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The liquid crystal display device of the present invention
includes a liquid crystal cell having a liquid crystal layer
including liquid crystal molecules having a positive dielec-
tric anisotropy, and a pair of polarizers and at least one phase
difference compensator that are provided outside the liquid
crystal cell. The liquid crystal display device of the present
invention displays an image in a normally black mode. A
pair of electrodes provided so as to interpose the liquid
crystal layer therebetween produce a transverse electric field
component parallel to the plane of the liquid crystal layer in
the presence of an applied voltage, and the orientation axis
direction, which is defined by the azimuth angle of the
orientation direction of the liquid crystal molecules near the
center of the liquid crystal layer in the thickness direction
thereof, is changed by the transverse electric field compo-
nent.
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LIQUID CRYSTAL DISPLAY DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a liquid crystal
display device, and more particularly to a liquid crystal
display device having a horizontal orientation liquid crystal
layer.

[0003]

[0004] A liquid crystal display device (also referred to by
the abbreviation “LCD”) is a flat panel display device
having desirable characteristics such as a small thickness, a
small weight, and a small power consumption. However, TN
(Twisted Nematic) type LCDs, which are widely used in the
art, have a problem in that the display quality varies depend-
ing on the direction from which they are observed (viewing
angle), i.c., have poor viewing angle characteristics. Par-
ticularly, the display characteristics vary significantly when
the viewing angle is changed in the orientation axis direction
defined by the azimuth direction of the orientation direction
of liquid crystal molecules (the direction of the long axis of
the liquid crystal molecules in the plane of the liquid crystal
layer) that are near the center of the liquid crystal cell in the
thickness direction thereof (also referred to as “the orienta-
tion axis direction of the intermediate layer of the liquid
crystal cell”). Specifically, when the angle at which the LCD
is observed is changed in the orientation axis direction of the
intermediate layer of the liquid crystal cell, the display
characteristics (e.g., the contrast ratio) become asymmetric
about the normal direction (the direction normal to the
display plane). Moreover, in an intermediate gray level
display, there occurs a display brightness (gray level) inver-
sion phenomenon. In an intermediate gray level display,
when the viewing angle direction is inclined from the
direction normal to the display plane (viewing angle ¢=0°)
toward one direction (e.g., upwardly) in the orientation axis
direction of the intermediate layer of the liquid crystal cell
(i.c., when the viewing angle ¢ is increased from 0°), the
display brightness once increases and then decreases after a
certain angle. When the viewing angle direction is inclined
toward the opposite direction (e.g., downwardly) in the
orientation axis direction of the intermediate layer of the
liquid crystal cell, the display brightness once decreases and
then increases after a certain angle.

[0005] Various techniques have been developed in the art
to improve the viewing angle characteristics of the TN type
LCD. For example, Japanese Laid-Open Patent Publication
No. 7-43719 discloses a liquid crystal display device having
electrooptical characteristics of a normally white mode, in
which at least one of a pair of electrodes for applying an
electric field across the liquid crystal layer is provided with
slits whose long side is parallel to the average orientation
direction of the liquid crystal molecules being projected onto
the substrate (substantially the same as the orientation axis
direction of the intermediate layer of the liquid crystal cell).
With this configuration, an inclined electric field is produced
in the liquid crystal layer in each pixel. As a result, a
plurality of regions where liquid crystal molecules rise in
respectively different directions are formed in each pixel,
thereby improving the viewing angle characteristics.

[0006] However, according to a study conducted by the
present inventors, although the technique disclosed in Japa-

2. Description of the Prior Art
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nese Laid-Open Patent Publication No. 7-43719 is effective
in reducing the change in the brightness occurring as the
viewing angle is changed in the orientation axis direction of
the intermediate layer of the liquid crystal cell, it falls short
of solving the asymmetry of the display characteristics about
the normal direction and the inversion phenomenon. More-
over, with this technique, the display contrast ratio as viewed
from the normal direction is lower than that of other con-
ventional TN type LCDs.

SUMMARY OF THE INVENTION

[0007] An object of the present invention is to provide a
liquid crystal display device having desirable viewing angle
characteristics.

[0008] The object is achieved by a liquid crystal display
device as set forth below. A liquid crystal display device of
the present invention is a liquid crystal display device
having a normally black mode electrooptical characteristics
and including: a liquid crystal cell having a pair of sub-
strates, a horizontal orientation liquid crystal layer provided
between the pair of substrates and including liquid crystal
molecules having a positive dielectric anisotropy, and a
plurality of pixels each being defined by a pair of electrodes
opposing each other via the liquid crystal layer therebe-
tween; and a pair of polarizers and at least one phase
difference compensator provided outside the liquid crystal
cell, wherein: the pair of polarizers and the at least one phase
difference compensator are arranged so that the transmit-
tance is lower in the absence of an electric field applied
across the liquid crystal layer than in the presence of an
electric field applied across the liquid crystal layer; and the
pair of electrodes produce a transverse electric field com-
ponent parallel to the plane of the liquid crystal layer in the
presence of an applied voltage therebetween, and an orien-
tation axis direction, which is defined by the azimuth angle
of the orientation direction of liquid crystal molecules near
the center of the liquid crystal layer in the thickness direction
thereof, is changed by the transverse electric field compo-
nent.

[0009] The liquid crystal display device of the present
invention has desirable viewing angle characteristics. Since
the liquid crystal display device of the present invention uses
a horizontal orientation liquid crystal layer, there is provided
a wide variety of materials to choose from, and the liquid
crystal display device can be manufactured by using a
reliable material. Moreover, since the transverse electric
field component for improving the viewing angle depen-
dence of the brightness can be produced only by providing
an opening in a conventional electrode, the liquid crystal
display device can be easily manufactured by using a
conventional manufacturing method.

[0010] The pair of polarizers may be arranged so that
polarization axes thereof are orthogonal to each other.

[0011] The liquid crystal layer may be a homogenous
alignment type liquid crystal layer. Preferably, the azimuth
angle direction of the orientation direction of the liquid
crystal molecules of the liquid crystal layer in the presence
of an applied voltage varies depending on the position in the
thickness direction of the liquid crystal layer.

[0012] Preferably, the liquid crystal layer includes, in each
of the plurality of pixels, a plurality of domains whose
orientation axis directions differ from one other.
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[0013] Preferably, the plurality of domains include
domains whose orientation axis directions differ from each
other by 180°.

[0014] Preferably, the pair of electrodes produce trans-
verse electric field components of different directions in the
presence of an applied voltage. More preferably, the trans-
verse clectric field components of different directions
include transverse electric field components of directions
differing from each other by 180°.

[0015] Preferably, the liquid crystal layer includes, in each
of the plurality of pixels, a plurality of regions whose
orientation axis directions change in different directions in
the presence of an applied voltage, and the plurality of
regions have an equal area and are arranged symmetrically.

[0016] Preferably, the direction of the transverse electric
field component produced by the pair of electrodes is at an
angle of 60° to 90° with respect to the orientation axis
direction of the liquid crystal layer in the absence of an
applied voltage.

[0017] At least one of the pair of electrodes may be a
conductive layer including openings therein, thereby pro-
ducing the transverse electric field component.

[0018] Preferably, the liquid crystal display device further
includes another phase difference compensator for compen-
sating for the retardation of the liquid crystal layer in the
absence of an applied voltage for light incident from a
direction inclined from the direction normal to the plane of
the liquid crystal layer. The above-described object and
other objects of the present invention will become more
apparent by reading the following detailed description with
reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a schematic diagram illustrating a first
configuration of an LCD 100 according to the present
invention;

[0020] FIG. 2A is a diagram schematically illustrating a
liquid crystal cell 200A having a pixel having an undivided
orientation (homogenous type alignment; in the presence of
an applied voltage), FIG. 2B is a diagram illustrating how
the retardation changes as the viewing angle is changed in
the top-bottom direction of the pixel, and FIG. 2C is a
diagram illustrating how the retardation changes as the
viewing angle is changed in the left-right direction of the
pixel;

[0021] FIG. 3A is a diagram schematically illustrating a
liquid crystal cell 100A having a pixel having a two-divided
orientation (homogenous type alignment; in the presence of
an applied voltage), and FIG. 3B is a diagram illustrating
how the retardation changes as the viewing angle is changed
in the top-bottom direction of the pixel;

[0022] FIG. 4A is a diagram schematically illustrating a
liquid crystal cell 300A having a pixel having an undivided
orientation (homogenous type alignment; in a normally
white mode black display), FIG. 4B is a diagram illustrating
how the retardation changes as the viewing angle is changed
in the top-bottom direction of the pixel, and FIG. 4C is a
diagram illustrating how the retardation changes as the
viewing angle is changed in the left-right direction of the
pixel;
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[0023] FIG. 5A is a diagram schematically illustrating a
liquid crystal cell 400A having a pixel having a divided
orientation (homogenous type alignment; in a normally
white mode black display), FIG. 5B is a diagram illustrating
how the retardation changes as the viewing angle is changed
in the top-bottom direction of the pixel, and FIG. 5C is a
diagram illustrating how the retardation changes as the
viewing angle is changed in the left-right direction of the
pixel;

[0024] FIG. 6A is a diagram schematically illustrating a
configuration 500 in which phase difference compensators
502 and 503 are provided on both sides of the liquid crystal
cell 400A illustrated in FIG. 3A, FIG. 6B is a diagram
illustrating how the retardation changes as the viewing angle
is changed in the top-bottom direction of the pixel, and FIG.
6C is a diagram illustrating how the retardation changes as
the viewing angle is changed in the left-right direction of the
pixel;

[0025] FIG. 7A is a diagram schematically illustrating a
configuration 600 in which phase difference compensators
504 and 505 are further provided on both sides of the
configuration 500 illustrated in FIG. 6A, FIG. 7B is a
diagram illustrating how the retardation changes as the
viewing angle is changed in the top-bottom direction of the
pixel, and FIG. 7C is a diagram illustrating how the retar-
dation changes as the viewing angle is changed in the
left-right direction of the pixel;

[0026] FIG. 8A is a diagram schematically illustrating the
liquid crystal cell 400A illustrated in FIG. 5A with a voltage
for displaying an intermediate gray level being applied
thereacross, and FIG. 8B is a diagram illustrating the
viewing angle (&) dependence of the retardation of a liquid
crystal layer 401 of the liquid crystal cell 400A for a
plurality of azimuth angles ¢;

