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(57) ABSTRACT

The liquid crystal display device of the present invention
includes a first substrate, a second substrate and a vertically
aligned liquid crystal layer interposed between the first and
second substrate. The device has a plurality of pixels each
including a first electrode formed on the first substrate, a
second electrode formed on the second substrate, and the
liquid crystal layer interposed between the first and second
electrode, and a shading region provided around the pixels. A
plurality of supports for defining the thickness of the liquid
crystal layer are placed regularly on the surface of the first or
second substrate facing the liquid crystal layer in the shading
region. The liquid crystal layer forms at least one liquid
crystal domain exhibiting axisymmetric alignment when at
least a predetermined voltage is applied, and the tilt direction
of liquid crystal molecules in the at least one liquid crystal
domain is defined with inclined sides of the plurality of sup-
ports.
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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 dis-
play device and more particularly relates to a liquid crystal
display device suitably used for portable information termi-
nals (forexample, PDAs), mobile phones, car-mounted liquid
crystal displays, digital cameras, PCs, amusement equip-
ment, TVs and the like.

[0003] 2. Description of the Related Art

[0004] The information infrastructure is advancing day to
day, and equipment such as mobile phones, PDAs, digital
cameras, video cameras and car navigators has penetrated
deeply into people’s lives. Liquid crystal display (LCD)
devices have been adopted in most of such equipment. With
increase of the information amount handled with the main
bodies of the equipment, LCD devices are requested to dis-
play alarger amount of information, and are demanded by the
market for higher contrast, a wider viewing angle, higher
brightness, multiple colors and higher definition.

[0005] A vertical alignment mode using a vertically aligned
liquid crystal layer has increasingly received attention as a
display mode enabling high contrast and a wide viewing
angle. The vertically aligned liquid crystal layer is generally
obtained using a vertical alignment film and a liquid crystal
material having negative dielectric anisotropy.

[0006] For example, Japanese Laid-Open Patent Publica-
tion No. 6-301036 (Literature 1) discloses an LCD device in
which an inclined electric field is generated around an open-
ing formed in a counter electrode that faces a pixel electrode
via a liquid crystal layer, so that liquid crystal molecules
surrounding liquid crystal molecules existing in the opening,
which are in the vertically aligned state, are aligned in
inclined directions around the opening as the center, to
thereby improve the visual angle characteristics.

[0007] However, in the device described in Literature 1, it is
difficult to generate an inclined electric field over the entire
region of each pixel. Therefore, each pixel has a region in
which liquid crystal molecules delay in response to a voltage,
and this causes a problem of occurrence of an afterimage
phenomenon.

[0008] To solve the above problem, Japanese Laid-Open
Patent Publication No. 2000-47217 (Literature 2) discloses
an LCD device in which a plurality of openings are provided
regularly in a pixel electrode or a counter electrode, to form a
plurality of liquid crystal domains each having axisymmetric
alignment in each pixel.

[0009] Japanese Laid-Open Patent Publication No. 2003-
167253 (Literature 3) discloses a technology in which a plu-
rality of projections are provided regularly in each pixel to
stabilize the aligned state of liquid crystal domains having
radially inclined alignment formed around the projections.
This literature also discloses using an inclined electric field
generated at openings formed in an electrode, together with
the alignment regulating force of the projections, to regulate
the alignment of liquid crystal molecules, and thus improve
the display characteristics.

[0010] Japanese Laid-Open Patent Publication No. 2001-
337332 (Literature 4) discloses a multi-domain vertically
aligned LCD device in which wall spacers having inclined
sides are provided to define the directions of tilt of liquid
crystal molecules using the alignment regulating force of the
inclined sides. This technology eliminates the necessity of

Sep. 18,2008

performing an additional step for providing an alignment
regulating structure and also can suppress a variation in intet-
substrate spacing (thickness of the liquid crystal layer) even
for large-screen devices.

[0011] In recent years, a type of LCD device providing
high-quality display both outdoors and indoors has been pro-
posed (see Japanese Patent Gazette No. 2955277 (Literature
5)and U.S. Pat. No. 6,195,140 (Literature 6), for example). In
this type of LCD device, called a transflective LCD device,
each pixel has a reflection region in which display is done in
the reflection mode and a transmission region in which dis-
play is done in the transmission mode.

[0012] The currently available transflective LCD devices
adopt an ECB mode, a TN mode and the like. Literature 3
described above also discloses adoption of the vertical align-
ment mode for, not only a transmissive LCD device, but also
a transflective LCD device. Japanese Laid-Open Patent Pub-
lication No. 2002-350853 (Literature 7) discloses a technol-
ogy in which in a transflective LCD device having a vertically
aligned liquid crystal layer, the alignment (multi-axis align-
ment) of liquid crystal molecules is controlled with depres-
sions formed on an insulating layer. The insulating layer is
provided to make the thickness of the liquid crystal layer in a
transmission region twice as large as that in a reflection
region. According to this literature, the depressions are in the
shape of a regular octagon, for example, and projections or
slits (electrode openings) are formed at positions opposed to
the depressions via the liquid crystal layer (see FIGS.4 and 16
of Literature 7, for example).

[0013] Thetechnology disclosed in Literature 2 or 3 has the
following problems. Projections or openings are provided in
each pixel to form a plurality of liquid crystal domains in the
pixel (that is, divide the pixel into domains), to thereby
strengthen the alignment regulating force on liquid crystal
molecules. According to examinations conducted by the
inventors of the present invention, however, to obtain suffi-
cient alignment regulating force, it is necessary to form an
alignment control structure such as projections and openings
on both surfaces of the liquid crystal layer (on the surfaces of
the pair of substrates opposed each other facing the liquid
crystal layer), and this complicates the fabrication process.
Moreover, the effective aperture ratio of a pixel having such
an alignment regulating structure therein may decrease, and
also the contrast ratio may decrease due to light leakage
occurring in the peripheries of the projections in the pixel. In
the case of providing the alignment regulating structure on
both substrates, the substrate alignment margin must be taken
into consideration. Therefore, the decrease in effective aper-
ture ratio and/or the decrease in contrast ratio will become
further conspicuous.

[0014] Inthetechnology disclosed in Literature 4, a plural-
ity of liquid crystal domains are formed in each pixel using
wall spacers (the alignment direction of liquid crystal mol-
ecules is uniform in one domain and is different among dif-
ferent domains). Therefore, the wall spacers must be formed
inside each pixel, and this causes decrease in effective aper-
ture ratio and/or decrease in contrast ratio.

[0015] In the technology disclosed in Literature 7, it is
necessary to provide projections or electrode openings at
positions opposed to the depressions formed for control of the
multi-axis alignment. This technology therefore has the same
problems as those described above.

[0016] In any of the literature described above, openings
are formed in the display electrodes so that the electroclinic
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alignment of liquid crystal molecules is defined with the
effect of an electric field generated with application of a
predetermined voltage. In this relation, when the liquid crys-
tal panel is pressed, the aligned state of liquid crystal mol-
ecules disturbed with the pressing in the pressed portion tends
to be fixed with the electric field defined with the electrode
openings, and this may result in occurrence of display rough-
ness and degradation in display quality.

[0017] Inview ofthe above, an object of the present inven-
tion is providing a vertically aligned liquid crystal display
device that can sufficiently stabilize the alignment of liquid
crystal molecules with a comparatively simple construction
and can provide display quality equal to or higher than that
conventionally obtained.

[0018] Another object of the present invention is providing
a liquid crystal display device having a plurality of axisym-
metrically aligned domains in each pixel, in which axisym-
metric alignment disturbed when the display screen is
pressed, for example, can be effectively recovered and thus
display failure such as roughness can be reduced to present
high display quality.

SUMMARY OF THE INVENTION

[0019] Inorderto overcome the problems described above,
the liquid crystal display device according to the first aspect
of the present invention includes a first substrate, a second
substrate opposed to the first substrate, and a vertically
aligned liquid crystal layer interposed between the first sub-
strate and the second substrate, wherein the liquid crystal
display device has a plurality of pixels, each pixel including a
first electrode formed on the first substrate, a second electrode
formed on the second substrate, and the liquid crystal layer
interposed between the first electrode and the second elec-
trode, and a shading region provided around the plurality of
pixels, a plurality of supports for defining the thickness of the
liquid crystal layer are placed regularly on asurface of the first
substrate or the second substrate facing the liquid crystal layer
in the shading region, and the liquid crystal layer has at least
one liquid crystal domain exhibiting axisymmetric alignment
when at least a predetermined voltage is applied, and the tilt
direction of liquid crystal molecules in the at least one liquid
crystal domain is defined with inclined sides of the plurality
of supports.

[0020] In one embodiment, each of the at least one liquid
crystal domain is in contact with the inclined sides of at least
four supports.

[0021] In another embodiment, the first electrode has at
least one opening, and the center axis of each of the at least
one liquid crystal domain is formed in or near the at least one
opening.

[0022] Inyetanother embodiment, the inclined sides of the
plurality of supports are inclined in an inversely tapered shape
with respect to the first substrate.

[0023] In yet another embodiment, the shape of the plural-
ity of supports along the plane parallel to the first substrate
plane is roughly a circle, an ellipse, a diamond or a cross.

[0024] In yet another embodiment, the device further
includes a wall structure regularly arranged in the shading
region.

[0025] In yet another embodiment, the at least one liquid

crystal domain includes two liquid crystal domains, the at
least one opening includes two openings, and the center axes
of the axisymmetric alignment of the two liquid crystal
domains are formed in or near the two openings.
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[0026] In yet another embodiment, the first electrode
includes a transparent electrode defining a transmission
region and a reflective electrode defining a reflection region.
[0027] In yet another embodiment, the at least one liquid
crystal domain includes a liquid crystal domain formed in the
transmission region and a liquid crystal domain formed in the
reflection region.

[0028] Inyet another embodiment, the at least one opening
includes an opening formed in the transparent electrode and
an opening formed in the reflective electrode.

[0029] In yet another embodiment, the device further
includes: a pair of polarizing plates placed to face each other
via the first substrate and the second substrate; and at least one
biaxial optical anisotropic medium layer placed between the
first substrate and one of the pair of polarizing plates and/or
between the second substrate and the other polarizing plate.
[0030] In yet another embodiment, the device further
includes a pair of polarizing plates placed to face each other
via the first substrate and the second substrate; and at least one
uniaxial optical anisotropic medium layer placed between the
first substrate and one of the pair of polarizing plates and/or
between the second substrate and the other polarizing plate.
[0031] The liquid crystal display device according to the
second aspect of the present invention includes a first sub-
strate having a first electrode, a second substrate having a
second electrode opposed to the first electrode, and a verti-
cally aligned liquid crystal layer interposed between the first
electrode and the second electrode, each of a plurality of pixel
regions being defined by the first electrode and the second
electrode, wherein at least one pixel region among the plural-
ity of pixel regions is divided into a plurality of sub-pixel
regions with dielectric protrusions regularly arranged on the
first substrate, and liquid crystal molecules in the liquid crys-
tal layer in each sub-pixel region are axisymmetrically
aligned around an axis vertical to the surface of the first
substrate when a predetermined voltage is applied between
the first electrode and the second electrode.

