringent layer ~ PMMA 0 55 -100 -1.8
Second quarter-wave plate  NB 45 138 139 1.0
Third birefringent layer ChLC 0 229
VA liquid crystal cell 320
First quarter-wave plate NB 1335 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 7 Second polarizer 0 60 63
Second birefringent layer ~ PMMA 0 55 =100 -1.8
Second quarter-wave plate  NB 45 138 139 1.0
Third birefringent layer PI 0 230
VA liquid crystal cell 320
First quarter-wave plate NB 1335 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
TABLE 5
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material ] Rxy orRle coefficient (45,60) (0, 60)
Embodiment 8 Second polarizer 0 53 25
Second birefringent layer ~ PMMA 0 55 -100 -1.8
Second quarter-wave plate  NB 435 138 221 1.6
VA liquid crystal cell 320
First quarter-wave plate NB 135 138 221 1.6
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TABLE 5-continued
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material ] Rxy orRle coefficient (45,60) (0, 60)
First birefringent layer NB 0 55 154 2.8
First polarizer 90
TABLE 6
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material ] Rxy orRle coefficient (45,60) (0, 60)
Embodiment 9 Second polarizer 0 65 170
Second birefringent layer ~ PMMA 0 55 -100 -18
Second quarter-wave plate  PMMA 45 138 -8 -0.1
Third birefringent layer NB 2 318
VA liquid crystal cell 320
First quarter-wave plate NB 135 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 10 Second polarizer 0 66 168
Second birefringent layer ~ NM 0 55 -98 -18
Second quarter-wave plate  NM 45 138 -8 -0.1
Third birefringent layer NB 2 318
VA liquid crystal cell 320
First quarter-wave plate NB 135 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 11 Second polarizer 0 66 172
Second birefringent layer ~ PMMA 0 55 -100 -18
Second quarter-wave plate  PMMA 45 138 -8 -0.1
Third bireftingent layer PI 0 322
VA liquid crystal cell 320
First quarter-wave plate NB 135 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
40
TABLE 7
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material ] Rxy orRle coefficient (45,60) (0, 60)
Embodiment 12 Second polarizer 0 61 65
Second birefringent layer ~ PMMA 0 55 =100 -1.8
Second quarter-wave plate  NB 45 138 139 1.0
Third birefringent layer PI 0 115
VA liquid crystal cell 320
Third birefringent layer PI 0 115
First quarter-wave plate NB 135 138 139 1.0
First birefringent layer NB 0 55 154 2.8
First polarizer 90
Embodiment 13 Second polarizer 0 66 172
Second birefringent layer ~ PMMA 0 55 =100 -1.8
Second quarter-wave plate  PMMA 45 138 -8 -0.1
Third birefringent layer PI 0 160
VA liquid crystal cell 320
Third birefringent layer PI 0 160
First quarter-wave plate NB 135 138 139 1.0
First birefringent layer NB 0 55 154 2.8

First polarizer 90
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TABLE 8
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material ] Rxy orRle coefficient (45,60) (0, 60)
Comparative  Second polarizer -20 5 40
Embodiment 1  TAC TAC 1 32
Second quarter-wave plate  NB 25 138 216 1.6
VA liquid crystal cell 320
First quarter-wave plate NB 115 138 216 1.6
TAC TAC 1 32
First polarizer 70
Comparative Second polarizer 0 15 140
Embodiment 2 TAC TAC 1 32
Second quarter-wave plate  PMMA 45 138 -8 -0.1
Third birefringent layer NB 2 318
VA liquid crystal cell 320
First quarter-wave plate NB 135 138 139 1.0
TAC TAC 90 1 32
First polarizer
Comparative Second polarizer 0 70 177
Embodiment 3  Isotropic film Z
Second quarter-wave plate  PMMA 45 138 70 0.5
Third birefringent layer NB 318
VA liquid crystal cell 2 320
First quarter-wave plate NB 135 138 70 0.5
HWP 0 275 138 0.5
Isotropic film Z 90
First polarizer
TABLE 9
Retardation Evaluation
nm results
Angle Rxz Nz CR CR
Optical components Material [°1 Rxy orRle coefficient (45,60) (0, 60)
Comparative Second polarizer 0 81 272
Embodiment 4 Second biaxial retardation film ~ NB 90 35 152 2.8
VA liquid crystal cell 320
First biaxial retardation film NB 0 35 152 2.8
First polarizer 90
Comparative  Second polarizer 0 78 270
Embodiment §  Second biaxial retardation film ~ NB 90 61 120 2.0
VA liquid crystal cell 290
First biaxial retardation film NB 0 61 120 2.0
First polarizer 90
Comparative  Second polarizer 0 78 265
Embodiment 6 Second biaxial retardation film ~ NB 90 50 198 4.0
VA liquid crystal cell 70
First biaxial retardation film NB 0 50 198 4.0
First polarizer 90