[0027] FIG. 9A is a diagram schematically illustrating an
orientation in which the orientation directions of the liquid
crystal molecules are aligned with one another, FIG. 9C is
a diagram schematically illustrating an orientation in which
there is a distribution of the orientation directions of the
liquid crystal molecules in the thickness direction of the
liquid crystal layer, and FIG. 9B and FIG. 9D are diagrams
each illustrating a distribution, in the thickness direction, of
the orientation directions ¢LC of the liquid crystal molecules
of the liquid crystal layer illustrated in FIG. 9A and FIG.
9C, respectively;

[0028] FIG. 10A is a diagram schematically illustrating a
pair of electrodes, each being a flat and uniform conductive
layer and having a generally uniform conductivity within
each pixel, and FIG. 10B and FIG. 10C are diagrams each
schematically illustrating a distribution of the potential
produced by the pair of electrodes, wherein FIG. 10B
illustrates a potential distribution along an arbitrary axis
parallel to the x axis (or the y axis) in an arbitrary plane
parallel to the plane of the liquid crystal layer, and FIG. 10C
illustrates a potential distribution in the direction normal to
the plane of the liquid crystal layer (the thickness direction
or the z axis direction);

[0029] FIG. 11A to FIG. 11D are diagrams illustrating an
embodiment of a liquid crystal display device having the
second configuration of the present invention, wherein FIG.
11A is a diagram schematically illustrating a liquid crystal
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cell 100A having slit-shaped openings, and FIG. 11B, FIG.
11C and FIG. 11D are diagrams each schematically illus-
trating a potential distribution in a liquid crystal layer 1101
of the liquid crystal cell 1100A;

[0030] FIG. 12A is a diagram schematically illustrating a
potential distribution in the x direction in the liquid crystal
layer 1101 of the liquid crystal cell 1100A illustrated in FIG.
11A, and FIG. 12B is a diagram schematically illustrating a
distribution, in the thickness direction, of the orientation
directions (¢LC) of the liquid crystal molecules in the liquid
crystal layer 1101,

[0031] FIG. 13 is a diagram schematically illustrating a
distribution, in the thickness direction, of the orientation
directions (¢LC) of the liquid crystal molecules, with an
electric field for displaying an intermediate gray level being
applied across a 90° twisted liquid crystal layer;

[0032] FIG. 14 is a diagram schematically illustrating an
electrode structure of a pixel of an LCD of Example 1 and
an orientation of the liquid crystal molecules;

[0033] FIG. 15A is a graph illustrating an applied voltage
dependence of the transmittance as observed from the nor-
mal direction of the LCD of Example 1 of the present
invention, and FIG. 15B shows iso-contrast curves (viewing
angle characteristics) of the LCD of Example 1,

[0034] FIG. 16A is a graph illustrating the viewing angle
dependence of the brightness in a plane including the
rubbing direction of the LCD of Example 1, FIG. 16B is a
graph illustrating the viewing angle dependence of the
brightness in a plane including a direction orthogonal to the
rubbing direction of the LCD of Example 1, and FIG. 16C
is a graph illustrating the viewing angle dependence of the
brightness in a plane including the polarization axis direc-
tion of the LCD of Example 1;

[0035] FIG. 17 is a diagram schematically illustrating a
structure of a pixel electrode of an LCD of Example 2;

[0036] FIG. 18A is a graph illustrating an applied voltage
dependence of the transmittance as observed from the nor-
mal direction of the LCD of Example 2 of the present
invention, and FIG. 18B shows iso-contrast curves (viewing
angle characteristics) of the LCD of Example 2;

[0037] FIG. 19A is a graph illustrating a viewing angle
dependence of the brightness in a plane including the
rubbing direction of the LCD of Example 2, FIG. 19B is a
graph illustrating the viewing angle dependence of the
brightness in a plane including a direction orthogonal to the
rubbing direction of the LCD of Example 2, and FIG. 19C
is a graph illustrating the viewing angle dependence of the
brightness in a plane including the polarization axis direc-
tion of the LCD of Example 2;

[0038] FIG. 20 is a graph illustrating an applied voltage
dependence of the transmittance as observed from the nor-
mal direction of an LCD of Comparative Example 1;

[0039] FIG. 21 shows iso-contrast curves (viewing angle
characteristics) of the LCD of Comparative Example 1;

[0040] FIG. 22A is a graph illustrating a viewing angle
dependence of the brightness in the top-bottom direction of
the LCD of Comparative Example 1, FIG. 22B is a graph
illustrating a viewing angle dependence of the brightness in
the left-right direction of the LCD of Comparative Example
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1, and FIG. 22C is a graph illustrating a viewing angle
dependence of the brightness in the polarization axis direc-
tion of the LCD of Comparative Example 1;

[0041] FIG. 23 is a diagram schematically illustrating a
structure of a pixel electrode of an LCD of Comparative
Example 2;

[0042] FIG. 24A is a graph illustrating an applied voltage
dependence of the transmittance as observed from the nor-
mal direction of an LCD of Comparative Example 2, and
FIG. 24B shows iso-contrast curves (viewing angle char-
acteristics) of the LCD of Comparative Example 2; and

[0043] FIG. 25A is a graph illustrating a viewing angle
dependence of the brightness in the top-bottom direction of
the LCD of Comparative Example 2, FIG. 25B is a graph
illustrating a viewing angle dependence of the brightness in
the left-right direction of the LCD of Comparative Example
2, and FIG. 25C is a graph illustrating a viewing angle
dependence of the brightness in the polarization axis direc-
tion of the LCD of Comparative Example 2.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0044] The configuration and the operating principle of a
liquid crystal display device according to an embodiment of
the present invention will be described.

[0045]  Aliquid crystal display device of the present inven-
tion includes a liquid crystal cell having a liquid crystal layer
provided between a pair of substrates. The liquid crystal
layer is a horizontal orientation liquid crystal layer including
liquid crystal molecules having a positive dielectric anisot-
ropy. A horizontal orientation liquid crystal layer refers to a
liquid crystal layer in which the liquid crystal molecules are
aligned so that the long axis thereof is generally parallel
(with small pretilt angles) to the substrate plane (typically
provided with an alignment film) in the absence of an
applied voltage. Specifically, this type of liquid crystal layer
includes a TN alignment liquid crystal layer, and a homog-
enous alignment type liquid crystal layer in which an
alignment film is subjected to an antiparallel rubbing pro-
cess. In response to an electric field applied by a pair of
electrodes provided so as to oppose each other via the liquid
crystal layer therebetween, the orientation direction of the
liquid crystal molecules of the liquid crystal layer changes,
thereby modulating light passing through the liquid crystal
layer (changing the polarization of the light). The pair of
electrodes define pixels of the liquid crystal cell. Herein, a
region of a liquid crystal cell corresponding to a “pixel”,
which is the minimum unit of display, will also be referred
to as a “pixel” for the sake of simplicity. For example, each
pixel is defined by a pixel electrode and a counter electrode
opposing the pixel electrode in an active matrix type L.CD,
and by an intersection between one of column electrodes
(signal electrodes) and one of row electrodes (scanning
electrodes), which are both arranged in a stripe pattern, in a
passive matrix type LCD.

[0046] A pair of polarizers and at least one phase differ-
ence compensator provided outside the liquid crystal cell are
arranged so that the transmittance is lower in the absence of
an electric field applied across the liquid crystal layer than
in the presence of an electric field applied across the liquid
crystal layer. For example, the polarizers are arranged via
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the liquid crystal cell therebetween so that the polarization
axes thereof are orthogonal to each other. A liquid crystal
display device of the present invention displays an image in
aso-called “normally black mode” (hereinafter referred to as
“NB mode”). As will be described later in detail, in a
configuration where an image is displayed in the NB mode
by using a horizontal orientation liquid crystal layer having
a positive dielectric anisotropy, the retardation in a black
display can be effectively compensated for over a wide
viewing angle by using an phase difference compensator.
Thus, a desirable black display can be realized over a wide
viewing angle.

[0047] The above-described configuration capable of
improving the viewing angle dependence of a black display
in the NB mode will be referred to as the “first configura-
tion”.

[0048] However, employing the first configuration alone,
there remains a problem that the brightness depends on the
viewing angle direction in the presence of an applied voltage
(particularly in an intermediate gray level display). The pair
of electrodes of the liquid crystal display device of the
present invention are configured so as to produce a trans-
verse electric field component parallel to the plane of the
liquid crystal layer in the presence of an applied voltage
therebetween, so that the orientation axis direction, which is
defined by the azimuth angle of the orientation direction of
the liquid crystal molecules near the center of the liquid
crystal layer in the thickness direction thereof, is changed by
the transverse electric field component. In other words, in
the presence of an applied voltage (particularly in an inter-
mediate gray level display), the orientation axis direction of
the liquid crystal molecules is changed by a transverse
electric field component according to the voltage. For
example, the azimuth angle direction of the orientation
direction of each liquid crystal molecule of the liquid crystal
layer varies depending on the position thereof in the thick-
ness direction of the liquid crystal layer. Therefore, the
optical anisotropy of the liquid crystal layer in each region
where the orientation axis direction of the liquid crystal
molecules is changed by the transverse electric field com-
ponent is averaged, thereby reducing the viewing angle
dependence of the brightness. The effect of reducing the
optical anisotropy of the liquid crystal layer, by the trans-
verse electric field component, is provided only in the
presence of an applied voltage, and not in the absence of an
applied voltage. Therefore, the effect does not deteriorate the
high display quality of a black display in the NB mode
realized by the first configuration. The configuration for
producing a transverse electric field component that changes
the orientation axis direction, which is defined by the
azimuth angle of the orientation direction of the liquid
crystal molecules near the center of the liquid crystal layer
in the thickness direction thereof, will be referred to as the
“second configuration”.

[0049] Of course, the viewing angle characteristics can be
further improved by employing a so-called “multi-domain
structure”, where the liquid crystal layer has a plurality of
domains having different orientation axis directions in each
of a plurality of pixels. In order to average the viewing angle
dependence of the display quality, the plurality of domains
preferably include domains whose orientation axis direc-
tions differ from each other by 180°. Particularly, it is
preferred that domains whose orientation axis directions
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differ from each other by 180° are arranged so as to oppose
each other. With such an arrangement, it is easy to compen-
sate for the retardation in a black display, as will be
described later.

[0050] Tt should be noted that according to the present
invention, a plurality of regions where the orientation axis
directions of the liquid crystal molecules differ from one
another can be formed by a transverse electric field compo-
nent, without forming a multi-domain structure by using a
rubbing process, an optical alignment process, or the like, as
in the prior art. In other words, a liquid crystal layer having
a mono-domain structure in the absence of an applied
voltage can be turned into a multi-domain structure by
applying a voltage thereacross.