[0032] 1Inone embodiment, the pixel region is surrounded
with a shading region as is viewed from top, and the device
further includes a wall structure formed to substantially sur-
round the pixel region on the surface of the first substrate
facing the liquid crystal layer in the shading region.

[0033] In another embodiment, the first electrode and/or
the second electrode has an opening formed in the sub-pixel
region, and when the voltage is applied, the vertical axis is
formed in or near the opening.

[0034] In yet another embodiment, the pixel region is sur-
rounded with a shading region as is viewed from top, and a
support for defining the thickness of the liquid crystal layer is
formed in the shading region.

[0035] In yet another embodiment, the first electrode
includes a transparent electrode and a reflective electrode,
and at least one of the plurality of sub-pixel regions is a
transmission region and at least one of the sub-pixel regions is
a reflection region.

[0036] In yet another embodiment, the relationship 0.3
dt<dr<0.7 dtis satisfied where dt is the thickness of the liquid
crystal layer in the transmission region and dr is the thickness
of the liquid crystal layer in the reflection region.

[0037] In yet another embodiment, the device further
includes a transparent dielectric layer on the surface of the
second substrate facing the liquid crystal layer.

[0038] In yet another embodiment, the transparent dielec-
tric layer has a function of scattering light.
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[0039] 1In yet another embodiment, the second substrate
further includes a color filter layer, and the optical density of
the color filter layer in the reflection region is lower than the
optical density of the color filter layer in the transmission
region.

[0040] In yet another embodiment, the device further
includes: a pair of polarizing plates placed to face each other
via the first substrate and the second substrate; and at least one
biaxial optical anisotropic medium layer placed between the
first substrate and one of the pair of polarizing plates and/or
between the second substrate and the other polarizing plate.

[0041] In yet another embodiment, the device further
includes: a pair of polarizing plates placed to face each other
via the first substrate and the second substrate; and at least one
uniaxial optical anisotropic medium layer placed between the
first substrate and one of the pair of polarizing plates and/or
between the second substrate and the other polarizing plate.

[0042] Inyet another embodiment, the pixel region is in the
shape of a rectangle having a pair of longer sides and a pair of
shorter sides, and is divided into the plurality of sub-pixel
regions with at least one pair of the dielectric protrusions, and
the pair of dielectric protrusions extend from near the pair of
longer sides of the pixel region in the directions closer to each
other and are in line with each other in the shorter-side direc-
tion.

[0043] Inthe liquid crystal display devices according to the
first aspect of the present invention, in which the supports
(wall spacers) for defining the thickness of the liquid crystal
layer are placed regularly in the shading region around the
pixels, the inclined sides of the supports act to define the
directions in which liquid crystal molecules tilt with an elec-
tric field. Since the supports for defining the thickness of the
liquid crystal layer are used as an alignment regulating struc-
ture, no additional step for providing the alignment regulating
structure 1s necessary. Since the supports are placed in the
shading region, decrease in effective aperture ratio and
decrease in contrast ratio are suppressed. By placing the
supports so that each of liquid crystal domains is in contact
with the inclined sides of at least four supports, axisymmetri-
cally aligned domains can be formed stably. Further stable
formation of axisymmetrically aligned domains is ensured by
placing a wall structure in the shading region.

[0044] In addition, by placing an opening in the first elec-
trode, the center axis of the axisymmetric alignment of a
liquid crystal domain can be fixed in or near the opening. This
provides display uniformity, and in particular, can suppress
display roughness observed when the device is viewed at a
slanting visual angle.

[0045] As described above, according to the first aspect of
the present invention, a vertically aligned liquid crystal dis-
play device that can sufficiently stabilize the alignment of
liquid crystal molecules with a comparatively simple con-
struction and can provide display quality equal to or higher
than that conventionally obtained is provided.

[0046] According to the second aspect of the present inven-
tion, the stability of the alignment of axisymmetrically
aligned (radially tilting) liquid crystal domains can be
enhanced, and thus the display quality of the liquid crystal
display device having the conventional wide visual angle
characteristics can be further improved. Also, in the event of
a collapse of the axisymmetric alignment with external force,
or a disturbance of the axisymmetric alignment with pressing
of the display screen, for example, the axisymmetric align-
ment can be effectively recovered. Hence, a liquid crystal
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display device with high display quality that can reduce dis-
play failure such as roughness can be provided. Moreover,
since such a liquid crystal display device with high display
quality can be implemented with a comparatively simple
construction, it can be easily fabricated.

[0047] Other features, elements, processes, steps, charac-
teristics and advantages of the present invention will become
more apparent from the following detailed description of
preferred embodiments of the present invention with refer-
ence to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] FIGS. 1A and 1B diagrammatically show one pixel
of a transmissive LCD device 100 of an embodiment accord-
ing to the first aspect of the present invention, in which FIG.
1A is a plan view and FIG. 1B is a cross-sectional view taken
along line 1B-1B'in FIG. 1A.

[0049] FIGS. 2A and 2B diagrammatically show one pixel
of another transmissive LCD device 100" of an embodiment
according to the first aspect of the present invention, in which
FIG. 2A is a plan view and FIG. 2B is a cross-sectional view
taken along line 2B-2B' in FIG. 2A.

[0050] FIGS. 3A and 3B diagrammatically show one pixel
of a transflective LCD device 200 of an embodiment accord-
ing to the first aspect of the present invention, in which FIG.
3Aisaplan view and FIG. 3B is a cross-sectional view taken
along line 3B-3B' in FIG. 3A.

[0051] FIG. 4 is a plan view of an active matrix substrate
210a of the transflective LCD device 200.

[0052] FIG. 5 is a cross-sectional view of the active matrix
substrate 210a of the transflective LCD device 200.

[0053] FIGS. 6A and 6B are diagrammatic views for dem-
onstrating the operation principle of the LCD devices of the
embodiments according to the first aspect of the present
invention, showing the states during non-voltage application
(FIG. 6A) and during voltage application (FIG. 6B).

[0054] FIG. 7 is a diagrammatic view showing an example
of construction ofan LCD device according to the first aspect
of an embodiment of the present invention.

[0055] FIG. 8 is a view showing the visual angle—contrast
ratio characteristics of an LCD device of an embodiment
according to the first aspect of the present invention.

[0056] FIGS.9A and 9B are diagrammatic views for dem-
onstrating the operation principle of LCD devices of the
present invention, showing the aligned states of liquid crystal
molecules during non-voltage application (FI1G. 9A) and dur-
ing voltage application (FIG. 9B).

[0057] FIGS. 10A and 10B diagrammatically show one
pixel of a transmissive LCD device 300, in which FIG. 10A is
a plan view as is viewed in the direction normal to the sub-
strate plane and FIG. 10B is a cross-sectional view taken
along line 10B-10B' in FI1G. 10A.

[0058] FIGS. 11A and 11B diagrammatically show one
pixel of a transflective LCD device 400, in which FIG. 11A is
aplan view as is viewed in the direction normal to the sub-
strate plane and FIG. 11B is a cross-sectional view taken
along line 11B-11B' in FIG. 11A.

[0059] FIGS. 12A to 12C are diagrammatic views of axi-
symmetrically aligned states obtained in an embodiment
according to the second aspect of the present invention and
conventionally obtained, in which FIG. 12A shows the align-
ment of liquid crystal domains in the steady state before
pressing of the display plane, FIG. 12B shows the alignment
after the pressing in a conventional pixel-divided panel, and
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FIG. 12C shows the alignment after the pressing in a pixel-
divided panel of the embodiment of the present invention.
[0060] FIG. 13 is a graph showing the voltage-reflectance
(transmittance) of a transmission region and a reflection
region in a transflective LCD device of an embodiment
according to the second aspect of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0061] Hereinafter, preferred embodiments of the present
invention will be described with reference to the accompany-
ing drawings.

[0062] First, the construction and operation of LCD devices
according to the first aspect of the present invention will be
described.

(Transmissive LCD Device)

[0063] A transmissive LCD device 100 of an embodiment
according to the first aspect of the present invention will be
described with reference to FIGS. 1A and 1B. FIGS. 1A and
1B diagrammatically show one pixel of the transmissive LCD
device 100, in which FIG. 1A 1s a plan view and FIG. 1B is a
cross-sectional view taken along line 1B-1B'in FIG. 1A. FIG.
1B diagrammatically shows the aligned state of liquid crystal
molecules 121 exhibited when a predetermined voltage (volt-
age equal to or higher than a threshold voltage) is applied to
the liquid crystal layer.

[0064] The LCD device 100 includes a transparent sub-
strate (for example, a glass substrate) 110a, a transparent
substrate 1105 placed to face the transparent substrate 110q,
and a vertically aligned liquid crystal layer 120 interposed
between the transparent substrates 110a and 1105. Vertical
alignment films (not shown) are formed on the surfaces of the
substrates 110a and 1105 facing the liquid crystal layer 120.
During non-voltage application, therefore, the liquid crystal
molecules in the liquid crystal layer 120 are aligned roughly
vertical to the surfaces of the vertical alignment films. The
liquid crystal layer 120 includes a nematic liquid crystal
material having negative dielectric anisotropy and also
includes a chiral agent as required.

[0065] The LCD device 100 further includes pixel elec-
trodes 111 formed on the transparent substrate 110a and a
counter electrode 131 formed on the transparent substrate
1105. Each pixel electrode 111, the counter electrode 131 and
the liquid crystal layer 120 interposed between these elec-
trodes define a pixel. In the illustrated example, both the pixel
electrodes 111 and the counter electrode 131 are formed of a
transparent conductive film (for example, an ITO film). Typi-
cally, color filters 130 (the entire of the plurality of color
filters may also be called a color filter layer 130) provided for
the respective pixels, as well as a black matrix (shading layer)
132 formed in the gaps between the adjacent color filters 130,
are formed on the surface of the transparent substrate 1105
facing the liquid crystal layer 120, and the counter electrode
131 is formed on the color filters 130 and the black matrix
132. Alternatively, the color filters 130 and the black matrix
132 may be formed on the counter electrode 131 (on the
surface thereof facing the liquid crystal layer 120).

[0066] The LCD device 100 has a shading region between
the adjacent pixels, and supports (wall spacers) 133 are
formed on the transparent substrate 110a in the shading
region. The supports 133 define the thickness (also called a
cell gap) dt of the liquid crystal layer 120. The shading region
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as used herein refers to a region shaded from light with the
presence of TFTs (not shown), gate signal lines 102 and
source signal lines 103 formed on the peripheries of the pixel
electrodes 111 on the transparent substrate 110a, or the pres-
ence of the black matrix formed on the transparent substrate
1105, for example. Since this region does not contribute to
display, the supports 133 formed in the shading region is free
from adversely affecting the display.

[0067] In the LCD device 100, the supports 133 are placed
at the crossings of the gate signal lines 102 and the source
signal lines 103, to correspond to the four corners of each
pixel roughly in the shape of a square. Each support 133 has
a cross shape in the plane parallel to the transparent substrate
110qa, composed of a portion parallel to the gate signal line
102 and a portion parallel to the source signal line 103. The
support 133 has inclined sides, to act to define the directions
in which the liquid crystal molecules 121 tilt with the inclined
sides. This works because the liquid crystal molecules 121
attempt to align roughly vertical to the inclined sides (strictly,
to the vertical alignment film on the inclined sides) and thus
are alignment-regulated toward the directions corresponding
to the tilt directions and angles of the inclined sides. This
alignment regulating force acts even during non-voltage
application. The illustrated inclined sides of the supports 133
are inclined in an inversely tapered shape with respect to the
transparent substrate 110a. This inclination is preferred
because the alignment regulation directions given with the
inclined sides agree with alignment regulation directions
given with an inclined electric field generated near an opening
114 in the pixel electrode 111 formed on the transparent
substrate 116a.