The present application claims priority to Patent Applica-
tion No. 2008-99526 filed in Japan on Apr. 7, 2008 under the
Paris Convention and provisions of national law in a desig-
nated State, the entire contents of which are hereby incorpo-
rated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a view that shows an axial relationship between a
birefringent layer and a polarizer when the birefringent layer
and the polarizer are disposed so that the optic axes thereof
are parallel to each other as viewed in the front direction;

FIG. 1(a) is a view from the front direction; and

FIG. 1(5) is a view from an oblique direction.

FIG. 2 is a view that shows an axial relationship between a
birefringent layer and a polarizer when the birefringent layer
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and the polarizer are disposed so that the optic axes thereof
are orthogonal to each other as viewed in the front direction;

FIG. 2(a) is a view from the front direction; and

FIG. 2(b) is a view from an oblique direction.

FIG. 3is a graph that shows a relationship between ANz1 of
a first birefringent layer and an optimum Rxy in the case of
ANzI1=ANz2. “W” represents the first birefringent layer, and
“A” represents a second birefringent layer.

FIG. 4 is a graph that shows a relationship between ANz2
and an optimum Rxy in the case of ANz1=0and ANz2>0. “W”
represents the first birefringent layer, and “A” represents the
second birefringent layer.

FIG. 5 is a graph that shows a relationship between ANzl
and an optimum Rxy in the case of ANz2=0and ANz1>0. “W”
represents the first birefringent layer, and “A” represents the
second birefringent layer.
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FIG. 6 is a view that schematically shows a linear polar-
ization VA LCD device including two biaxial retardation
films for optical compensation.

FIG. 7 is a Poincare sphere diagram showing changes in
polarization state of a light beam propagating through the
LCD device in FIG. 6;

FIG. 7(a) is a view that shows the polarization states pro-
jected on S1-S2 plane;

FIG. 7(b) is a view that shows the polarization states pro-
jected on S1-S3 plane.

FIG. 8 is a view that schematically shows a multi-layer
body where the orthogonality between first and second polar-
izers is optically compensated by use of two biaxial retarda-
tion films when viewed ina direction with an azimuth angle of
45° and an inclination angle of 60°.

FIG. 9 is a Poincare sphere diagram showing changes in
polarization state of a light beam propagating through the
multi-layer body in FIG. 8;

FIG. 9(a) is a view that shows the polarization states pro-
jected on S1-S2 plane;

FIG. 9(b) is a view that shows the polarization states pro-
jected on S1-S3 plane.

FIG. 10 is a view that schematically shows a structure of an
LCD device in accordance with one example of the present
invention.

FIG. 11 is a view where changes in polarization state of a
light beam propagating through the LCD device (R1c=320
nm, Nzq1=Nzq2=1.0) in FIG. 10 when viewed from a direc-
tion with an azimuth angle of 45° and an inclination angle of
60° are projected on S1-S2 plane of the Poincare sphere.

FIG. 12 is a view where changes in polarization state of a
light beam propagating through the LCD device (R1c=320
nm, Nzq1=Nzq2=1.0) in FIG. 10 when viewed from a direc-
tion with an azimuth angle of 0° and an inclination angle of
60° are projected on S1-S2 plane of the Poincare sphere.

FIG. 13 is a view where changes in polarization state of a
light beam propagating through the LCD device (R1c=320
nm, Nzq1=1.0, Nzq2=0.0) in FIG. 10 when viewed from a
direction with an azimuth angle of 0° and an inclination angle
of 60° are projected on S1-S2 plane of the Poincare sphere.

FIG. 14 is a schematic view showing a structure of an LCD
device of Embodiment 1.

FIG. 15 is a schematic view showing a structure of an LCD
device of Embodiment 8.