[0051] For example, such a configuration can be realized
by configuring the pair of electrodes so as to produce a
plurality of transverse electric field components of different
directions in the presence of an applied voltage therebe-
tween. In order to average the viewing angle dependence of
the display quality, the plurality of transverse electric field
components of different directions preferably include trans-
verse electric field components whose directions differ from
cach other by 180°. Moreover, the viewing angle character-
istics can be further averaged by employing a configuration
in which the liquid crystal layer has, in each of a plurality of
pixels, a plurality of regions whose orientation axis direc-
tions change in different directions in the presence of an
applied voltage, wherein the plurality of regions have an
equal area and are arranged symmetrically. It is preferred
that the direction of the transverse electric field component
produced by the pair of electrodes is at an angle of 60° to 90°
with respect to the orientation axis direction of the liquid
crystal layer in the absence of an applied voltage, whereby
the orientation of the liquid crystal molecules changes
continuously and symmetrically.

[0052] The production of a transverse electric field com-
ponent that changes the orientation axis direction of the
liquid crystal molecules according to the voltage applied
between the pair of electrodes can be realized by, for
example, using a conductive layer having openings therein
as one of the pair of electrodes. Each of such openings
typically has a slit shape (elongate rectangular shape). By
using a conductive layer having slit-shaped openings therein
as the electrode, the transverse electric field component as
described above is produced, whereby it is possible to
realize a liquid crystal display device in which the viewing
angle dependence of the brightness is improved. By provid-
ing a plurality of slit-shaped openings and variously chang-
ing the arrangement of the openings, it is possible to control
the viewing angle dependence. Transverse electric field
components whose directions differ from each other by 180°
are produced respectively near the opposing long sides of
each slit-shaped opening. The other electrode opposing the
electrode having slit-shaped openings therein may be a solid
electrode (a flat electrode with no special structural fea-
tures). Thus, a liquid crystal display device of the present
invention can be obtained only by providing openings in one
of a pair of electrodes, and the liquid crystal display device
can be easily manufactured by using a manufacturing
method known in the art. Of course, openings may alterna-
tively be provided in each of the pair of opposing electrodes.

[0053] While a liquid crystal display device of the present
invention has desirable viewing angle characteristics as
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described above, the viewing angle characteristics can be
further improved by providing an additional phase differ-
ence compensator for compensating for the retardation with
respect to light incident from a direction inclined from the
direction normal to the plane of the liquid crystal layer in the
absence of an applied voltage.

[0054] The structure and the operation of each embodi-
ment of the liquid crystal display device of the present
invention will now be described in detail with reference to
the drawings.

First Configuration

[0055] First, the configuration capable of improving the
viewing angle dependence of a black display in the NB
mode (the first configuration) will be described.

[0056] The first configuration used in a liquid crystal
display device (LCD) 100 of the present invention will be
described with reference to FIG. 1. The configuration for
producing a transverse electric field (the second configura-
tion) used in the LCD 100 of the present invention will be
described later. FIG. 1 schematically illustrates a configu-
ration of a single pixel of the LCD 100.

[0057] The LCD 100 includes a liquid crystal layer 101, a
pair of electrodes 100a and 1005 for applying an electric
field across the liquid crystal layer 101, a pair of phase
difference compensators 102 and 103 provided respectively
on both sides of the liquid crystal layer 101, further phase
difference compensators 104 and 105 provided on the outer
side of the phase difference compensators 102 and 103,
respectively, and a pair of polarizers 106 and 107 arranged
in a crossed Nicols state interposing the aforementioned
elements therebetween.

[0058] Note that the liquid crystal layer 101 is provided
between a pair of substrates (not shown), and the electrodes
100z and 100b are provided on one side of the pair of
substrates, respectively, that is closer to the liquid crystal
layer 101. The structure whose profile is defined by the pair
of substrates is referred to as a “liquid crystal cell 100A”.
Moreover, as the liquid crystal layer 101 is formed between
a pair of substrates (c.g., glass substrates) opposing each
other, the plane of the liquid crystal layer 101 is parallel to
the substrate plane, and the thickness of the liquid crystal
layer 101 is defined in the direction normal to the substrate
plane. Moreover, the display plane of the LCD 100 is
parallel to the substrate plane.

[0059] The liquid crystal layer 101 is a horizontal orien-
tation liquid erystal layer. Herein, a homogenous alignment
type liquid crystal layer formed by a nematic liquid crystal
material having a positive dielectric anisotropy and a hori-
zontal alignment film having been subjected to a rubbing
process will be used as an example. Moreover, the liquid
crystal layer 101 is divided orientation-wise into two
domains 1014 and 1015 (in other words, the liquid crystal
layer 101 has a multi-domain structure) in order to improve
the viewing angle characteristics. Each ellipse in FIG. 1
schematically represents a liquid crystal molecule 10.
Arrows 116a and 1165 (denoted collectively as “116”)
represent the orientation axis directions of the domains 1014
and 1015, respectively. The orientation axis directions 1164
and 116b differ from each other by 180°, and the domains
1014 and 1015 are arranged so as to oppose each other. The
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liquid crystal layer 101 of FIG. 1 schematically represents
a liquid crystal layer in the absence of an applied voltage.

[0060] Note that the orientation axis direction is a direc-
tion defined by the azimuth angle of the orientation direction
of the liquid crystal molecules 10 near the center of the
liquid crystal layer in the thickness direction thereof, and it
is defined in view of the pretilt of the liquid crystal mol-
ecules 10 (an inclination in a plane perpendicular to the
substrate plane) with the tip of the arrow corresponding to
the end of the liquid crystal molecules 10 that goes up when
the liquid crystal molecules 10 rise from the substrate plane
in response to an applied voltage. Moreover, for the purpose
of illustrating the viewing angle characteristics, the direction
parallel to the orientation axis direction 116 (1164 and 116b)
will be referred to as the “top-bottom direction”, and the
direction perpendicular thereto will be referred to as the
“left-right direction”, with respect to the observer.

[0061] Each of the phase difference compensators 102,
103, 104 and 105 may be any compensator having an
appropriate refractive index anisotropy, such as an phase
difference compensation film, phase difference compensa-
tion plate or a liquid crystal cell. Each of arrows 108 and 109
of the phase difference compensators 102 and 103 represents
an axis along which the refractive index ellipsoid of the
respective one of the phase difference compensators (all
having positive, uniaxial characteristics) has the maximum
refractive index (i.c., the slow axis). The phase difference
compensators 104 and 105 are biaxial phase difference
compensators, and each of arrows 110 and 111 extending in
the direction normal to the plane of the respective one of the
compensators represents an axis along which the compen-
sator as a whole has the maximum refractive index, while
each of arrows 112 and 113 extending in the plane of the
respective one of the compensators represents an axis of the
maximum refractive index in the plane of the compensator.
Each of arrows 114 and 115 of the polarizers 106 and 107
represents the polarization axis (transmission axis).

[0062] The orientation axis direction 116 (116a and 116b),
the slow axes 108 and 109, the axes 112 and 113 of the
maximum in-plane refractive index, and the polarization
axes 114 and 115 are each in a plane parallel to the substrate
plane of the liquid crystal cell. Moreover, the slow axes 108
and 109 are both generally orthogonal to the orientation axis
direction 116. Furthermore, the axis 112 of the maximum
in-plane refractive index is generally orthogonal to the
polarization axis 114, and the axis 113 of the maximum
in-plane refractive index is generally orthogonal to the
polarization axis 115. The polarization axes 114 and 115 are
generally orthogonal to each other. Moreover, the angle
between the orientation axis direction 116 and the polariza-
tion axis 115 (and 114) is about 45°.

[0063] The LCD 100 uses the phase difference compen-
sators 104, 102, 103 and 105 for phase difference compen-
sation so as to cancel out, for light incident from any
direction, the retardation due to the refractive index anisot-
ropy of the liquid crystal layer 101 in the absence of an
applied voltage (where the liquid crystal molecules 10 are
aligned generally parallel to the substrate plane). In other
words, the optical characteristics of the phase difference
compensators and the liquid crystal cell of the LCD 100 are
adjusted so that the polarization of linearly-polarized light
having passed through the polarizer 106 is substantially the
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same as the polarization of light having exited from the
phase difference compensator 105 after passing through the
phase difference compensators 104 and 102, the liquid
crystal cell 100A and the phase difference compensator 103
in this order, for any viewing angle. Moreover, since the
liquid crystal layer 101 of the LCD 100 has a two-divided
orientation (domains 101a and 1015), the asymmetry of the
brightness change as the viewing angle is changed in the
orientation axis direction (typically equal to the rubbing
direction) is improved.

[0064] As described above, the LCD 100 realizes a high-
quality black display in the absence of an applied voltage,
irrespective of the viewing direction, and has little decrease
in the contrast ratio as the viewing angle is changed toward
an inclined direction in the orientation axis direction (the
rubbing direction).

[0065] The function of the first configuration capable of
improving the viewing angle dependence of the display
quality in a black display will now be described in greater
detail.

[0066] An LCD of the present invention has a horizontal
orientation liquid crystal layer. A horizontal orientation
liquid crystal layer is obtained by a liquid crystal material
having a positive dielectric anisotropy and a horizontal
alignment film. These materials are advantageous in that
they are reliable and can be selected from a wide variety. The
liquid crystal molecules of a horizontal orientation liquid
crystal layer are in a stable alignment in the absence of an
applied voltage due to an alignment process positively
performed such as, for example, a rubbing process or an
optical alignment process.

[0067] An example where orientation division is
employed in order to improve the viewing angle dependence
will now be described, though orientation division is not
always necessary. It should be noted that with a configura-
tion where an image is displayed in the NB mode by using
a horizontal orientation liquid crystal layer, there is an
advantage that the viewing angle dependence of the display
quality of a black display can be effectively compensated for
even if orientation division is employed, as will be described
later.

[0068] Changes in brightness of a pixel having an undi-
vided orientation in the top-bottom direction and the left-
right direction will be described with reference to FIG. 2A,
FIG. 2B and FIG. 2C. An xyz coordinate system is assumed
so that the x-y plane is parallel to the substrate plane (the
display plane), and the x direction and the y direction
correspond to the left-right direction and the top-bottom
direction, respectively (the arrow 116 in FIG. 1 is parallel to
the y direction).