[0068] Theshape of the supports 133 in the plane parallel to
the transparent substrate 110 is not limited to a cross, but the
supports 133 may be roughly in the shape of a polygon such
as acircle, an ellipse and a diamond. The inclined sides of the
supports 133 define the directions of tilt of the liquid crystal
molecules 121 and act to define the outer edges of axisym-
metrically aligned domains. Therefore, the shape of the sup-
ports 133 may be determined so that the axisymmetric align-
ment of the liquid crystal domains can be stably formed,
depending on the shape of the liquid crystal domains and the
positions of placement of the supports 133. The supports 133
can be formed in a photolithographic process using a photo-
sensitive resin, for example. The supports 133 may be formed
on any of the transparent substrates 110a and 1105. As
described above, however, to obtain the supports 133 having
inclined sides inversely tapered with respect to the transpar-
ent substrate 110a, it is easy to form tapered supports on the
transparent substrate 1105, and thus it is preferred to form the
supports 133 on the transparent substrate 1105.

[0069] The pixel electrode 111 has the opening 114 formed
at a predetermined position. When a predetermined voltage is
applied across the liquid crystal layer 120, a liquid crystal
domain having axisymmetric alignment is formed, with the
center axis of the axisymmetric alignment thereof being in or
near the opening 114. As will be described later, the opering
114 formed in the pixel electrode 111 acts to fix the position
of the center axis of the axisymmetric alignment. An inclined
electric field is generated near the opening 114 with the volt-
age applied between the pixel electrode 111 and the counter
electrode 113. With the inclined electric field, the directions
of tilt of the liquid crystal molecules are defined, to thereby
cause the action described above.
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[0070] The shape of the opening 114 provided to fix/stabi-
lize the center axis of the axisymmetrically aligned domains
is preferably circular as illustrated, but not limited to this. To
exert roughly equal alignment regulating force in all direc-
tions, the shape is preferably a polygon having four or more
sides and more preferably a regular polygon.

[0071] Inthe LCD device 100, when a predetermined volt-
age (voltage equal to or higher than a threshold voltage) is
applied between the pixel electrode 111 and the counter elec-
trode 131, an axisymmetrically aligned domain of which the
center axis is fixed/stabilized in or near the opening 114 is
formed. The alignment regulating force of the inclined sides
of the supports 133 provided on the periphery of the pixel
define the directions in which the liquid crystal molecules 121
existing near the outer edges of the liquid crystal domain fall.
The inclined electric field generated near the opening 114 in
the pixel electrode 111 defines the directions in which the
liquid crystal molecules 121 near the opening 114 fall. The
alignment regulating force of the inclined sides of the sup-
ports 133 and the alignment regulating force of the opening
114 are considered to act cooperatively, to stabilize the axi-
symmetric alignment of the liquid crystal domain.

[0072] The transparent substrate 110a, together with the
circuit elements such as the TFTs (not shown), the gate signal
lines 102 and the source signal lines 103 connected to the
TFTs, a gate insulating film 104, a protection layer 105, the
pixel electrodes 111, the supports 133, the alignment film (not
shown) and the like formed on the surface of the transparent
substrate 110a facing the liquid crystal layer 120, are collec-
tively called an active matrix substrate in some cases. Like-
wise, the transparent substrate 1105, together with the color
filter layer 130, the black matrix 132, the counter electrode
131, the alignment film and the like formed on the transparent
substrate 110, are collectively called a counter substrate or a
color filter substrate in some cases.

[0073] Although omitted in the above description, the LCD
device 100 further includes a pair of polarizing plates placed
to face each other via the transparent substrates 110a and
1105. The polarizing plates are typically placed so that their
transmission axes are orthogonal to each other. The LCD
device 100 may further include a biaxial optical anisotropic
medium layer and/or a uniaxial optical anisotropic medium
layer, as will be described later.

[0074] FIGS. 2A and 2B diagrammatically show another
transmissive LCD device 100" of an embodiment according to
the first aspect of the present invention. Components having
substantially the same functions as those of the LCD 100
shown in FIGS. 1A and 1B are denoted by the same reference
numerals, and the description thereof'is omitted here. F1IG. 2A
is a plan view and FIG. 2B is a cross-sectional view taken
along line 2B-2B' in FIG. 2A.

[0075] TheLCD device 100 has a wall structure 115 on the
transparent substrate 100a, and supports 133 are formed on
the wall structure 115. The wall structure 115 acts to form
axisymmetrically aligned domains with the alignment regu-
lating force of the wall sides thereof, as in the case of the
supports 133. The wall structure 115 may be formed on any
one of the transparent substrates 110a and 1105. If inversely
tapered wall sides are to be given, like the inclined sides of the
supports 133, the wall structure 115 is preferably formed on
the transparent substrate 1105. In this case, however, the
number of fabrication steps will disadvantageously increase.
Ifthe wall structure 115 is formed on the transparent substrate
110q (active matrix substrate), the wall structure 115 can be
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formed integrally with aninterlayer insulating film by adjust-
ing the exposure in the process for forming the interlayer
insulating film using a photosensitive resin, for example. In
this case, the wall faces of the wall structure 115 tend to be
tapered. It is however possible to reduce the disagreement
between the alignment regulating force of the wall faces and
the alignment regulating force of the inversely tapered
inclined sides of the supports 133 by setting the tilt angle at
40° or more. Naturally, it is more preferred to form the wall
structure having inversely tapered wall faces (tilt angle
exceeding 90°).

[0076] The wall structure 115 has a portion formed in the
shading region around each pixel to substantially surround
the pixel and a pair of extended portions extending toward the
center of the pixel from the portion surrounding the pixel at
the positions bisecting the pixel in the length direction. The
extended portions of the wall structure 115 act to define two
liquid crystal domains formed in the pixel. The extended
portions are preferably formed in a region in which a line (for
example, a storage capacitance line (not shown)) extends
because in such a region the extended portions are free from
adversely affecting the display. The wall structure 115 shown
in the illustrated example is a continuous wall, but may be
composed of a plurality of separate walls. The wall structure
115, which acts to define boundaries of liquid crystal domains
located near the outer edges of the pixel, should preferably
have a length of some extent. For example, when the wall
structure is composed of a plurality of walls, each wall is
preferably longer than the gap between the adjacent walls.

[0077] The supports 133 are provided to correspond to the
four corners of each of the two liquid crystal domains formed
in each pixel, and act to define the boundaries of the liquid
crystal domains. The positions of the supports 133 are not
limited to on the wall structure 115 formed in the shading
region as illustrated. In the case of forming the supports 133
onthe wall structure 115, setting is made so that the sum of the
height of the wall structure 115 and the height of the supports
133 is equal to the thickness dt of the liquid crystal layer 120.
If the supports 133 are formed in a region having no wall
structure 115, setting is made so that the height of the supports
133 is equal to the thickness dt of the liquid crystal layer 120.
To sufficiently exert the alignment regulating force of the side
faces of the supports 133, the height of the supports 133 is
preferably larger than the height of the wall structure 115. The
supports 133 may be formed on any one of the transparent
substrates 1104 and 1105, but preferably is formed on the
transparent substrate 1106 as described above. In the illus-
trate example, the supports 133 are roughly in the shape of a
circle, but the shape can be appropriately changed as in the
case described above.

[0078] The pixel electrode 111 has two openings 114 in
roughly the centers of two liquid crystal domains of which the
boundaries are defined with the supports 133 and the wall
structure 115. When a predetermined voltage is applied
across the liquid crystal layer 120, liquid crystal domains
having axisymmetric alignment are formed, with the center
axes of the axisymmetric alignment thereof being in or near
the openings 114. In this way, the alignment regulating force
of the inclined sides of the supports 133 and the wall faces of
the wall structure 115 and the alignment regulating force of
the openings 114 are considered to act cooperatively, to sta-
bilize the axisymmetric alignment of the liquid crystal
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domains. The shape of the openings 114 may be changed
appropriately as described above.

(Transflective LCD Device)

[0079] Next, a transflective LCD device 200 of an embodi-
ment according to the first aspect of the present invention will
be described with reference to FIGS. 3A and 3B.

[0080] FIGS. 3A and 3B diagrammatically show one pixel
of the transflective LCD device 200 of the embodiment of the
present invention, in which FIG. 3A is a plan view and FIG.
3B is a cross-sectional view taken along line 3B-3B' in FIG.
3A.

[0081] The LCD device 200 includes a transparent sub-
strate (for example, a glass substrate) 210q, a transparent
substrate 2105 placed to face the transparent substrate 210q,
and a vertically aligned liquid crystal layer 220 interposed
between the transparent substrates 210a and 2105. Vertical
alignment films (not shown) are formed on the surfaces of the
substrates 210a and 2105 facing the liquid crystal layer 220.
During non-voltage application, therefore, liquid crystal mol-
ecules in the liquid crystal layer 220 are aligned roughly
vertical to the surfaces of the vertical alignment films. The
liquid crystal layer 220 includes a nematic liquid crystal
material having negative dielectric anisotropy and also
includes a chiral agent as required.

[0082] The LCD device 200 further includes pixel elec-
trodes 211 formed on the transparent substrate 210a and a
counter electrode 231 formed on the transparent substrate
210b. Each pixel electrode 211, the counter electrode 231 and
the liquid crystal layer 220 interposed between these elec-
trodes define a pixel. Circuit elements such as TFTs are
formed on the transparent substrate 210« as will be described
later. Herein, the transparent substrate 210a and the compo-
nents formed thereon are collectively called an active matrix
substrate 210a in some cases.

[0083] Typically, color filters 230 (the entire of the plurality
of color filters may also be called a color filter layer 230)
provided for the respective pixels, as well as a black matrix
(shading layer) 232 provided in the gaps between the adjacent
color filters 230, are formed on the surface of the transparent
substrate 2105 facing the liquid crystal layer 220, and the
counter electrode 231 is formed on the color filters 230 and
the black matrix 232. Alternatively, the color filters 230 and
the black matrix 232 may be formed on the counter electrode
231 (on the surface thereof facing the liquid crystal layer
220). Herein, the transparent substrate 2105 and the compo-
nents formed thereon are collectively called a counter sub-
strate (color filter substrate) 2105 in some cases.

[0084] Each pixel electrode 211 includes a transparent
electrode 211a formed of a transparent conductive layer (for
example, an ITO layer) and a reflective electrode 2115
formed of a metal layer (for example, an Al layer, an alloy
layer including Al, and a layered film including any of these
layers). Having such a pixel electrode, each pixel includes a
transmission region A defined by the transparent electrode
211a and a reflection region B defined by the reflective elec-
trode 211, to provide display in the transmission mode and
display in the reflection mode, respectively.