FIG. 16 is a schematic view showing a structure of an LCD
device of Embodiment 12.

FIG. 17 is a schematic view showing a structure ofan LCD
device of Embodiment 13.

FIG. 18 is a schematic view showing a structure of an LCD
device of Comparative Embodiment 1.

FIG. 19 is a schematic view showing a structure of an LCD
device of Comparative Embodiment 2.

FIG. 20 is a schematic view showing a structure of an LCD
device of Comparative Embodiment 3.

FIG. 21 is a schematic view showing a structure ofan LCD
device of Comparative Embodiment 4.

EXPLANATION OF SYMBOLS

1: Polarizer

2: Birefringent layer

11,111, 113, 115, 117: First polarizer

12,112,114, 116, 118: Second polarizer
31,131,132,133: VA LCcell

101, 102, 103, 104, 105, 106, 107, 108: TAC film

151: First birefringent layer

161: Second birefringent layer

171, 172, 173, 174, 175, 176, 177: Third birefringent layer
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181, 183, 185, 187, q1: First quarter-wave plate
182, 184, 186, 188, q2: Second quarter-wave plate
191, 192: Isotropic film

201: Half-wave plate

rl, r4: First biaxial retardation film

r2, r2', r5: Second biaxial retardation film

r3: Third birefringent layer

The invention claimed is:

1. A liquid crystal display device, comprising in the fol-
lowing order:

a first polarizer;

a first birefringent layer;

a first quarter-wave plate;

a liquid crystal cell;

a second quarter-wave plate;

a second birefringent layer; and

a second polarizer having an absorption axis orthogonal to

an absorption axis of the first polarizer,

wherein the first birefringent layer satisfies Nz>0.9 and has

an in-plane slow axis orthogonal to the absorption axis
of the first polarizer;

the first quarter-wave plate has an in-plane slow axis form-

ing an angle of about 45° with the absorption axis of the
first polarizer;

the liquid crystal cell displays a black screen by aligning

liquid crystal molecules in the liquid crystal cell verti-
cally to a substrate surface;

the second quarter-wave plate has an in-plane slow axis

orthogonal to the in-plane slow axis of the first quarter-
wave plate;

the second birefringent layer satisfies Nz<0.1 and has an

in-plane slow axis parallel to the absorption axis of the
second polarizer; and

wherein the first birefringent layer satisfies 2.0=Nz=4.0

and, in units of nm, —15+(72-9.6xANz1)=Rxy(nm)=
15+(72-9.6xANz1), wherein ANz1 represents a biaxial
parameter of the first birefringent layer defined as INz-
11.

2. The liquid crystal display device according to claim 1,
wherein the liquid crystal display device satisfies |ANz1-
ANz2|=0.4, wherein ANz1 represents a biaxial parameter of
the first birefringent layer defined as INz-1I and ANz2 rep-
resents a biaxial parameter of the second birefringent layer
defined as INzl.

3. The liquid crystal display device according to claim 1,
wherein the first birefringent layer satisfies 2.3=Nz=3.3.

4. The liquid crystal display device according to claim 1,
further comprising a third birefringent layer satisfying
Rxy=10 nm and Rxz>0 nm between the first quarter-wave
plate and the liquid crystal cell and/or between the Liquid
crystal cell and the second quarter-wave plate.

5. The liquid crystal display device according to claim 4,
wherein, in units of nm, the third birefringent layer satisfies
-50+(Rlc(nm)-137.5x(Nzq1+Nzq2-1))=Rxz(nm)=50+
(Rle(nm)-137.5x(Nzql +Nzq2-1)), wherein Rlc represents
IRxz| of the liquid crystal cell; Nzql represents an Nz coef-
ficient of the first quarter-wave plate; and Nzq2 represents an
Nz coefficient of the second quarter-wave plate.

6. The liquid crystal display device according to claim 1,
wherein the first and second quarter-wave plates satisfy
0.8=Nzql+Nzq2=1.2, wherein Nzq1 represents an Nz coef-
ficient of the first quarter-wave plate; and Nzq2 represents an
Nz coefficient of the second quarter-wave plate.

7. The liquid crystal display device of claim 1, wherein the
liquid crystal cell is a vertical alignment (VA) type liquid
crystal cell.
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