[0069] A liquid crystal cell 200A illustrated in FIG. 2A
has a liquid crystal layer 201 between electrodes 2004 and
2005. The liquid crystal layer 201 is a homogenous align-
ment type liquid crystal layer under an alignment control by
a horizontal alignment film (having been subjected to a
rubbing process; not shown) provided on each of the elec-
trodes 200z and 200b. Each of the electrodes 200z and 200
is formed by using a transparent conductive material (e.g.,
ITO) on a substrate (e.g., a glass substrate; not shown). A
homogenous alignment type liquid crystal layer in which the
twist angle of the liquid crystal molecules in the initial
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alignment state is zero will be used as an example for the
sake of simplicity, but the twist angle may be set to any angle
from 0° to 90°.

[0070] Upon application of an appropriate electric field
across the liquid crystal layer 201, the liquid crystal mol-
ecules 10 rotate (rise) about the x axis in the z-y plane, as
indicated by an arrow in FIG. 2A. FIG. 2B and FIG. 2C
schematically illustrate the change in the retardation of the
liquid crystal layer 201 (denoted as “Re”) as the viewing
angle is changed in the top-bottom direction and in the
left-right direction, respectively, with the electric field being
applied across the liquid crystal layer 201.

[0071] When the viewing angle eb is changed in a plane
parallel to the z-x plane (in the left-right direction), the
retardation of the liquid crystal layer 201 changes symmetri-
cally about the normal direction (€b=0°, the direction normal
to the substrate), as illustrated in FIG. 2C. In contrast, when
the viewing angle ¢a is changed in a plane parallel to the z-y
plane (in the top-bottom direction), the retardation of the
liquid crystal layer 201 changes asymmetrically about the
normal direction (¢a=0°), as illustrated in FIG. 2B.

[0072] Since the change in retardation is directly related to
the change in brightness, the brightness changes symmetri-
cally as ¢b changes (as the viewing angle changes in the
left-right direction), while the brightness changes asym-
metrically, and to a significant degree, as €a changes (as the
viewing angle changes in the top-bottom direction). Thus, it
is important to reduce the change in retardation for the
change in ea.

[0073] The significant viewing angle dependence of the
retardation for the change in €a is due to the optical
anisotropy of the liquid crystal molecules 10. Specifically,
since the long axis of the ellipsoid of the liquid crystal
molecule 10 is parallel to the z-x plane and inclined toward
one direction with respect to the x axis, the ellipticity of the
liquid crystal molecule 10 decreases, from that when it is
observed from the normal direction, as the viewing angle is
inclined toward one direction in the y-z plane, whereas the
ellipticity of the liquid crystal molecule 10 increases as the
viewing angle is inclined toward the opposite direction.
Thus, the appearance (the magnitude of the refractive index
anisotropy) of the liquid crystal molecule 10 varies depend-
ing on the direction from which it is viewed, since the liquid
crystal molecule 10 is inclined toward one direction. To
address this problem, measures can be taken so that the
above-described change in the ellipticity of the liquid crystal
molecule 10 is substantially averaged regardless of the
direction toward which the viewing angle is inclined. Spe-
cifically, the problem can be addressed by employing, as the
liquid crystal layer 201, a multi-domain structure (e.g., a
two-divided orientation) having two regions whose inclina-
tion directions differ from each other by 180°.

[0074] 1In view of the above, in the LCD 100, each pixel
is divided into the two domains 1014 and 1015 in which the
liquid crystal molecules 10 rise in respective directions
differing from each other by 180°, as illustrated in FIG. 3A.
The retardations of the domains 101a and 1015 change as
indicated by curves A and B, respectively, in FIG. 3B, as ea
changes. However, since the domains 101¢ and 1015 coexist
in a pixel that is typically as small as several 100 umx
several 100 ym, human eyes perceive the average charac-
teristic ((A+B)/2) between the curves A and B, as indicated
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by a broken line C in FIG. 3B. Thus, the LCD 100 realizes
a retardation change (brightness change) symmetric in the
top-bottom direction by orientation division as illustrated in
FIG. 1 and FIG. 3A. The first configuration realizes a high
contrast ratio also when observed from an inclined direction.

[0075] The LCD 100 of the present invention is an NB
mode LCD producing a black display in the absence of an
applied voltage.

[0076] Typically, an LCD changes the orientation of the
liquid crystal molecules by an external electric field applied
across the liquid crystal layer to change the value of retar-
dation of the liquid crystal layer, thereby changing the
transmittance for light coming from a light source provided
on the back of the liquid crystal cell to obtain an intended
brightness for black, white or an intermediate gray level. The
electric field to be applied across the liquid crystal layer to
obtain a black display (i.c., the orientation of the liquid
crystal molecules for realizing a black display) may be set
arbitrarily. A typical liquid crystal display device using a
horizontal alignment film and a liquid crystal material
having a positive dielectric anisotropy employs a normally
white mode (hereinafter referred to as “NW mode™), where
a white display is produced in the absence of an applied
voltage, with the display brightness decreasing as the
applied voltage increases. In contrast, the present invention
employs the NB mode, where a black display is produced in
the absence of an applied voltage, with the display bright-
ness increasing as the applied voltage increases, and the
present invention realizes a display with a high contrast ratio
even when observed from an inclined direction by suppress-
ing the increase in display brightness occurring when the
liquid crystal display device in a black display is observed
from an inclined direction.

[0077] First, problems with conventional NW mode LCDs
will be described with reference to FIG. 4A, FIG. 4B and
FIG. 4C.

[0078] A liquid crystal cell 300A schematically illustrated
in FIG. 4A includes a homogenous alignment type liquid
crystal layer 301 of a liquid crystal material having a
positive dielectric anisotropy provided between horizontal
alignment films (not shown) having been subjected to an
antiparallel rubbing process. FIG. 4A schematically illus-
trates the liquid crystal cell 300A being in a state where a
voltage sufficiently high to saturate the orientation change of
the liquid crystal molecules 10 is applied between electrodes
300a and 300b, i.e., in a black display state. FIG. 4B and
FIG. 4C illustrate how the retardation of the liquid crystal
layer 301 changes when the viewing angle is changed in the
top-bottom direction and in the left-right direction, respec-
tively.

[0079] When a sufficient electric field is applied across the
liquid crystal layer 301, the liquid crystal molecules 10 near
the center of the liquid crystal layer 301 in the thickness
direction thereof rotate in the y-z plane about the x axis and
rise to be generally perpendicular to the substrate plane, as
illustrated in FIG. 4A. The liquid crystal molecules 10 near
the horizontal alignment films (i.c., near the electrodes)
cannot rise due to the anchoring effect of the horizontal
alignment films. As a result, the retardation of the liquid
crystal layer 301 changes as indicated by a curve shown in
FIG. 4B for the change in the viewing angle ¢a in the y-z
plane, and as indicated by a curve shown in FIG. 4C for the
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change in the viewing angle ¢b in the z-x plane. It should be
noted that the value of the viewing angle for which the
retardation takes its minimum value differs between the
curves of FIG. 4B and FIG. 4C. An inclined type phase
difference compensator disclosed in Japanese Laid-Open
Patent Publication No. 6-75116, in which the principal axis
of refractive index is inclined from the plane of the com-
pensator, can be used as an optical compensator capable of
compensating for such a change in retardation so that the
retardation value is substantially zero for any ¢€a and &b .
Then, the increase in brightness when a black display is
observed from an inclined direction is suppressed, thereby
obtaining a display with a high contrast ratio even when
observed from an inclined direction.

[0080] However, when a multi-domain structure as
described above is employed in order to make the viewing
angle dependence of the brightness in an intermediate gray
level display symmetric, the following problem occurs in the
NW mode.

[0081] FIG. 5A schematically illustrates a liquid crystal
cell 400A having a liquid crystal layer 401 having a two-
divided orientation in a black display state (a state where a
sufficient voltage is applied). The liquid crystal layer 401
includes two domains 401a and 401b in which the liquid
crystal molecules 10 rise in respective directions differing
from each other by 180°.

[0082] As illustrated in FIG. 5A, the rotation direction
(rising direction) of the liquid crystal molecules 10 in the z-y
plane differs between the domains 401z and 401b. Accord-
ingly, the direction in which the liquid crystal molecules 10
that have not risen sufficiently in an intermediate gray level
display rise differs between the domains 401a and 401b.

[0083] For the change in the viewing angle ¢b in the z-x
plane, the retardations of the domains 401a and 4016 are
substantially the same and can be represented by a curve Cl
which takes its minimum value at ¢b=0° (normal direction),
as illustrated in FIG. 5C. In contrast, for the change in the
viewing angle ¢a in the z-y plane, the retardations of the
domains 401a and 4015 take their respective minimum
values (RzA and RzB) at different viewing angles ¢a, as
indicated by curves Al and B1, respectively, in FIG. 5B.

[0084] It is difficult to compensate for such a viewing
angle dependence of the retardation of the liquid crystal cell
400A, for any ¢éa and &b, by using an phase difference
compensator having a uniform optical characteristic across
the display plane. Of course, it may be possible to achieve
such a compensation by using an phase difference compen-
sator having a plurality of regions with different optical
characteristics respectively corresponding to the domains
401a and 401b. However, such an phase difference com-
pensator is not practical in view of the manufacturing cost
and the manufacturing technique. Thus, when a LCD having
a two-divided orientation is used in the NW mode, it is
difficult to obtain a display with a high contrast ratio when
observed from an inclined direction.

[0085] The above-described problem can be improved by
employing the NB mode where a black display is produced
in the absence of an applied voltage. The effect of improving
the viewing angle dependence by using an phase difference
compensator in the NB mode will be described with refer-
ence to FIG. 6A, FIG. 6B and FIG. 6C.
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[0086] FIG. 6A schematically illustrates a configuration
500 including a liquid crystal cell S00A having a horizontal
orientation liquid crystal layer 501, and phase difference
compensators 502 and 3503 provided respectively on both
sides of the liquid crystal cell S00A. FIG. 6A illustrates the
configuration 500 in the absence of an applied electric field
across the liquid crystal layer 501.

[0087] As illustrated in FIG. 6A, the liquid crystal mol-
ecules 10 in the liquid crystal layer 501 are aligned to be
generally parallel to the substrate plane at any position. In
this state, in order to obtain a desirable black display as
observed from the normal direction, first, a pair of polarizers
are provided in a crossed Nicols arrangement so as to
interpose the phase difference compensator 502, the liquid
crystal cell 500A and the phase difference compensator 503
therebetween. Then, the phase difference compensators 502
and 503 and the liquid crystal cell S00A can be designed so
that the polarization of light before it is incident upon the
phase difference compensator 502 is the same as the polar-
ization of light having exited from the phase difference
compensator 503 after passing through the phase difference
compensator 502, the liquid crystal cell S00A and the phase
difference compensator 303 in this order. In other words, the
effective retardation of the phase difference compensator
502, the liquid crystal cell S00A and the phase difference
compensator 503 as a whole can be adjusted to be substan-
tially zero.