[0085] The LCD device 200 has a wall structure 215
formed on the transparent substrate 210a, and supports 233
are formed on the wall structure 215. The wall structure 215
acts to form axisymmetrically aligned domains with the
alignment regulating force of the wall faces thereof, as do
supports 233. The wall structure 215 has a portion formed in
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the shading region around each pixel to substantially sur-
round the pixel and two pairs of extended portions extending
toward the center of the pixel from the portion surrounding
the pixel to divide the pixel into three in the length direction.
[0086] One of the pairs of extended portions are formed at
positions near the boundary between the transmission region
A and the reflection region B, and the other pair of extended
portions are formed at positions bisecting the transmission
region in the length direction. The supports 233 are provided
to correspond to the four corners of each of the three liquid
crystal domains formed in the pixel, and act to define the
boundaries the liquid crystal domains. The alignment regu-
lating force of the inclined sides of the supports 233 placed as
described above and the alignment regulating force of the
wall faces of the wall structure 115 define the directions in
which liquid crystal molecules fall during voltage applica-
tion, to form three liquid crystal domains (two in the trans-
mission region A and one in the reflection region B).

[0087] The pixel electrode 211 has three openings 214
formed to correspond to about the centers of three liquid
crystal domains. When a predetermined voltage is applied
across the liquid crystal layer 220, three liquid crystal
domains having axisymmetric alignment are formed, with the
center axes of the axisymmetric alignment thereofbeing in or
near the openings 214. The openings 214 formed in the pixel
electrode 211 act to fix the positions of the center axes of the
axisymmetric alignment. An inclined electric field is gener-
ated near the openings 214 with the voltage applied between
the pixel electrode 211 and the counter electrode 213. With
the inclined electric field, the directions of tilt of the liquid
crystal molecules are defined, to thereby cause the action
described above.

[0088] The placement of the supports 233, the wall struc-
ture 215 and the openings 214 and preferred shapes thereof
are similar to the case of the transmissive LCD device 100'
described above. In FIGS. 3A and 3B, the transmission region
A has two liquid crystal domains and the reflection region B
has one liquid crystal domain. However, the arrangement is
not limited to this. Each liquid crystal domain is preferably
roughly square in shape from the standpoint of the viewing
angle characteristics and the stability of alignment. The wall
structure 215 may be omitted.

[0089] Inthe LCD device 200, when a predetermined volt-
age (voltage equal to or higher than a threshold voltage) is
applied between the pixel electrode 211 and the counter elec-
trode 231, three axisymmetrically aligned domains are
formed with the center axes thereof being stabilized in or near
the three openings 214. The eight supports 233 and the wall
structure 215 define the directions in which liquid crystal
molecules in the three adjacent liquid crystal domains fall
with an electric field, and also stabilize the boundaries of the
liquid crystal domains located near the outer edges of the
pixel.

[0090] Next, a preferred construction specific to the trans-
flective LCD device 200 permitting both the transmission-
mode display and the reflection-mode display will be
described.

[0091] While light used for display passes through the lig-
uid crystal layer 220 once in the transmission-mode display,
it passes through the liquid crystal layer 220 twice in the
reflection-mode display. Accordingly, as diagrammatically
shown in FIG. 3B, the thickness dt of the liquid crystal layer
220 in the transmission region A is preferably set roughly
double the thickness dr of the liquid crystal layer 220 in the
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reflection region B. By setting in this way, the retardation
given to the light by the liquid crystal layer 220 canbe roughly
the same in both display modes. Most preferably, dr=0.5 dt
should be satisfied, but good display is secured in both display
modes as long as 0.3 dt<dr<0.7 dtis satisfied. Naturally, dt=dr
may be satisfied depending on the use.

[0092] Inthe LCDdevice 200, a transparent dielectric layer
234 is provided on the glass substrate 2105 only in the reflec-
tion region B to make the thickness of the liquid crystal layer
220 in the reflection region B smaller than that in the trans-
mission region A. This construction eliminates the necessity
of providing a step by forming an insulating film and the like
under the reflective electrode 2115, and thus has the advan-
tage of simplifying the fabrication of the active matrix sub-
strate 210a. I the reflective electrode 2115 is formed on such
an insulting film provided to give a step for adjusting the
thickness of the liquid crystal layer 220, light used for trans-
mission display will be shaded with the reflective electrode
covering a slope (tapered face) of the insulating film, or light
reflected from the reflective electrode formed ona slope of the
insulating film will repeat internal reflection, failing to be
effectively used even for reflection display. By adopting the
construction described above, occurrence of such problems is
prevented, and thus the light use efficiency can be improved.

[0093] If the transparent dielectric layer 234 is provided
with a function of scattering light (diffuse reflection func-
tion), good white display close to paper white can be realized
without the necessity of providing the reflective electrode
2115 with the diffuse reflection function. Such white display
close to paper white can also be realized by making the
surface of the reflective electrode 2115 uneven, and in this
case, no light scattering function is necessary for the trans-
parent dielectric layer 234. However, the uneven surface may
fail to stabilize the position of the center axis of the axisym-
metric alignment depending on the shape of the uneven sur-
face. On the contrary, by combining the transparent dielectric
layer 234 having the light scattering function and the reflec-
tive electrode 2115 having a flat surface, the position of the
center axis can be stabilized with the opening 214 (the shad-
ing conductive layer 2165) formed in the reflective electrode
2116 more reliably. Note that in the case of making the
surface of the reflective electrode 2115 uneven to provide the
reflective electrode 2115 with the diffuse reflection function,
the uneven shape is preferably a continuous wave shape to
prevent occurrence of an interference color, and such a shape
is preferably set to allow stabilization of the center axis of the
axisymmetric alignment.

[0094] Whilelightused for display passes through the color
filter layer 230 once in the transmission mode, it passes
through the color filter layer 230 twice in the reflection mode.
Accordingly, if the color filter layer 230 has the same optical
density both in the transmission region A and the reflection
region B, the color purity and/or the luminance may decrease
in the reflection mode. To suppress occurrence of this prob-
lem, the optical density ofthe color filter layer in the reflection
region is preferably made lower than that in the transmission
region. The optical density as used herein is a characteristic
value characterizing the color filter layer. For example, the
optical density can be reduced by reducing the thickness of
the color filter layer. Otherwise, the optical density can be
reduced by reducing the density of a pigment added, for
example, while keeping the thickness of the color filter layer
unchanged.
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[0095] Next, referring to FIGS. 4 and 5, an example of the
structure of an active matrix substrate suitably used for the
transflective LCD device will be described. FIG. 4 is a partial
enlarged view of the active matrix substrate, and FIG. 5 is a
cross-sectional view taken along line X-X' in FIG. 4. The
active matrix substrate shown in FIGS. 4 and 5 can be the
same in construction as the active matrix substrate 211a
shown in FIGS. 3A and 3B, except that one liquid crystal
domain is formed in the transmission region A (that is, the
number of the openings 214 is reduced).

[0096] The active matrix substrate shown in FIGS. 4 and 5
has a transparent substrate 1 made of a glass substrate, for
example. Gate signal lines 2 and source signal lines 3 run on
the transparent substrate 1 to cross each other at right angles.
TFTs 4 are formed near the crossings of these signal lines 2
and 3. Drain electrodes 5 of the TFTs 4 are connected to
corresponding pixel electrodes 6.

[0097] Each of the pixel electrode 6 includes a transparent
electrode 7 made of a transparent conductive layer such as an
ITO layer and a reflective electrode 8 made of Al and the like.
The transparent electrode 7 defines a transmission region A,
and the reflective electrode 8 defines a reflection region B.
Openings 15 are formed at predetermined positions of the
pixel electrode 6 for fixing/stabilizing the center axes of the
axisymmetrically aligned domains as described above.
[0098] The pixel electrode 6 overlaps the gate signal line
for the next row via a gate insulating film 9, forming a storage
capacitance. The TFT 4 has a multilayer structure including
the gate insulating film 9, a semiconductor layer 12, a channel
protection layer 13 and an n*-Si layer 11 (source/drain elec-
trodes) formed in this order on a gate electrode 10 branched
from the gate signal line 2.

[0099] Supports 33 may be formed in the region surround-
ing each pixel electrode 6 on the active matrix substrate, or
may be formed on the counter substrate so that the supports 33
exist in the region surrounding each pixel electrode 6 when
the counter substrate is bonded with the active matrix sub-
strate. The wall structure 215 may be formed in the region
surrounding each pixel electrode 6 on the active matrix sub-
strate.

[0100] The illustrated TFT is of a bottom gate type. The
TFTisnotlimited to this type, but a top gate type TFT can also
be used.

[0101] As described above, in the LCD device 200 having
the construction described in FIGS. 3A and 3B, the alignment
of liquid crystal molecules is regulated using the supports 233
for defining the thickness of the liquid crystal layer 220. The
wall structure 215 for stable formation of liquid crystal
domains and the openings 214 for fixing/stabilizing the center
axes may only be formed on one of the substrates. With this
comparatively simple construction, the alignment of liquid
crystal molecules can be sufficiently stabilized. In addition,
with the placement of the transparent dielectric layer 234
and/or the color filter 230 in the manner described above, the
display brightness and color purity in both the transmission
mode and the reflection mode can be improved.

(Operation Principle)

[0102] The reason why the LCD device having a vertically
aligned liquid crystal layer in the first aspect of the present
invention has excellent wide viewing angle characteristics
will be described with reference to FIGS. 6A and 6B.

[0103] FIGS. 6A and 6B are views for demonstrating how
the alignment regulating force of an opening 15 formed in the
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pixel electrode 6 acts, in which the aligned states of liquid
crystal molecules during non-voltage application (FIG. 6A)
and during voltage application (FIG. 6B) are diagrammati-
cally shown.

[0104] The LCD device shown in FIGS. 6A and 6B
includes an insulating film 16, a pixel electrode 6 having an
opening 15 and an alignment film 12 formed in this order on
a transparent substrate 1. The LCD device also includes a
color filter layer 18, a counter electrode 19, supports 33, and
an alignment film 32 formed in this order on another trans-
parent substrate 17. Although omitted in FIGS. 6A and 6B,
the alignment film 32 is formed to cover the supports 33. A
liquid crystal layer 20 interposed between the two substrates
includes liquid crystal molecules 21 having negative dielec-
tric anisotropy.

[0105] As shown in FIG. 6A, during non-voltage applica-
tion, the liquid crystal molecules 21 are aligned roughly ver-
tical to the substrate surface with the alignment regulating
force of the vertical alignment films 12 and 32. The supports
33 have inclined sides inversely tapered with respect to the
substrate 1. The liquid crystal molecules 21 near the inclined
sides of the supports 33 attempt to align roughly vertical to the
inclined sides, and thus tilt with respect to the surface of the
substrate 1.

[0106] As shown in FIG. 6B, during voltage application,
the liquid crystal molecules 21 having negative dielectric
anisotropy attempt to make their major axes vertical to elec-
tric lines of force, and this causes the directions in which the
liquid crystal molecules 21 fall to be defined with an inclined
electric field generated around the opening 15. Also, the lig-
uid crystal molecules 21 near the supports 33 attempt to
further tilt in the direction in which the liquid crystal mol-
ecules 21 have already tilted with the alignment regulating
force of the inclined sides of the supports 33. Hence, the
liquid crystal molecules are aligned axisymmetrically around
the opening 15 as the center, for example. In the resultant
axisymmetrically aligned domain, the liquid crystal directors
point to all directions (directions in the substrate plane), and
thus, excellent viewing angle characteristics can be obtained.