[0088] As one way to do so, uniaxial phase difference
compensators are used as the phase difference compensators
502 and 503 such that slow axes 508 and 509 are both
orthogonal to a long axis direction (orientation axis direc-
tion) 516 of the liquid crystal molecules 10 and parallel to
the substrate plane. Moreover, the phase difference compen-
sators 502 and 503 are adjusted so that their retardations in
the normal direction are substantially the same as each other,
and so that the sum of the retardations is substantially equal
to the retardation of the liquid crystal layer 501 in the
absence of an applied voltage as observed from the normal
direction. Since the slow axis of the liquid crystal layer 501
(parallel to 516) is orthogonal to the slow axes 508 and 509
of the phase difference compensators 502 and 503, their
retardations are canceled out by each other.

[0089] FIG. 6B and FIG. 6C illustrate the change in
retardation for the change in the viewing angle €a in the z-y
plane and the change in the viewing angle ¢b in the z-x
plane, respectively, of the configuration 500 illustrated in
FIG. 6A. It should be noted that in either one of the curves
of FIG. 6B and FIG. 6C, the minimum value of retardation
occurs in the normal direction (¢a=0°, ¢b=0°). This also
applies when orientation division is employed.

[0090] Also when orientation division is employed as in
the liquid crystal layer 101 of FIG. 1, the orientation of the
liquid crystal molecules 10 in the absence of an applied
voltage is parallel to the substrate plane at any position (the
pretilt angle is small and negligible) as in the case of the
liquid crystal molecules 10 of FIG. 6A, regardless of
whether in the domain 101« or in the domain 1015. There-
fore, the retardation of the liquid crystal layer 101 of the
LCD 100 illustrated in FIG. 1 is compensated for by the
phase difference compensators 102 and 103, and the total
retardation thereof exhibits viewing angle dependence as
illustrated in FIG. 6B and FIG. 6C.
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[0091] The retardation of a horizontal orientation liquid
crystal layer in the absence of an applied voltage can be
compensated for even more effectively by providing another
phase difference compensator, in addition to the phase
difference compensators 502 and 503 illustrated in FIG. 6A,
that has the maximum refractive index in the z axis direction
(i.¢., the direction normal to the substrate).

[0092] The viewing angle dependence of the retardation of
the configuration 500 illustrated in FIG. 6B and FIG. 6C is
as that of a negative uniaxial phase difference compensator
that has the minimum refractive index in the direction
normal to the substrate (z axis direction) and has twice as
much retardation as that of the phase difference compensator
503.

[0093] Thus, the viewing angle dependence of the retar-
dation of the configuration 500 can be even more compen-
sated for by, for example, further providing phase difference
compensators 504 and 505 outside the configuration 500 of
FIG. 6A, as in a configuration 600 illustrated in FIG. 7A.
The phase difference compensators 504 and 505 are uniaxial
phase difference compensators having slow axes 510 and
511, respectively, both along the z axis. The retardations of
the phase difference compensators 504 and 505 are both
substantially the same as that of the phase difference com-
pensator 502 (and 503).

[0094] FIG. 7B and FIG. 7C illustrate the change in
retardation for the change in the viewing angle €a in the z-y
plane and the change in the viewing angle ¢b in the z-x
plane, respectively, of the configuration 600 illustrated in
FIG. 7A. As is apparent from FIG. 7B and FIG. 7C, the
retardation of the configuration 500 obtained by combining
together the liquid crystal cell S00A having a horizontal
orientation liquid crystal layer and the phase difference
compensators 502 and 503 (the retardation illustrated in
FIG. 6B and FIG. 6C) can be generally canceled out for any
value of ¢a and €b, by combining together the positive
uniaxial phase difference compensators 504 and 505 whose
retardation is substantially the same as that of the phase
difference compensator 502 and which has the maximum
refractive index in the direction normal to the substrate.
Therefore, by employing the configuration 600, it is possible
to obtain an LCD capable of realizing a display with a high
contrast ratio when observed from any inclined direction.

[0095] As described above, when a horizontal orientation
liquid crystal layer is used in the NB mode, the effective
retardation can be adjusted to be substantially zero for any
¢a and &b by combining together appropriate phase differ-
ence compensators, even for a liquid crystal layer having a
divided orientation, whereby it is possible to easily obtain an
LCD having desirable viewing angle characteristics.

[0096] Note that positive uniaxial phase difference com-
pensators are used as the phase difference compensators 504
and 505 in the above description for the sake of simplicity.
In fact, however, the retardation can be compensated for
more effectively by employing biaxial phase difference
compensators that have a refractive index anisotropy also in
the x-y plane (the phase difference compensators 104 and
105 illustrated in FIG. 1). Of course, an phase difference
compensator having its slow axis along the z axis may be
combined with an phase difference compensator having its
slow axis in the x-y plane.

[0097] As described above, the first configuration enables
compensation of the viewing angle dependence of the retar-
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dation in a black display by providing a display device in the
NB mode (where the display brightness (transmittance) is
lower in the absence of an applied voltage across the liquid
crystal layer than in the presence of an applied voltage
across the liquid crystal layer) using a horizontal orientation
liquid crystal layer. As a result, it is possible to realize a
display with a high contrast ratio in which the display
brightness in a black display does not increase when
observed from any viewing angle. Moreover, there is
another advantage that a horizontal orientation liquid crystal
layer can be provided by using a liquid crystal material
having a positive dielectric anisotropy and a horizontal
alignment film that are desirable in terms of the productivity
and stability.

[0098] Note that the above description has been directed to
how the viewing angle dependence of the brightness in an
intermediate gray level display in the top-bottom direction
and in the left-right direction can be improved by employing
orientation division of the liquid crystal layer for each pixel.
However, orientation division is not indispensable, but the
viewing angle dependence of the brightness in an interme-
diate gray level display can alternatively be improved with
the second configuration to be described below. It should be
noted that of course the symmetry of the viewing angle
dependence of the brightness in an intermediate gray level
display can be improved by employing orientation division
in combination with the first configuration. More impor-
tantly, if the first configuration realizing a display device in
the NB mode by using a horizontal orientation liquid crystal
layer is employed, the viewing angle dependence of the
retardation in a black display can be effectively compensated
for, whereby the viewing angle dependence of the brightness
in a black display can be effectively compensated for, also
when orientation division is employed in combination there-
with.

Second Configuration

[0099] Next, the second configuration for reducing the
viewing angle dependence of the display brightness in the
presence of an applied voltage will be described.

[0100] In the second configuration, there is produced a
transverse electric field component that changes the orien-
tation axis direction defined by the azimuth direction of the
orientation direction of liquid crystal molecules near the
center of the liquid crystal layer in the thickness direction
thereof, thereby positively introducing a distribution in the
orientation direction of the liquid crystal molecules in an
intermediate gray level to white display state (a display state
other than a black display state) so as to reduce the viewing
angle dependence of the display brightness. Moreover, the
second configuration does not adversely affect the viewing
angle dependence in a black display, which is improved by
the first configuration described above.

[0101] The function of the second configuration will now
be described with reference to the drawings.

[0102] FIG. 8A illustrates the liquid crystal layer 401
having a two-divided orientation of the liquid crystal cell
400A of FIG. 5A with an electric field for displaying an
intermediate gray level being applied across the liquid
crystal layer 401. FIG. 8B schematically illustrates, for a
plurality of azimuth angles ¢, the effective viewing angle (&)
dependence of the retardation of the liquid crystal layer 401,
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which is obtained by combining together the respective
viewing angle (&) dependences of the retardations in the
domains 401« and 401b obtained by orientation division.
The azimuth angle ¢ defines an angle between the y axis and
a plane that includes the viewing angle direction and that is
orthogonal to the x-y plane, with the y axis direction
(parallel to the orientation axis direction of the liquid crystal
layer) being 0°.

[0103] As illustrated in FIG. 8B, while the viewing angle
dependence of the retardation at azimuth angle ¢=0° is
substantial, the viewing angle dependence of the retardation
is flattened as the azimuth angle increases from ¢=0° to
¢=220° and ¢$=x40°. This is because of the optical anisot-
ropy of liquid crystal molecules such that the refractive
index changes substantially as the viewing angle changes in
a direction including the long axis of the refractive index
¢llipsoid (the long axis of liquid crystal molecules), whereas
the refractive index does not change substantially as the
viewing angle changes in a direction including the short axis
of the refractive index ellipsoid. This suggests that it is
possible to average the viewing angle dependence and to
realize a gray level display with reduced viewing angle
dependence by adding together the viewing angle depen-
dence at azimuth angle ¢=0° with those at azimuth angles
¢=%20° and ¢p=240°.

[0104] In the present invention, an effect equivalent to
adding together the viewing angle dependences for different
azimuth angles as described above is obtained by positively
controlling the angle between the orientation direction of the
liquid crystal molecules (the axis obtained by orthogonally
projecting the long axis of the liquid crystal molecules onto
the substrate) and the y axis so as to introduce a distribution
in the value of ¢L.C in the plane of the liquid crystal layer
and in the thickness direction of the cell (so that the value is
not constant across the cell).

[0105] FIG. 9A schematically illustrates an orientation in
which the orientation directions of the liquid crystal mol-
ecules 10 are aligned with one another (as in the liquid
crystal layer 401 described above), and FIG. 9C schemati-
cally illustrates an orientation in which there is a distribution
of the orientation directions of the liquid crystal molecules
10 in the thickness direction of the liquid crystal layer. FIG.
9B and FIG. 9D cach illustrate a distribution, in the thick-
ness direction, of the orientation directions ¢LC of the liquid
crystal molecules of the liquid crystal layer illustrated in
FIG. 9A and FIG. 9C, respectively. In FIG. 9B and FIG.
9D, the horizontal axis represents ¢L.C, and the vertical axis
represents the position z in the thickness of the liquid crystal
layer. In FIG. 9B and FIG. 9D, z=0 represents a position on
one substrate (alignment film) and z=d represents a position
on the other substrate (alignment film), where d denotes the
thickness of the liquid crystal layer.

[0106] Where the orientation directions of the liquid crys-
tal molecules are aligned with one another, as illustrated in
FIG. 9A, the liquid crystal molecules rotate about the x axis
in response to an applied electric field. Therefore, even in an
intermediate gray level display, the orientation direction of
the liquid crystal molecules is constant (¢LC=0°) at any
position in the thickness direction, as illustrated in FIG. 9B,
and is also constant at any position in the plane of the liquid
crystal layer.

[0107] In contrast, according to the present invention, the
orientation directions ¢L.C of the liquid crystal molecules are
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not aligned (have a distribution) in the thickness direction in
an intermediate gray level display (in the presence of an
applied voltage), as conceptually illustrated in FIG. 9C. It is
important to ensure that the orientation directions ¢L.C of the
liquid crystal molecules are not aligned (have a distribution)
only in the presence of an applied voltage, while the effect
is lost in the absence of an applied voltage, i.e., in a black
display. This is because the orientation of the liquid crystal
molecules in the absence of an applied voltage is defined by
the first configuration so as to control the viewing angle
dependence in a black display.

[0108] The introduction of a distribution in the orientation
direction ¢L.C of the liquid crystal molecules only in the
presence of an applied voltage, as conceptually illustrated in
FIG. 9D, can be realized by, for example, producing a
transverse electric field component. A transverse electric
field component can be produced by, for example, providing
openings (typically slit-shaped openings) in one of a pair of
electrodes opposing each other via a liquid crystal layer
therebetween.

[0109] A typical electrode used in a liquid crystal cell is a
flat and uniform conductive layer and has a generally
uniform conductivity across each pixel, as electrodes 1000a
and 10006 illustrated in FIG. 10A. Therefore, the potential
between the electrodes, i.c., the potential in a plane parallel
to the electrode plane in the liquid crystal layer (i.c., the
plane of the liquid crystal layer, the substrate plane, the x-y
plane), is constant at any position. For example, the potential
distribution along an arbitrary axis parallel to the x axis (or
the y axis) in an arbitrary plane parallel to the plane of a
liquid crystal layer 1001 is constant, as illustrated in FIG.
10B. Therefore, an electric field component parallel to the
plane of the liquid crystal layer 1001 (a transverse electric
field component) is not produced. Of course, the potential
varies as a function (typically a linear function) of the
position (thickness) in the direction normal to the plane of
the liquid crystal layer 1001 (the thickness direction, the z
axis direction), and an electric field (vertical electric field
component) is generated in the thickness direction of the
liquid crystal layer 1001.

[0110] An embodiment of a liquid crystal display device
having the second configuration of the present invention will
be described with reference to FIG. 11A, FIG. 11B, FIG.
11C and FIG. 1D.

[0111] In aliquid crystal cell 1100 illustrated in FIG. 11A,
one of electrodes 1100a and 11005 (the electrode 11006 in
the illustrated example) provided so as to oppose each other
via a liquid crystal layer 1101 therebetween includes a
plurality of slit-shaped openings 1120 generally parallel to
one another. The long side of each of the slit-shaped
openings 1120 is parallel to the y axis, and the slit-shaped
openings 1120 are arranged in the perpendicular direction
(the x axis).

[0112] Note that having the long side of the slit-shaped
openings 1120 generally parallel to the orientation direction
of the liquid crystal molecules (the y axis) provides an effect
of ensuring the symmetry of the change in the orientation of
the liquid crystal molecules by a transverse electric field
component and preventing the orientation of the liquid
crystal molecules from changing discontinuously. In order to
obtain such an effect, it is preferred that the angle between
the orientation axis direction in the absence of an applied
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voltage and the long side direction of the slit-shaped open-
ings 1120 (the y axis in the drawings) is 30° or less.

[0113] The function of the electrode structure having the
slit-shaped openings 1120 will be described with reference
to FIG. 11B, FIG. 11C and FIG. 11D.

[0114] When a voltage is applied between the electrodes
1100a and 11005 illustrated in FIG. 11A, the potential at a
point in the liquid crystal layer 1101 having an arbitrary (y,
z) value and along an axis parallel to the x axis changes in
the x direction as illustrated in FIG. 11B. Morcover, the
potential at a point in the liquid crystal layer 1101 having an
arbitrary (z, x) value and along an axis parallel to the y axis
is represented as in FIG. 1lc with respect to the y axis
direction. Furthermore, the potential at a point in the liquid
crystal layer 1101 having an arbitrary (X, y) value and along
an axis parallel to the z direction changes in the z direction
as illustrated in FIG. 11D.

[0115] As illustrated in FIG. 11B, the potential distribu-
tion along the x axis in the plane of the liquid crystal layer
1101 is represented by a curve periodically exhibiting the
maximum value (apex) and the minimum value (bottom).
The position at which the potential has the minimum value
corresponds to the center (a point P in FIG. 11A) of the
slit-shaped opening 1120 in the width direction (x direction),
and the position at which the potential has the maximum
value corresponds to the center (a point Q in FIG. 11A) of
the area where the electrode (conductive layer (non-open-
ing)) actually exists. The difference in magnitude of the
potential change along the x axis (the scale of the vertical
axis of FIG. 11B) varies depending on the (y, z) value.

[0116] The potential is constant along the y axis in the
plane of the liquid crystal layer 1101, as illustrated in FIG.
11C, and the magnitude thereof (the scale of the vertical axis
of FIG. 11C) varies depending on the (z, y) value. More-
over, in the thickness direction of the liquid crystal layer
1101 (the z direction), the potential changes as a function of
the position as illustrated in FIG. 11D. The scale of the
vertical axis of FIG. 11D varies depending on the (x, v)
value of the position, whereby the gradient of the potential
(the strength of the vertical electric field) along the z axis
also varies depending on the position.

[0117] As can be seen from FIG. 11B to FIG. 11D, when
a voltage is applied between the electrodes 11004 and 11005
illustrated in FIG. 11A, an electric field component in the x
axis direction (a transverse electric field) is generated in
addition to the electric field component in the z axis direc-
tion (a vertical electric field). It can also be seen that the
directions of the electric field components in the x axis
direction are symmetrical (opposite in the illustrated
example) as indicated by arrows E1 and E2 of FIG. 11A.
Therefore, the electrode structure of the present invention
does not adversely affect the reliability, etc., of a liquid
crystal display device.

[0118] The potential distribution illustrated in FIG. 11B
will now be described in greater detail with reference to
FIG. 12A and FIG. 12B.

[0119] The potential of the electrode 1100¢ illustrated in
FIG. 11A is determined by the external power supply (Vdd).
Similarly, the potential at the point Q of the electrode 11005
having the openings 1120 is also determined by the external
power supply. However, since no external power supply is
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connected to the point P, the potential at the point P is
determined by the potential of the electrode 1100a, the
potential at the point Q of the electrode 1100b and the
potential at the point at infinity. Therefore, the relationship
among the width of the portion of the electrode 11005 where
the electrode (conductive layer) actually exists (also referred
to as “solid portion”), the width of the opening 1120, and the
interval between the electrodes 1100z and 11005, is an
important parameter in determining the relative magnitude
of the transverse electric field component. It has been
experimentally confirmed that in order to average the view-
ing angle dependence of the brightness in the presence of an
applied voltage, it is preferred that the width of the opening
1120 is about 0.1 to 10 times the interval between the
electrodes 11002 and 11006 (the thickness of the liquid
crystal layer) while the width of the solid portion of the
electrode is about 0.1 to 10 times the width of the opening
of the electrode. Note that under such a condition, the
influence of the potential at the point at infinity on the
potential at the point P is substantially negligible. Therefore,
when the potential at the point Q and the potential of the
electrode 1100z are equal to each other, i.e., in the absence
of an applied voltage, the potential at the point P is also equal
to the potential of the electrode 1100a, thereby producing no
transverse electric field component.

[0120] The potential distribution along the x axis in the
plane of the liquid crystal layer 1101 depends on the
magnitude of the potential difference VDD between the
electrodes 11004 and 11005, and changes as illustrated in
FIG. 12A, for example. Thus, the magnitude of the trans-
verse electric field component is greater as VDD is greater,
in other words, as the electric field in the cell thickness
direction is stronger. Therefore, as illustrated in FIG. 12B,
the ¢LC distribution in the thickness direction also depends
on the magnitude of VDD, and the magnitude of the change
in ¢LC is greater as VDD is greater.

[0121] As described above, application of a voltage
between electrodes one of which includes openings, as
illustrated in FIG. 11A, produces a transverse electric field
component that changes the orientation direction of the
liquid crystal molecules (represented by the azimuth angle
¢LC), thereby creating a distribution in the orientation
direction of the liquid crystal molecules along the thickness
of the liquid crystal layer.

[0122] Moreover, since the potential has a distribution in
the x axis direction in the plane of the liquid crystal layer
1101, as illustrated in FIG. 12A, the distribution of ¢LC in
the thickness direction illustrated in FIG. 12B also depends
on the position along the x axis. Thus, the orientation
direction ¢L.C of the liquid crystal molecules varies for
different points with the same z coordinate if the points are
at different positions along the x axis.

[0123] Thus, in an intermediate gray level to white display
state (a display state other than a black display state) where
avoltage is applied between the electrodes 11004 and 11005,
a distribution is introduced in the orientation direction of the
liquid crystal molecules (the orientation directions are not
aligned with one another), thereby reducing the viewing
angle dependence of the display brightness. The distribution
of the orientation direction (¢L.C) is created not only in the
thickness direction of the liquid crystal layer 1101 (the z
direction) but also in the x axis direction in the plane of the
liquid crystal layer 1101.
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[0124] The phenomenon as described above, in which a
transverse electric field component according to the applied
voltage causes the orientation direction of the liquid crystal
molecules to vary depending on the position in the liquid
crystal layer, can be explained as follows.

[0125] Defining the orientation axis direction as being a
direction defined by the azimuth angle of the orientation
direction of the liquid crystal molecules near the center of
the liquid crystal layer in the thickness direction thereof, the
above-described phenomenon can be said to be a phenom-
enon in which the orientation axis direction is changed by
the transverse electric field component produced upon appli-
cation of a voltage. Specifically, each of the liquid crystal
molecules aligned in a certain orientation axis direction in
the absence of an applied voltage changes its orientation axis
direction by the transverse electric field component pro-
duced upon application of a voltage. The degree of the
change depends on the magnitude of the transverse electric
field, and thus may vary depending on its position in the
liquid crystal layer (the position in the thickness direction of
the liquid crystal layer and/or the position in the plane of the
liquid crystal layer). Therefore, a plurality of regions having
different orientation axis directions are created in the liquid
crystal layer in the presence of an applied voltage, thereby
averaging the viewing angle dependence.