[0107] When a wall structure is additionally provided, the
wall structure defines the directions in which the liquid crystal
molecules 21 fall with the alignment regulating force of the
side faces (wall faces) thereof. Typically, since the wall struc-
ture is covered with a vertical alignment film, the alignment
regulating force exerts to align the liquid crystal molecules
vertical to the wall faces. The wall faces of the wall structure
are preferably inclined in the same direction as the supports
33

[0108] Next, an example of more specific construction of
the LCD device according to the first aspect of the present
invention will be described with reference to FIG. 7.

[0109] The LCD device shown in FIG. 7 includes: a back-
light; a transflective liquid crystal panel 50; a pair of polariz-
ing plates 40 and 43 placed to face each other via the trans-
flective liquid crystal panel 50; quarter wave plates 41 and 44
respectively placed between the polarizing plates 40 and 43
and the liquid crystal panel 50; and phase plates 42 and 45
having negative optical anisotropy respectively placed
between the wave plates 41 and 44 and the liquid crystal panel
50. The liquid crystal panel 50 includes a vertically aligned
liquid crystal layer 20 between a transparent substrate (active
matrix substrate) 1 and a transparent substrate (counter sub-
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strate) 17. As the liquid crystal panel 50, one having the same
construction as that of the LCD device 200 shown in FIGS.
3A and 3B is used.

[0110] The display operation of the LCD device shown in
FIG. 7 will be briefly described.

[0111] In reflection-mode display, light incident from
above passes through the polarizing plate 43 to be output as
linearly polarized light. The linearly polarized light is
changed to circularly polarized light with the quarter wave
plate 44 placed so that the slower axis thereof forms 45' with
the transmission axis of the polarizing plate 43. The circularly
polarized light passes through the color filter layer (not
shown) formed on the substrate 17. In the illustrated example,
the phase plate 45 provides no phase difference for light
incident in the normal direction.

[0112] During non-voltage application, in which liquid
crystal molecules in the liquid crystal layer 20 are aligned
roughly vertical to the substrate plane, incident light passes
through the liquid crystal layer 20 with a phase difference of
roughly 0 and is reflected with the reflective electrode formed
on the lower substrate 1. The reflected circularly polarized
light passes again through the liquid crystal layer 20 and the
color filter layer. The light then passes through the phase plate
45 having negative optical anisotropy as the circularly polar-
ized light, to enter the quarter wave plate 44, where the light
is changed to linearly polarized light having a polarizing
direction orthogonal to the polarizing direction given to the
incident light after first passing through the polarizing plate
43, and reaches the polarizing plate 43. The resultant linearly
polarized light fails to pass through the polarizing plate 43,
and thus black display is provided.

[0113] During voltage application, in which the liquid crys-
tal molecules in the liquid crystal layer 20 are tilted toward the
horizontal direction from the direction vertical to the sub-
strate plane, the incident circularly polarized light is changed
to elliptically polarized light due to birefringence of the liquid
crystal layer 20, and reflected with the reflective electrode
formed on the lower substrate 1. The polarized state of the
reflected light is further changed during passing back through
the liquid crystal layer 20. The reflected light passes again
through the color filter layer and then the phase plate 45
having negative optical anisotropy, to enter the quarter wave
plate 44 as the elliptically polarized light. Accordingly, when
reaching the polarizing plate 43, the light is not linearly
polarized light having a polarizing direction orthogonal to the
polarizing direction given to the original incident light, and
thus passes through the polarizing plate 43. That is to say, by
adjusting the applied voltage, the degree of the tilt of the
liquid crystal molecules can be controlled, and thus the
amount of reflected light allowed to pass through the polar-
izing plate 43 can be changed, to thereby enable grayscale
display.

[0114] In transmission-mode display, the upper and lower
polarizing plates 43 and 40 are placed so that the transmission
axes thereof are orthogonal to each other. Light emitted from
a light source is changed to linearly polarized light at the
polarizing plate 40, and then changed to circularly polarized
light when being incident on the quarter wave plate 41 placed
so that the slower axis thereof forms 450 with the transmis-
sion axis of the polarizing plate 40. The circularly polarized
light then passes through the phase plate 42 having negative
optical anisotropy and is incident on the transmission region
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A of the lower substrate 1. In the illustrated example, the
phase plate 42 provides no phase difference for light incident
in the normal direction.

[0115] During non-voltage application, in which liquid
crystal molecules in the liquid crystal layer 20 are aligned
roughly vertical to the substrate plane, the incident light
passes through the liquid crystal layer 20 with a phase differ-
ence of roughly 0. That is, the light incident on the lower
substrate 1 as circularly polarized light passes through the
liquid crystal layer 20 and then the upper substrate 17 in this
state. The light then passes through the upper phase plate 45
having negative optical anisotropy, to enter the quarter wave
plate 44. The lower and upper quarter wave plates 41 and 44
are placed so that the slower axes thereof are orthogonal to
each other. Therefore, a phase difference in the polarized light
that has entered the quarter wave plate 44, which was given at
the lower quarter wave plate 41, can be cancelled with the
quarter wave plate 44, and thus the light resumes the original
linearly polarized light. The polarized light coming from the
upper quarter wave plate 44 is therefore linearly polarized
light having the polarizing direction parallel with the trans-
mission axis (polarizing axis) of the polarizing plate 40, and
thus absorbed with the polarizing plate 43 of which the trans-
mission axis is orthogonal to that of the polarizing plate 40.
Accordingly, black display is provided.

[0116] During voltage application, in which the liquid crys-
tal molecules in the liquid crystal layer 20 are tilted toward the
horizontal direction from the direction vertical to the sub-
strate plane, the incident circularly polarized light is changed
to elliptically polarized light due to birefringence of the liquid
crystal layer 20. The light then passes through the color filter
layer 17, the phase plate 45 having negative optical anisot-
ropy, and the quarter wave plate 44 as the elliptically polar-
ized light. Accordingly, when reaching the polarizing plate
43, the light is not linearly polarized light orthogonal to the
polarized component in the original incident light, and thus
passes through the polarizing plate 43. That is to say, by
adjusting the applied voltage, the degree of the tilt of the
liquid crystal molecules can be controlled, and thus the
amount of light allowed to pass through the polarizing plate
43 can be changed, to thereby enable grayscale display.
[0117] The phase plate having negative optical anisotropy
minimizes the amount of change in phase difference occur-
ring with change of the viewing angle when the liquid crystal
molecules are in the vertically aligned state, and thus sup-
presses black floating observed when the display device is
viewed at a wide viewing angle. In place of the combination
of the phase plate having negative optical anisotropy and the
quarter wave plate, a biaxial phase plate unifying the func-
tions of both plates may be used.

[0118] When axisymmetrically aligned domains are used
to implement the normally black mode that presents black
display during non-voltage application and white display dur-
ing voltage application, as in the present invention, a polar-
izing plate-caused extinction pattern can be eliminated by
placing a pair of quarter wave plates on the top and bottom of
the LCD device (panel), and thus the brightness can be
improved. Also, when axisymmetrically aligned domains are
used to implement the normally black mode with upper and
lower polarizing plates placed so that the transmission axes
thereof are orthogonal to each other, it is theoretically pos-
sible to present black display of substantially the same level
as that obtained when a pair of polarizing plates are placed
under crossed nicols. Therefore, a considerably high contrast
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ratio can be obtained, and also, with the all-direction align-
ment of liquid crystal molecules, wide viewing angle charac-
teristics can be attained.

[0119] The thicknesses dt and dr of the liquid crystal layer
in the transmission region and the reflection region defined in
the present invention preferably has the relationship satisfy-
ing 0.3 dt<dr<0.7 dt, more preferably 0.4 dt<dr<0.6 dt, as is
found from the dependence of the voltage-reflectance (trans-
mittance) of the transmission region and the reflection region
on the thickness of the liquid crystal layer shown in FIG. 8. If
the thickness of the liquid crystal layer in the reflection region
is smaller than the lower limit, the reflectance will be 50% or
less of the maximum reflectance, failing to provide suffi-
ciently high reflectance. If the thickness dr of the liquid crys-
tal layer in the reflection region is greater than the upper limit,
the peak of the reflectance in the voltage-reflectance charac-
teristics exists at a drive voltage different from that in the case
of the transmission display. Also, the relative reflectance
tends to be low at a white display voltage optimal for the
transmission display. The reflectance is as low as 50% or less
of the maximum reflectance, failing to provide sufficiently
high reflectance. Since the optical length in the liquid crystal
layer in the reflection region B is double that in the transmis-
sion region, the birefringence anisotropy (An) of the liquid
crystal material and the panel cell thickness design are very
important when the same design is made for both the trans-
mission region and the reflection region.

Example 1

[0120] Specific characteristics of the transflective LCD
device of the embodiment according to the first aspect of the
present invention will be described.

[0121] An LCD device having the construction shown in
FIG. 7was fabricated. As the liquid crystal cell 50, one having
the same construction as the LCD device 200 shown in FIGS.
3A and 3B was used. A transparent dielectric layer having no
light scattering function was formed as the transparent dielec-
tric layer 234, and a resin layer having a continuous uneven
surface was formed under the reflective electrode 2115, to
adjust the diffuse reflection characteristics in the reflection
display. The uneven surface was formed by the method
described in Japanese Laid-Open Patent Publication No.
9-90426.

[0122] The openings 214 and the wall structure 215 in the
LCD device 200 shown in FIGS. 3A and 3B were omitted, so
that the alignment regulation was made with the supports 233.
Cross-shaped supports (the shape of the supports 133 in FIG.
1A) were used as the supports 233. The supports 233 were
formed on the counter substrate by photolithography using a
negative photosensitive resin (for example, V-259PA (Nippon
Steel Chemical Co., Ltd.)). The inclined sides were inversely
tapered with respect to the counter substrate, and the tilt angle
(angle formed between the substrate surface and the inclined
side) was about 45°.

[0123] The vertical alignment films were formed using a
known alignment film material by a known method. No rub-
bing was made. A liquid crystal material having negative
dielectric anisotropy (An: 0.1 and AE: —4.5) was used. In this
example, the thicknesses dt and dr of the liquid crystal layer
in the transmission region and the reflection region were set at
4 um and 2.2 um, respectively (dr=0.55 dt).

[0124] The resultant liquid crystal cell was sandwiched
between two orthogonal polarizing plates, and observed. As a
result, it was confirmed that liquid crystal molecules near the
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supports continuously fell along the inclined sides of the
supports during voltage application, forming axisymmetric
liquid crystal domains.

[0125] The LCD device of this example had a multilayer
structure composed of a polarizing plate (observer side), a
quarter wave plate (phase plate 1), a phase plate having nega-
tive optical anisotropy (phase plate 2 (NR plate)), the liquid
crystal layer (on the upper and lower sides thereof, the color
filter substrate and the active matrix substrate were respec-
tively placed), a phase plate having negative optical anisot-
ropy (phase plate 3 (NR plate)), a quarter wave plate (phase
plate 4), and a polarizing plate (backlight side) in the order
from the observer side. The upper and lower quarter wave
plates (phase plates 1 and 4) were placed so that the slower
axes thereof were orthogonal to each other, and had a phase
difference of 140 nm. The phase plates having negative opti-
cal anisotropy (phase plates 2 and 3) had a phase difference of
135 nm. The two polarizing plates were placed so that the
absorption axes thereof were orthogonal to each other.
[0126] A drive signal was applied to the thus-obtained LCD
device (4V was applied across the liquid crystal layer) to
evaluate the display characteristics.

[0127] The results of the visual angle—contrast character-
istics in the transmission display are shown in FIG. 8. The
viewing angle characteristics in the transmission display
were roughly symmetric in all directions, the range CR>10
was as large as up to +80°, and the transmission contrast was
as high as 300:1 or more at the front.

[0128] As for the characteristics of the reflection display,
the reflectance evaluated with a spectral calorimeter
(CM2002 from Minolta Co., Ltd.) was about 8.4% (value in
terms of the aperture ratio of 100%) with respect to a standard
diffuse plate as the reference. The contrast value of the reflec-
tion display was 21, which was high compared with the case
of the conventional LCD devices.

Example 2

[0129] As in Example 1, an LCD device having the con-
struction shown in FIG. 7 was fabricated using a liquid crystal
cell having the same construction as the LCD device 200
shown in FIGS. 3A and 3B. A transparent dielectric layer
having no light scattering function was formed as the trans-
parent dielectric layer 234, and a resin layer having a con-
tinuous uneven surface was formed under the reflective elec-
trode 2115, to adjust the diffuse reflection characteristics in
the reflection display. The wall structure 215 was formed
integrally with the resin layer (interlayer insulating film)
formed under the reflective electrode 2115 for imparting an
uneven shape on the surface of the reflective electrode 2114.
[0130] Specifically, the active matrix substrate of this
example was formed in the following manner.

[0131] First, a positive photosensitive resin layer was
formed to cover the circuit elements such as TFTs under
predetermined conditions. The photosensitive resin layer was
exposed to light using a first photomask that shades portions
corresponding to regions that are to be projections of an
uneven shape and regions that are to be the wall structure
under low-light conditions (80 mJ/cm?), to thereby form the
uneven shape on the surface of the regions of the photosen-
sitive resin layer underlying the reflective electrodes and also
form the wall structure (see the wall structure 215 in FIGS. 3A
and 3B). Subsequently, for formation of contact holes, the
photosensitive resin layer was exposed to light using a second
photomask that is open for regions corresponding to the con-
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tact holes under high-light conditions (350 mJ/cm?). There-
after, a series of processing such as development, drying and
baking followed. In this way, the interlayer insulating film
and the wall structure were formed from the same photosen-
sitive resin layer in a one-time photolithographic process
including two exposure steps.

[0132] Inthe series of steps described above, the wall struc-
ture and the through holes electrically connecting to the
underlying connection electrodes were formed together with
the interlayer insulating film having fine uneven surface for
imparting diffusion reflection characteristics in reflection dis-
play.

[0133] Thereafter, for formation of the pixel electrodes, a
transparent electric film (ITO film) was formed on the flat
surface of the interlayer insulating film under predetermined
conditions, and a reflective electrode film was formed on the
uneven surface of the interlayer insulating film by sputtering.
In the patterning for the pixel electrodes, electrode openings
(see the openings 214 in FIGS. 3A and 3B) for fixing/stabi-
lizing the center axes of axisymmetric alignment were
formed at predetermined positions.

[0134] Supports (wall spacers, see the supports 233 in
FIGS. 3A and 3B) were formed at positions of the color filter
substrate (counter substrate) corresponding to the shading
region (region in which the wall structure was formed) of the
active matrix substrate. The inclined sides of the supports
were inversely tapered with respect to the counter substrate,
and the tilt angle (angle formed between the substrate surface
and the inclined side) was about 45°. A transparent dielectric
layer was formed on the color filter substrate in each reflec-
tion region to give a step for adjusting the thickness of the
liquid crystal layer in the reflection region.

[0135] Vertical alignment films were formed on the active
matrix substrate and the color filter substrate under predeter-
mined conditions (No rubbing was made), and the two sub-
strates were bonded together via a sealing resin. A liquid
crystal material having negative dielectric anisotropy (An: 0.1
and AE: -4.5) was injected in the space between the two
substrates and sealed, to obtain a liquid crystal cell. In this
example, the thicknesses dt and dr of the liquid crystal layer
in the transmission region and the reflection region were set at
4 um and 2.1 um, respectively.

[0136] The resultant liquid crystal cell was sandwiched
between two orthogonal polarizing plates, and observed. As a
result, it was confirmed that liquid crystal molecules near the
supports and the wall structure continuously fell along the
inclined sides during voltage application, forming axisym-
metric liquid crystal domains.

[0137] Optical films were placed on the outer surfaces of
the liquid crystal cell to obtain an LCD device.

[0138] The LCD device of this example had a multilayer
structure composed of a polarizing plate (observer side), a
quarter wave plate (phase plate 1), a phase plate having nega-
tive optical anisotropy (phase plate 2 (NR plate)), the liquid
crystal layer (on the upper and lower sides thereof, the color
filter substrate and the active matrix substrate were respec-
tively placed), a phase plate having negative optical anisot-
ropy (phase plate 3 (NR plate)), a quarter wave plate (phase
plate 4), and a polarizing plate (backlight side) in the order
from the observer side. The upper and lower quarter wave
plates (phase plates 1 and 4) were placed so that the slower
axes thereof were orthogonal to each other, and had a phase
difference of 140 nm. The phase plates having negative opti-
cal anisotropy (phase plates 2 and 3) had a phase difference of
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135 nm. The two polarizing plates were placed so that the
absorption axes thereof were orthogonal to each other.
[0139] A drive signal was applied to the thus-obtained LCD
device (4V was applied across the liquid crystal layer) to
evaluate the display characteristics.

[0140] The results of the visual angle—contrast character-
istics in the transmission display are shown in FIG. 8. The
viewing angle characteristics in the transmission display
were roughly symmetric in all directions, the range CR>10
was as large as up to +80°, and the transmission contrast was
as high as 300:1 or more at the front.

[0141] As for the characteristics of the reflection display,
the reflectance evaluated with a spectral colorimeter
(CM2002 from Minolta Co., Ltd.) was about 8.2% (value in
terms of the aperture ratio of 100%) with respect to a standard
diffuse plate as the reference. The contrast value of the reflec-
tion display was 22, which was high compared with the case
of the conventional LCD devices.

[0142] The response time for 90% change of the transmit-
tance of the liquid crystal panel (top+topr (8); toy: time
required for a change during 0V—=4V voltage application,
topr time required for a change during voltage 4V—0V) and
the grayscale response time for 50% change of the transmit-
tance (time required for a change from level 3 to level 5 in the
eight levels of grayscale) were measured and compared
between Examples 1 and 2. The results are as shown in the
following table. The measurement temperature was 250 in
both cases.

TABLE 1
Response time Grayscale response time
(0 <4V (ms)) (ms)
Example 1 35 52
Example 2 30 41

[0143] Itwas confirmed thatinthe LCD device of Example
2, which had the wall structure and the electrode openings
214 in addition to the alignment regulating force of the sup-
ports, the axisymmetric alignment was further stabilized and
the effect of shorting the response time was great.

[0144] It was found that in both Examples 1 and 2, the
shock resistance improved. For example, in a load test (1
kgflem?) for liquid crystal panels, the time required to recover
the original alignment from once-disturbed alignment due to
application of a load was five minutes or less, proving that the
LCDs had sufficient alignment recovery capability. The rea-
son is presumably that in both examples the density of place-
ment of the supports is higher than in conventional LCDS. In
Example 2, naturally, the wall structure and the openings also
contribute to this capability.

Comparative Example 1

[0145] A liquid crystal display panel, having the same con-
struction as the LCD device shown in FIGS. 3A and 3B except
that the openings and the wall structure were omitted and the
supports formed in Example 1 were used as the supports, was
fabricated, and horizontal alignment films were used, to pro-
vide an ECB mode homogeneously aligned liquid crystal
panel. A liquid crystal material having positive dielectric
anisotropy (An: 0.07, AE: 8.5) was used. The thickness dt and
dr of the liquid crystal layer in the transmission regions and
the reflection regions were 4.3 um and 2.3 pm, respectively
(dr=0.53 dt).
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[0146] Optical films each formed of a plurality of optical
layers including a polarizing plate and a phase plate such asa
quarter wave plate were placed on both surfaces of the liquid
crystal display panel, to obtain an LCD device.

[0147] A drive signal was applied to the resultant LCD
device (4V was applied across the liquid crystal layer) to
evaluate the display characteristics by the same evaluation
method as that described.

[0148] As the viewing angle characteristics in the transmis-
sion display, the range of CR>10 was up to +30° and reverse
gradation was eminent. The transmission contrast was 140:1.
As for the characteristics of the reflection display, the reflec-
tance was about 9.3% (value in terms of the aperture ratio of
100%) with respect to a standard diffuse plate as the refer-
ence. The contrast value of the reflection display was 8, and
the display image was white-blurred and low in contrast com-
pared with the LCD devices of the examples according to the
first aspect of the vertical alignment mode.

[0149] A loadtest was also conducted to examine the shock
resistance under the same conditions as those for the above
examples. As a result, an alignment disturbance was recog-
nized after the test, indicating that the LCD device of the
comparative example was poor in shock resistance compared
with the above examples.

[0150] As described above, in the LCD devices according
to the first aspect of the present invention, in which the ver-
tical alignment mode was applied to transmission display and
reflection display, a good contrast ratio was obtained both in
the transmission display and the reflection display, compared
with the conventional homogeneously aligned LCD devices
and the conventionally known technologies. Also, since the
supports (wall spacers) for defining the thickness of the liquid
crystal layer are used for alignment regulation, no additional
step for providing an alignment regulating structure is neces-
sary. Since the supports are regularly provided at a suffi-
ciently high density, the shock resistance improves.

[0151] Inaddition, by placing the structures for controlling
the alignment of liquid crystal domains (the wall structure and
the openings) only on one substrate (in the illustrated
examples, on the active matrix substrate), the alignment of
liquid crystal domains can be further stabilized, and thus
viewing angle characteristics wide in all directions can be
attained. Moreover, since the position ofthe center axes of the
domains can be fixed/stabilized with the openings, the effect
of improving the uniformity of display at slanting visual
angles can be obtained.

[0152] Next, the construction and operation of LCD
devices according to the second aspect of the present inven-
tion will be described.

[0153] Inthe LCD devices according to the second aspect
of the present invention, at least one pixel region is divided
into a plurality of sub-pixel regions with a dielectric structure
(protrusions). Liquid crystal molecules in the liquid crystal
layer in each sub-pixel region are axisymmetrically aligned
during voltage application. In the following description, the
region corresponding to each of a plurality of axisymmetri-
cally aligned domains formed in each pixel is called as the
“sub-pixel region”.

[0154] Inapreferred embodiment, a wall structure substan-
tially surrounding each pixel region is formed in a shading
region. The dielectric protrusions and the wall structure may
be formed integrally, or may be formed of a same dielectric
material, or otherwise may be formed of different patterning
materials.