[0126] As described above, the second configuration real-
ized by an electrode structure including openings does not
disturb the orientation of the liquid crystal molecules in the
absence of an applied voltage which is required by the first
configuration. Conversely, applying the second configura-
tion to a liquid crystal display device in the NW mode
including a horizontal alignment film and a liquid crystal
material having a positive dielectric anisotropy is not prac-
tical. This is because while it is necessary to provide a
sufficient potential to the bottom portion in FIG. 124, i.c.,
the point P in FIG. 11A, in order to obtain sufficient black
display characteristics with a liquid crystal display device in
the NW mode, it is difficult to do so with the electrode
structure of FIG. 11A. Therefore, the second configuration
satisfies the requirement of the first configuration, and the
second configuration requires the characteristics of the first
configuration (NB mode). In other words, the first configu-
ration and the second configuration allow each other to exert
the respective effects.

[0127] In the above description, the effect of a transverse
electric field component has been described with respect to
a homogenous alignment type liquid crystal layer in which
the twist angle of the liquid crystal molecules in the initial
alignment state is 0°. However, similar functions/effects can
also be obtained with a twisted liquid crystal layer having a
twist angle greater than 0°. The functions/effects of a trans-
verse electric field component with respect to a twisted
liquid crystal layer in which the twist angle is 90° will be
described with reference to FIG. 13.

[0128] FIG. 13 schematically illustrates a distribution, in
the thickness direction, of the orientation directions (¢LC) of
the liquid crystal molecules, with an electric field for dis-
playing an intermediate gray level being applied across a 90°
twisted liquid crystal layer. A curve 13A corresponds to a
case where conventional, flat and uniform electrodes (see
FIG. 10) are used, and a curve 13B corresponds to a case
where electrodes one of which includes openings, as illus-
trated in FIG. 11A, are used.
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[0129] In the case of conventional electrodes, the liquid
crystal molecules of the 90° twisted liquid crystal layer
change the azimuth angle ¢L.C of the orientation direction by
90° from the surface of one electrode to the surface of the
other electrode, as shown by the curve 13A. The azimuth
angle ¢LC of the liquid crystal molecules near the center of
the liquid crystal layer in the thickness direction (z d/2) is
45°. This is not changed by changing the electric field to be
applied across the liquid crystal layer.

[0130] On the other hand, in the case of the electrodes one
of which includes openings formed therein, the azimuth
angle ¢LC of the orientation direction of the liquid crystal
molecules changes in the thickness direction, as illustrated
in FIG. 13B, because of the action of a transverse electric
field component. As can be seen from the figure, the azimuth
angle of the liquid crystal molecules near the center of the
liquid crystal layer (the orientation axis direction) is shifted
from 45° due to the influence of a transverse electric field
component.

[0131] Thus, even in the case where a 90° twisted liquid
crystal layer is used, it is possible to change the orientation
axis direction of the liquid crystal layer and to reduce the
viewing angle dependence by, for example, producing a
transverse electric field component using the electrodes one
of which includes slit-shaped openings as described above.

EXAMPLES

[0132] The liquid crystal display device of the present
invention will now be described by way of specific examples
and comparative examples.

Example 1

[0133] First, a liquid crystal display device only having
the first configuration will be described. An LCD of
Example 1 has substantially the same configuration as that
of the LCD 100 illustrated in FIG. 1, and FIG. 1 will be
referred to in the following description. The liquid crystal
layer 101 is a homogenous alignment type liquid crystal
layer, including the two domains 101a and 101 whose
orientation axis directions differ from each other by 180° for
each pixel.

[0134] Specific electrode structure of each pixel and the
orientation of the liquid crystal molecules of the LCD of
Example 1 are illustrated in FIG. 14. The LCD of Example
1 illustrated in FIG. 14 is a color TFT-LCD, and a counter
electrode 2101 and a pixel electrode 2102 respectively
correspond to the electrodes 100a and 1005 of the LCD 100
illustrated in FIG. 1.

[0135] The counter electrode 2101 is a single electrode
provided as a common electrode for all the pixels, and each
pixel electrode 2102 is connected to a TFT 2103. Each pixel
electrode 2102 and a portion of the counter electrode 2101
opposing the pixel electrode 2102 together define a single
pixel. The size of each pixel electrode 2102, i.c., the pixel
size, of the LCD of Example 1 is 70 umx210 pm. The
electrode structure of the LCD of Example 1 is similar to the
electrode structure illustrated in FIG. 10, where neither the
counter electrode 2101 nor the pixel electrode 2102 has a slit
structure (electrode opening).

[0136] Note that one of a pair of substrates of the color
TFT-LCD on which the pixel electrodes 2102 and the TFTs
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2103 are provided will be referred to as a “TFT substrate”
(not shown), and the other substrate on which the counter
electrode 2101 is provided will be referred to as a “CF (color
filter) substrate”. The basic structure and operation of color
TFT-LCDs are well known in the art, and thus will not be
described in detail herein.

[0137] The two domains whose orientation axis directions
differ from each other by 180° are formed as follows. Note
that regions corresponding to the domains 101« and 1015 of
the LCD 100 illustrated in FIG. 1 are referred to as “region
A” and “region B”, respectively, in FIG. 14.

[0138] First, a horizontal alignment film (not shown)
capable of controlling the pretilt angle of the liquid crystal
molecules through UV irradiation is applied on one side of
the pixel electrodes 2102 and the counter electrode 2101 that
is closer to the liquid crystal layer 2101. The horizontal
alignment films are subjected to a rubbing process (parallel
rubbing) in the direction indicated by arrows 2104 and 2105
in FIG. 14. The liquid crystal molecules on the horizontal
alignment type film having been subjected to the rubbing
process are aligned with one another with a pretilt angle of
about 2° in a direction defined by the rubbing direction.

[0139] Then, the horizontal alignment type films are irra-
diated with UV light in the region A (the lower half of the
pixel) of the TFT substrate and in the region B (the upper
half of the pixel) of the CF substrate. The UV irradiation
changes the pretilt angle of the liquid crystal molecules,
which is about 2° through all regions before the UV irra-
diation, whereby the pretilt angle of the liquid crystal
molecules in the irradiated regions (i.c., liquid crystal mol-
ecules 2106 on the TFT side in the region A and liquid
crystal molecules 2107 on the CF substrate side in the region
B) is selectively changed to about 0°. Therefore, the orien-
tation axis direction of the liquid crystal layer in the region
A is defined by the orientation direction of liquid crystal
molecules 2108 on the CF substrate side (having a pretilt
angle of about 2°), whereas the orientation axis direction of
the liquid crystal layer in the region B is defined by the
orientation direction of liquid crystal molecules 2109 on the
TFT side (having a pretilt angle of about 2°). As a result, the
orientation axis direction in the region A and that in the
region B are as indicated by arrows 2110 and 2111, respec-
tively, in FIG. 14. The arrows 2110 and 2111 in FIG. 14
respectively correspond to the arrows 1164 and 1165 in FIG.
1. Thus, there is realized a two-domain homogenous align-
ment type liquid crystal layer in which each pixel is divided
into two domains whose orientation axis directions differ
from each other by 180°.

[0140] The distance between the counter electrode 2101
and the pixel electrodes 2102, i.c., the cell gap (the thickness
of the liquid crystal layer), is 4 um. As the liquid crystal
material, a nematic liquid crystal material having a positive
dielectric anisotropy Aa of 3.2 and a refractive index anisot-
ropy An of 0.065 is used.

[0141] As the phase difference compensators 102 and 103
illustrated in FIG. 1, uniaxial phase difference films having
their slow axes in directions indicated by the arrows 108 and
109, respectively, and a retardation value of 130 nm are
used. As the phase difference compensators 104 and 105,
biaxial phase difference films having an in-plane retardation
value of 92 nm (in directions indicated by the arrows 112
and 113, respectively) and a retardation value in the thick-
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ness direction of 96 nm (in directions indicated by the
arrows 110 and 111, respectively) are used. G1220DU
manufactured by Nitto Denko Corporation is used for the
pair of polarizers 106 and 107, which are arranged in a
crossed Nicols state.

[0142] FIG. 15A illustrates an applied voltage depen-
dence of the transmittance (V-T curve) as observed from the
normal direction (direction normal to the substrate) of the
LCD of Example 1 obtained as described above. The LCD
is an NB mode LCD having a very high contrast ratio of
about 300:1 in the normal direction.

[0143] FIG. 15B illustrates iso-contrast curves (viewing
angle characteristics) of the LCD of Example 1, where e
denotes the viewing angle while ¢ denotes the azimuth
angle. Note that the rubbing direction corresponds to ¢p=45°.
The LCD of Example 1 has desirable viewing angle char-
acteristics.

[0144] FIG. 16A, FIG. 16B and FIG. 16C cach illustrate
the viewing angle dependence of the brightness of the LCD
of Example 1. FIG. 16A illustrates the viewing angle
dependence of the brightness in a plane including the
rubbing direction, FIG. 16B illustrates the viewing angle
dependence of the brightness in a plane including a direction
perpendicular to the rubbing direction, and FIG. 16C illus-
trates the viewing angle dependence of the brightness in a
plane including the polarization axis direction (114 or 115)
of the polarizer 106 or 107.

[0145] As can be scen from the figures, the viewing angle
dependence of the brightness is symmetric about the normal
direction for any azimuth angle. It can also be scen that the
change in brightness as the viewing angle is changed in a
plane including the rubbing direction, as illustrated in FIG.
16A, is greater than those illustrated in FIG. 16B and FIG.
16C. Moreover, as can be seen from FIG. 16A, when the
viewing angle is changed in a plane including the rubbing
direction, a gray level inversion occurs as the viewing angle
exceeds about £55°,

[0146] As described above, the LCD only having the first
configuration provides a desirable black display in the
normal direction and has a very high contrast ratio. More-
over, the viewing angle dependence of the brightness is
made symmetric by the employment of orientation division.
However, a gray level inversion occurs as the viewing angle
is changed in a plane including the rubbing direction.

Example 2

[0147] The second configuration is applied to the LCD of
Example 1. Specifically, a slit structure as illustrated in FIG.
17 is employed with the pixel electrode 2102 illustrated in
FIG. 14 to obtain an electrode structure similar to the
electrode structure illustrated in FIG. 11A. The LCD of
Example 2 is structurally the same as that of Example 1
except that the pixel electrode 2102 illustrated in FIG. 14 is
changed to a pixel electrode 2202 of FIG. 17.