US 2008/0225211 Al

[0155] Oneobjectofthe second aspect of the present inven-
tion is to suppress display failure due to poor alignment
occurring after disturbance in alignment with pressing of the
liquid crystal panel and improve the display, and this object is
attained by separating the regions of liquid crystal domains
from each other with the dielectric protrusions and the wall
structure. To state specifically, in the event of a collapse of
axisymmetric alignment with pressing of the display screen,
stabilizing the alignment is attempted from the peripheries of
the divided liquid crystal domains with the action of the wall
structure and the dielectric protrusions formed around the
liquid crystal domains. In other words, the wall structure and
the dielectric protrusions impart the force of recovering the
disturbed alignment to the liquid crystal domains.

(Operation Principle)

[0156] The reason why the LCD device having a vertically
aligned liquid crystal layer of the present invention has excel-
lent wide viewing angle characteristics will be described with
reference to FIGS. 9A and 9B. FIGS. 9A and 9B are views for
demonstrating how the alignment regulating force of dielec-
tric protrusions 23 and a wall structure formed around a pixel
electrode 6 act, in which the aligned states of liquid crystal
molecules during non-voltage application (F1G. 9A) and dur-
ing voltage application (FIG. 9B) are diagrammatically
shown. The state shown in FIG. 9B is for display of a gray-
scale level.

[0157] The LCD device shown in FIGS. 9A and 9B
includes an insulating film (not shown), a pixel electrode 6
having the dielectric protrusions 23 and a wall structure, and
a vertical alignment film 22 formed in this order on a trans-
parent substrate 1. The LCD device also includes a color filter
layer (not shown), a counter electrode 19 and an alignment
film 32 formed in this order on another transparent substrate
17. A liquid crystal layer 20 interposed between the two
substrates includes liquid crystal molecules 21 having nega-
tive dielectric anisotropy. Although not shown in FIGS. 9A
and 9B, the vertical alignment film 22 also covers the dielec-
tric protrusions 23.

[0158] As shown in FIG. 9A, during non-voltage applica-
tion, the liquid crystal molecules 21 are aligned roughly ver-
tical to the substrate surface with the alignment regulating
force of the vertical alignment films 22 and 32. During volt-
age application, as shown in FIG. 9B, the liquid crystal mol-
ecules 21 having negative dielectric anisotropy attempt to
make their major axes vertical to electric lines of force, and
tilt in directions along equipotential lines (parallel to equipo-
tential lines) affected by an electric field. Thus, an axisym-
metrically aligned domain is formed as a result of the align-
ment of the liquid crystal molecules 21 tilting in the inclined
direction of the electric field and also the alignment of the
liquid crystal molecules tilting near the side steps of the
dielectric protrusions 23 or the side steps of the wall structure.
In the axisymmetrically aligned domain, the liquid crystal
directors point to all azimuth directions (directions in the
substrate plane), and thus the resultant LCD exhibits excel-
lent viewing angle characteristics.

[0159] In this embodiment, the wall structure and the
dielectric protrusions are provided around at least part of each
liquid crystal domain. This stabilizes the tilting of liquid
crystal molecules on the sides of the wall structure and the
dielectric protrusions, and also serves to reduce poor align-
ment due to a disturbance in alignment after pressing of the
panel plane. Specifically, the alignment of liquid crystal mol-
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ecules in the liquid crystal domain is less disturbed and the
disturbed axisymmetrically aligned domain is effectively
recovered, compared with the conventional methods in which
the electroclinic direction of liquid crystal molecules is regu-
lated with the action of an electric field generated when a
voltage is applied to a slit electrode. As a result, display
roughness can be greatly improved.

[0160] The wall structure and the dielectric protrusions in
this embodiment are provided at predetermined positions by
regularly patterning a photosensitive resin via photolithogra-
phy. In this embodiment, the wall structure and the dielectric
protrusions may be formed of a same material, or may be
formed of different materials as required.

[0161] Inanembodiment according to the second aspect of
the present invention, each of a plurality of pixel regions is
defined by a first electrode (for example, a pixel electrode)
and a second electrode. At least one pixel region, among the
plurality of pixel regions, is divided into a plurality of sub-
pixel regions with regularly arranged dielectric protrusions
and a wall structure formed in a shading region. The tilt
direction of liquid crystal molecules in a portion of the liquid
crystal layer (liquid crystal domain) in each sub-pixel region
is regulated with the side steps of the dielectric protrusions
and the side steps of the wall structure during voltage appli-
cation, to assume axisymmetric alignment. With the exist-
ence of the dielectric protrusions and the wall structure sur-
rounding at least part of the liquid crystal domain, the aligned
state can be suppressed from changing when the panel plane
is pressed. Also, degradation in display quality that may oth-
erwise occur due to variations in axial position and changes in
axisymmetric alignment can be prevented. In particular, by
providing the wall structure in a shading region, decrease in
pixel effective aperture ratio can be prevented. Light leakage
that may occur if the wall structure is provided in the pixel
region can also be prevented, and this can suppress decrease
in contrast ratio. Thus, the display quality will not be sacri-
ficed.

[0162] In another embodiment, the first electrode and/or
the second electrode have openings regularly provided at
predetermined positions in the sub-pixel region. Since the
opening serves to fix the position of the center axis of axi-
symmetric alignment, the axisymmetric alignment is more
stabilized.

[0163] Inapplicationof the present invention to a transflec-
tive LCD device, the dielectric protrusions may be placed
near the boundary between a transmission region and a reflec-
tion region. This separates liquid crystal domains in the trans-
mission region and the reflection regions from each other, and
thus the aligned state can be stabilized more easily.

[0164] An LCD device of an embodiment according to the
second aspect of the present invention will be described spe-
cifically with reference to the relevant drawings. Although an
active matrix LCD device using thin film transistors (TFTs)
will be exemplified in this embodiment, the present invention
is not limited to this type, butis also applicable to MIM (metal
insulator metal) active matrix LCD devices and simple matrix
LCD devices. Also, although a transmissive LCD device and
a transflective LCD device (also called transmissive/reflec-
tive LCD device) are exemplified in this embodiment, the
present invention is not limited to these types, but is also
applicable to reflective LCD devices and semitransparent
LCD devices using a semitransparent film such as a half
mirror.
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[0165] As used herein, the region of the LCD device corre-
sponding to the “pixel” as the minimum unit of display is
called a “pixel region”. In color LCD devices, three pixels of
red, green and blue, for example, constitute one “picture
element”. In active matrix LCD devices, the pixel region is
defined by a pixel electrode and the portion of the counter
electrode facing the pixel electrode. In simple matrix LCD
devices, the pixel region is defined by the portion of a stripe-
shaped column electrode and the portion of a row electrode
running orthogonal to the column electrode that cross each
other. In LCD devices having a shading-layer such as a black
matrix, the pixel region strictly corresponds to the portion
corresponding to an opening of the black matrix out of the
region across which a voltage is applied depending on the
display state.

(Transmissive LCD Device)

[0166] A transmissive LCD device 300 of an embodiment
of the present invention will be described with reference to
FIGS. 10A and 10B. FIGS. 10A and 10B diagrammatically
show one pixel of the transmissive LCD device 300, in which
FIG. 10A is a plan view as is viewed in the direction normal
to the substrate plane and FIG. 10B is a cross-sectional view
taken along line 10B-10B' in FIG. 10A.

[0167] The LCD device 300 includes a transparent sub-
strate (for example, a glass substrate) 310q, a transparent
substrate 3105 placed to face the transparent substrate 310a,
and a vertically aligned liquid crystal layer 320 interposed
between the transparent substrates 310a and 3105. Vertical
alignment films (not shown) are formed on the surfaces of the
substrates 310a and 3105 facing the liquid crystal layer 320.
During non-voltage application, therefore, liquid crystal mol-
ecules in the liquid crystal layer 320 are aligned roughly
vertical to the surfaces of the vertical alignment films. The
liquid crystal layer 320 includes a nematic liquid crystal
material having negative dielectric anisotropy and also
includes a chiral agent as required.

[0168] The LCD device 300 further includes pixel elec-
trodes 311 formed on the transparent substrate 310a and a
counter electrode 331 formed on the transparent substrate
310b. Each pixel electrode 311, the counter electrode 331 and
the liquid crystal layer 320 interposed between these elec-
trodes define a pixel. In the illustrated example, both the pixel
electrodes 311 and the counter electrode 331 are formed of a
transparent conductive film such as an indium tin oxide (ITO)
film, for example. Typically, color filters 330 (the entire of the
plurality of color filters of plural colors may also be called a
color filter layer 330) provided for the respective pixels, as
well as a black matrix (shading layer) 332 formed in the gaps
between the adjacent color filters 330, are formed on the
surface of the transparent substrate 3105 facing the liquid
crystal layer 320, and the counter electrode 331 is formed on
the color filters 330 and the black matrix 332. Alternatively,
the color filters 330 and the black matrix 332 may be formed
on the counter electrode 331 (on the surface thereof facing the
liquid crystal layer 320).

[0169] In this embodiment, a pixel region in the shape of a
rectangle having a pair of longer sides and a pair of shorter
sides as is viewed from top (in the direction normal to the
substrate plane) is defined by the pixel electrode 311 and the
counter electrode 331. A wall structure 315 substantially sur-
rounding the pixel region and a pair of dielectric protrusions
316 are formed around the pixel region on the transparent
substrate 310a. The pair of dielectric protrusions 316 are
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formed in roughly the centers of the longer sides of the pixel
region in line with each other in the shorter-side direction
(direction of extension of the shorter sides), and extend from
near the longer sides of the pixel region (from the inner sides
of the wall structure 315) in the direction closer to each other.
The length of the dielectric protrusions 316 (in the shorter-
side direction) is about one-third or less of the length of the
shorter sides of the pixel region, although the length is pref-
erably 5 um or more. Ifthe length of the dielectric protrusions
316 is less than 5 pm, the dividing effect of the dielectric
protrusions 316 is small and thus the alignment regulating
force may decrease. The height of the wall structure 315 and
the dielectric protrusions 316 is preferably equal to or less
than a half of the cell thickness (the distance between the
substrates 310a and 3105 or the thickness of the liquid crystal
layer 320) in consideration of easiness of injection of the
liquid crystal material. If the height of the wall structure 315
and the dielectric protrusions 316 is less than 0.5 pum, the
alignment regulating force decreases and this may decrease
the display contrast ratio. Hence, the height of the wall struc-
ture 315 and the dielectric protrusions 316 is preferably 0.5
pm or more. The pixel region is divided into two sub-pixel
regions with the wall structure 315 and the pair of dielectric
protrusions 316. In other words, the liquid crystal layer 320 in
the pixel region is divided into two liquid crystal domains.
[0170] Inthis embodiment, the pixel electrode 311 has two
openings 314 formed at predetermined positions. Specifi-
cally, each opening 314 is formed roughly in the center of
each sub-pixel region. When a predetermined voltage is
applied across the liquid crystal layer 320, two liquid crystal
domains (sub-pixel regions) each exhibiting axisymmetric
alignment are formed. The center axis of the axisymmetric
alignment of each of the liquid crystal domains is located in or
near the opening 314. In other words, the opening 314 formed
in the pixel electrode 311 acts to fix the position of the center
axis of the axisymmetric alignment.