[0148] Specifically, as illustrated in FIG. 17, slit-shaped
openings 2220 whose long side is parallel to a rubbing
direction 2204 are provided in the pixel electrode 2202 of 70
umx210 um. A width S of each opening 2220 is 10 #m, and
an interval L between adjacent openings 2220 is 10 um. It
should be noted that the openings 2220 are not provided
around the periphery and in a central portion of the pixel

Mar. 21, 2002

electrode 2202 in order to ensure electric conduction
through the pixel electrode 2202 (ie., so that the solid
portions of the pixel electrode 2202 have an equal potential).

[0149] FIG. 18A illustrates an applied voltage depen-
dence of the transmittance (V-T curve) as observed from the
normal direction (direction normal to the substrate) of the
LCD of Example 2. The LCD of Example 2 also has a very
high contrast ratio of about 300:1 in the normal direction.

[0150] FIG. 18B illustrates iso-contrast curves (viewing
angle characteristics) of the LCD of Example 2. As is
apparent from a comparison between FIG. 18B of Example
2 and FIG. 15B of Example 1, the LCD of Example 2 has
better viewing angle characteristics (has a wider area where
the contrast ratio is high) than those of the LCD of Example
1.

[0151] FIG. 19A, FIG. 19B and FIG. 19C each illustrate
a viewing angle dependence of the brightness of the LCD of
Example 2. FIG. 19A illustrates the viewing angle depen-
dence of the brightness in a plane including the rubbing
direction, FIG. 19B illustrates the viewing angle depen-
dence of the brightness in a plane including a direction
perpendicular to the rubbing direction, and FIG. 19C illus-
trates the viewing angle dependence of the brightness in a
plane including the polarization axis direction of the polar-
izer.

[0152] As can be seen from a comparison of FIG. 19A,
FIG. 19B and FIG. 19C respectively with FIG. 16A, FIG.
16B and FIG. 16C, the change in brightness of the LCD of
Example 2 is smaller than that of the LCD of Example 1 in
any azimuth angle direction. Particularly, in the change in
brightness as the viewing angle is changed in a plane
including the rubbing direction, as illustrated in FIG. 19A,
there is no gray level inversion as seen in FIG. 16A.

[0153] Thus, the LCD of the present invention has the
second configuration together with the first configuration,
thereby providing a desirable black display, a very high
contrast ratio, and a reduced viewing angle dependence of
the brightness.

Comparative Example 1

[0154] Comparative Example 1 is a conventional NW
mode, TN type LCD. A nematic liquid crystal material
having a positive dielectric anisotropy Ai of 3.6 and a
refractive index anisotropy An of 0.082 is used as the liquid
crystal material, and the thickness of the liquid crystal layer
is 4 uym.

[0155] FIG. 20 illustrates an applied voltage dependence
of the transmittance (V-T curve) as observed from the
normal direction of the LCD of Comparative Example 1.
The LCD is an NW mode LCD, and has a very high contrast
ratio of about 200:1 in the normal direction.

[0156] However, as can be seen from iso-contrast curves
(viewing angle characteristics) of the LCD of Comparative
Example 1 illustrated in FIG. 21, the LCD of Comparative
Example 1 has a narrow viewing angle as compared to that
of the LCD of the present invention illustrated in FIG. 18B.
Particularly, when the viewing angle (¢) is increased past 20°
in the upward direction (¢=0°), the contrast ratio decreases
to be 10 or less, whereby the display quality deteriorates to
such an extent that the displayed image cannot be well
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recognized. Note that the azimuth angles of the polarization
axes of the upper and lower polarizers are ¢=135° and
§=45°, respectively; the rubbing directions of the upper and
lower substrates are ¢=135° and $=45°, respectively; and the
orientation axis direction, which is the orientation direction
of the liquid crystal molecules near the center of the liquid
crystal layer, is ¢=180°.

[0157] FIG. 22A, FIG. 22B and FIG. 22C cach illustrate
a viewing angle dependence of the brightness of the LCD of
Comparative Example 1. FIG. 22A illustrates the viewing
angle dependence of the brightness in the top-bottom direc-
tion, FIG. 22B illustrates the viewing angle dependence of
the brightness in the left-right direction, and FIG. 22C
illustrates the viewing angle dependence of the brightness in
a plane including the polarization axis direction.

[0158] As illustrated in FIG. 22A and FIG. 22C, the
change in brightness in the top-bottom direction or in a plane
including the polarization axis are substantial and asymmet-
ric. Moreover, in the left-right direction, a gray level inver-
sion occurs as the viewing angle exceeds about +30, as
illustrated in FIG. 22B. Thus, in a conventional TN type
LCD, both the contrast ratio and the brightness greatly
depend on the viewing angle.

Comparative Example 2

[0159] In Comparative Example 2, an electrode structure
having slit-shaped openings (see FIG. 11A) is applied to the
conventional NW mode, TN type LCD of Comparative
Example 1. Specifically, slit-shaped openings 2320 are pro-
vided in a pixel electrode 2302 of 70 umx210 um, as
illustrated in FIG. 23. A width S of each opening 2320 is 10
um, and an interval L between adjacent openings 2320 is 10
um. Note that the rubbing direction of the pixel electrode
2302 is as indicated by an arrow 2304 ($=135°); the rubbing
direction of the counter electrode (not shown) is as indicated
by an arrow 2305 (¢=45°); and the orientation axis direction,
which is the orientation direction of the liquid crystal
molecules near the center of the liquid crystal layer, is as
indicated by an arrow 2313 (¢=180°).

[0160] FIG. 24A illustrates an applied voltage depen-
dence of the transmittance (V-T curve) as observed from the
normal direction of the LCD of Comparative Example 2.
The LCD is an NW mode LCD, and has a very low contrast
ratio of about 10:1 in the normal direction.

[0161] Moreover, as can be scen from iso-contrast curves
(viewing angle characteristics) of the LCD of Comparative
Example 2 illustrated in FIG. 24B, the viewing angle range
in which the contrast ratio is 10 or more is narrower than that
of Comparative Example 1, though the symmetry of the
viewing angle characteristics is slightly improved from that
of Comparative Example 1.

[0162] Moreover, FIG. 25A, FIG. 25B and FIG. 25C
each illustrate a viewing angle dependence of the brightness
of the LCD of Comparative Example 2. FIG. 25A illustrates
the viewing angle dependence of the brightness in the
top-bottom direction, FIG. 25B illustrates the viewing angle
dependence of the brightness in the left-right direction, and
FIG. 25C illustrates the viewing angle dependence of the
brightness in a plane including the polarization axis direc-
tion. As can be seen from a comparison of these figures
respectively with FIG. 22A, FIG. 22B and FIG. 22C for the
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LCD of Comparative Example 1, the viewing angle depen-
dence of the brightness is slightly improved by employing
an electrode structure having slit-shaped openings.

[0163] However, as is apparent from FIG. 24A and FIG.
24B, the contrast ratio (including the contrast ratio in the
normal direction) is significantly lowered, and a practical
level of display quality cannot be obtained.

[0164] As can be scen from the above, the effect of the
present invention is obtained by combining the second
configuration with the first configuration (particularly the
NB mode).

[0165] While the present invention has been described in
a preferred embodiment, it will be apparent to those skilled
in the art that the disclosed invention may be modified in
numerous ways and may assume many embodiments other
than that specifically set out and described above. Accord-
ingly, it is intended by the appended claims to cover all
modifications of the invention that fall within the true spirit
and scope of the invention.

What is claimed is:
1. A liquid crystal display device, comprising:

a liquid crystal cell having a pair of substrates, a hori-
zontal orientation liquid crystal layer provided between
the pair of substrates and including liquid crystal mol-
ecules having a positive dielectric anisotropy, and a
plurality of pixels each being defined by a pair of
electrodes opposing each other via the liquid crystal
layer therebetween; and

a pair of polarizers and at least one phase difference
compensator provided outside the liquid crystal cell,
wherein:

the pair of polarizers and the at least one phase differ-
ence compensator are arranged so that a display
brightness is lower in an absence of an electric field
applied across the liquid crystal layer than in a
presence of an electric field applied across the liquid
crystal layer; and

the pair of electrodes produce a transverse electric field
compornent parallel to a plane of the liquid crystal
layer in a presence of an applied voltage therebe-
tween, and an orientation axis direction, which is
defined by an azimuth angle of an orientation direc-
tion of liquid crystal molecules near a center of the
liquid crystal layer in a thickness direction thereof, is
changed by the transverse electric field component.
2. The liquid crystal display device of claim 1,

wherein the pair of polarizers are arranged so that polar-
ization axes thereof are orthogonal to each other.

3. The liquid crystal display device of claim 1,

wherein the liquid crystal layer is a homogenous align-
ment type liquid crystal layer.
4. The liquid crystal display device of claim 3,

wherein an azimuth angle direction of an orientation
direction of the liquid crystal molecules of the liquid
crystal layer in a presence of an applied voltage varies
depending on a position in a thickness direction of the
liquid crystal layer.
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5. The liquid crystal display device of claim 1,

wherein the liquid crystal layer includes, in each of the
plurality of pixels, a plurality of domains whose ori-
entation axis directions differ from one other.

6. The liquid crystal display device of claim 5,

wherein the plurality of domains include domains whose
orientation axis directions differ from each other by
180°.

7. The liquid crystal display device of claim 1,

wherein the pair of electrodes produce transverse electric
field components of different directions in a presence of
an applied voltage.

8. The liquid crystal display device of claim 7,

wherein the transverse electric field components of dif-
ferent directions include transverse electric field com-
ponents of directions differing from each other by 180°.
9. The liquid crystal display device of claim 5,

wherein the liquid crystal layer includes, in each of the
plurality of pixels, a plurality of regions whose orien-
tation axis directions change in different directions in a
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presence of an applied voltage, and the plurality of
regions have an equal area and are arranged symmetri-
cally.

10. The liquid crystal display device of claim 1,

wherein a direction of the transverse electric field com-
ponent produced by the pair of electrodes is at an angle
of 60° to 90° with respect to the orientation axis
direction of the liquid crystal layer in an absence of an
applied voltage.

11. The liquid crystal display device of claim 1,

wherein at least one of the pair of electrodes is a conduc-
tive layer including openings therein, thereby produc-
ing the transverse electric field component.

12. The liquid crystal display device of claim 1, further
comprising another phase difference compensator for com-
pensating for a retardation of the liquid crystal layer in an
absence of an applied voltage for light incident from a
direction inclined from a direction normal to a plane of the
liquid crystal layer.
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