[0171] Moreover, side steps 316a of the dielectric protru-
sions 316 and side steps 315a of the wall structure 315 serve
to define the tilt directions of the liquid crystal molecules, and
also serve to form stable axisymmetrically aligned domains
in the sub-pixel regions. When the dielectric protrusions 316
are formed in the pixel region, shading portions are formed to
correspond to at least the regions of the dielectric protrusions
316, preferably to the regions of the dielectric protrusions 316
and their neighboring regions. Such shading portions may not
necessarily be part of the black matrix, but may be elements
that do not transmit light such as part of a storage capacitance
line. Otherwise, to stabilize the axisymmetrically aligned
domains, cuts 313 may be formed in the pixel electrode 311 to
surround the dielectric protrusions 316. With such cuts, the
electroclinic effect with an inclined electric field during volt-
age application can also be used.

[0172] The shape of the openings 314 formed for fixing of
the center axes of the axisymmetrically aligned domains is
preferably circular as illustrated, but is not limited to this. To
exert roughly equal alignment regulating force in all direc-
tions, however, the shape is preferably a polygon having four
or more sides and more preferably a regular polygon.

[0173] TheLCD device 300 of this embodiment has a shad-
ing region between the adjacent pixels. In other words, the
pixel region is surrounded by a shading region as is viewed
from top. The wall structure 315 is placed on the transparent
substrate 310a in the shading region. The shading region as
used herein refers to a region that does not contribute to
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display, formed around the pixel electrode 311 on the trans-
parent substrate 310a. For example, the shading region is a
region shaded from light due to the presence of TFTs, gate
signal lines and source signal lines formed on the transparent
substrate 310a, or a region shaded from light due to the
presence of the black matrix formed on the transparent sub-
strate 3104. Since the shading region does not contribute to
display, the wall structure 315 formed in the shading region is
free from adversely affecting the display.

[0174] The wall structure 315 in this embodiment is shown
as a continuous wall surrounding the pixel region, but is not
limited to this. The wall structure 315 is just required to
substantially surround the pixel region, and may be composed
of a plurality of separate walls, for example. The wall struc-
ture 315, which defines liquid crystal domains (a pixel
region), should preferably have a length of some extent. For
example, when the wall structure 315 is composed of a plu-
rality of walls, each wall is preferably longer than the gap
between the adjacent walls.

[0175] Supports 333 for defining the thickness dt of the
liquid crystal layer 320 (also called the cell gap) are prefer-
ably formed in the shading region (in the illustrated example,
the region defined by the black matrix 332) to avoid degra-
dation in display quality due to the supports. Although the
supports 333 are formed on the wall structure 315 provided in
the shading region in the example in FI1G. 10B, the supports
333 may be formed on either transparent substrate 310a or
310b. In the case of forming the supports 333 on the wall
structure 315, setting is made so that the sum of the height of
the wall structure 315 and the height of the supports 333 is
equal to the thickness of the liquid crystal layer 320. If the
supports 333 are formed in a region having no wall structure
315, setting is made so that the height of the supports 333 is
equal to the thickness dt of the liquid crystal layer 320.
[0176] The LCD device 300 of this embodiment can be
fabricated using a general technique such as photolithogra-
phy. For example, the wall structure 315, the dielectric pro-
trusions 316 and the supports 333 can be formed in the fol-
lowing procedure. First, TFTs, gate signal lines, source signal
lines, pixel electrodes 311 having the openings 314 and the
like are formed on the substrate 310a by photolithography. A
photosensitive resin film is then formed on the resultant sub-
strate, and patterned to form the wall structure 315 and the
dielectric protrusions 316. The supports 333 are then formed
by photolithography using a photosensitive resin. Thereafter,
a vertical alignment film (not shown) is formed covering the
pixel electrodes 311, the wall structure 315 and the dielectric
protrusions 316.

[0177] Inthe LCD device 300 of this embodiment, when a
predetermined voltage (voltage equal to or higher than a
threshold voltage) is applied between the pixel electrode 311
and the counter electrode 331, two axisymmetrically aligned
domains of which the center axes are stabilized in or near the
two openings 314 are formed. The pair of dielectric protru-
sions 316 provided in the center portion of the pixel electrode
311 in the length direction define the directions of tilt of the
liquid crystal molecules in the two separated liquid crystal
domains adjacent to each other in the length direction. The
wall structure 315 is formed around the pixel electrode 311
and near the dielectric protrusions 316. The directions of tilt
of the liquid crystal molecules near the wall structure 315 in
the pixel region are defined with the synergistic effect of the
dielectric protrusions 316 and the wall structure 315. The
alignment regulating forces of the openings 314, the dielec-
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tric protrusions 316 and the wall structure 315 are considered
to act cooperatively, to thereby stabilize the alignment of the
liquid crystal domain.

[0178] On the surface of the transparent substrate 310a
facing the liquid crystal layer 320, provided are active ele-
ments such as TFTs and circuit elements such as gate signal
lines and source signal lines connected to TFTs (all of these
elements are not shown). Herein, the transparent substrate
310a, together with the circuit elements and the pixel elec-
trodes 311, the wall structure 315, the supports 333, the
alignment film and the like described above formed on the
transparent substrate 310a, are collectively called an active
matrix substrate in some cases. Likewise, the transparent
substrate 3105, together with the color filter layer 330, the
black matrix 332, the counter electrode 331, the alignment
film and the like formed on the transparent substrate 3105, are
collectively called a counter substrate or a color filter sub-
strate in some cases.

[0179] Although omitted in the above description, the LCD
device 300 further includes a pair of polarizing plates placed
to face each other via the transparent substrates 310a and
3104. The polarizing plates are typically placed so that their
transmission axes are orthogonal to each other. The LCD
device 300 may further include a biaxial optical anisotropic
medium layer and/or a uniaxial optical anisotropic medium
layer between the transparent substrate 3104 and one of the
pair of polarizing plates and/or between the transparent sub-
strate 3105 and the other polarizing plate, as will be described
later.

(Transflective LCD Device)

[0180] A transflective LCD device 400 of an embodiment
of the present invention will be described with reference to
FIGS. 11A and 11B. FIGS. 11A and 11B diagrammatically
show one pixel of the transflective LCD device 400, in which
FIG. 11A is a plan view as is viewed in the direction normal
to the substrate plane and FIG. 11B is a cross-sectional view
taken along line 11B-11B' in FIG. 11A.

[0181] The LCD device 400 includes a transparent sub-
strate (for example, a glass substrate) 410q, a transparent
substrate 4105 placed to face the transparent substrate 410q,
and a vertically aligned liquid crystal layer 420 interposed
between the transparent substrates 410a and 4105. Vertical
alignment films (not shown) are formed on the surfaces of the
substrates 410a and 4105 facing the liquid crystal layer 420.
During non-voltage application, therefore, liquid crystal mol-
ecules in the liquid crystal layer 420 are aligned roughly
vertical to the surfaces of the vertical alignment films. The
liquid crystal layer 420 includes a nematic liquid crystal
material having negative dielectric anisotropy and also
includes a chiral agent as required.

[0182] The LCD device 400 further includes pixel elec-
trodes 411 formed on the transparent substrate 410a and a
counter electrode 431 formed on the transparent substrate
4105. Each pixel electrode 411, the counter electrode 431 and
the liquid crystal layer 420 interposed between these elec-
trodes define a pixel. Circuit elements such as TFTs are
formed on the transparent substrate 410q as will be described
later. Herein, the transparent substrate 410a and the compo-
nents formed thereon are collectively called an active matrix
substrate 410a in some cases.

[0183] Typically, color filters 430 (the entire of the plurality
of color filters of plural colors may also be called a color filter
layer 430) provided for the respective pixels, as well as a
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black matrix (shading layer) 432 provided in the gaps
between the adjacent color filters 430, are formed on the
surface of the transparent substrate 4105 facing the liquid
crystal layer 420, and the counter electrode 431 is formed on
the color filters 430 and the black matrix 432. Alternatively,
the color filters 430 and the black matrix 432 may be formed
on the counter electrode 431 (on the surface thereof facing the
liquid crystal layer 420). Herein, the transparent substrate
4105 and the components formed thereon are collectively
called a counter substrate (color filter substrate) 4105 in some
cases.

[0184] In this embodiment, each pixel electrode 411
includes a transparent electrode 411a formed of a transparent
conductive film (for example, an ITO film) and a reflective
electrode 4115 formed of a metal film (for example, an Al
layer, analloy layer including Al, and a layered film including
any of these layers). Having such a pixel electrode, each pixel
region includes a transmission region A defined by the trans-
parent electrode 4114 and a reflection region B defined by the
reflective electrode 41154, to provide display in the transmis-
sion mode and display in the reflection mode, respectively.
[0185] In this embodiment, a pixel region in the shape of a
rectangle having a pair of longer sides and a pair of shorter
sides as is viewed from top is defined by the pixel electrode
411 and the counter electrode 431. A wall structure 415
substantially surrounding the pixel region and two pairs of
dielectric protrusions 416 and 417 are formed around the
pixel region on the transparent substrate 410a. The two pairs
of dielectric protrusions 416 and 417 are formed at positions
trisecting the longer sides of the pixel region each in line with
each other in the shorter-side direction (direction of extension
of the shorter sides), and extend from near the longer sides of
the pixel region (from the inner sides of the wall structure
415) in the direction closer to each other. As in the LCD
device 300, the wall structure 415 substantially surrounding
the pixel region is formed around the pixel region on the
transparent substrate 410a. The length of the dielectric pro-
trusions 416 and 417, and the heights of the dielectric protru-
sions and the wall structure 415 are as described in relation to
the LCD device 300. The pixel region is divided into three
sub-pixel regions with the wall structure 415 and the two pairs
of dielectric protrusions 416 and 417. In other words, the
liquid crystallayer 420 in the pixel region is divided into three
liquid crystal domains. Two out of the three sub-pixel regions
are transmission regions A and one is a reflection region B. In
this embodiment, the two transmission regions A sandwich
one sub-pixel region in the length direction as is viewed from
top.

[0186] In this embodiment, the pixel region 411 has three
openings 414 at predetermined positions (two in the trans-
mission regions A and one in the reflection region B). Spe-
cifically, each opening 414 is formed roughly in the center of
each sub-pixel region. When a predetermined voltage is
applied across the liquid crystal layer 420, three liquid crystal
domains (sub-pixel regions) each exhibiting axisymmetric
alignment are formed. The center axis of the axisymmetric
alignment of each ofthe liquid crystal domains is located in or
near the opening 414. In other words, the opening 414 formed
in the pixel electrode 411 acts to fix the position of the center
axis of the axisymmetric alignment.

[0187] Moreover, side steps 416a and 417a of the dielectric
protrusions 416 and 417 and side steps 415a of the wall
structure 415 serve to define the tilt directions of the liquid
crystal molecules, and also serve to form stable axisymmetri-
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cally aligned domains in the sub-pixel regions. When the
dielectric protrusions 416 and 417 are formed in the pixel
region, shading portions are formed to correspond to at least
the regions of the dielectric protrusions 416 and 417, prefer-
ably to the regions of the dielectric protrusions 416 and 417
and their neighboring regions. Such shading portions may not
necessarily be part of the black matrix, but may be elements
that do not transmit light such as part of storage capacitance
lines. Otherwise, to stabilize the axisymmetrically aligned
domains, cuts (not shown) may be formed in the pixel elec-
trode 411 to surround the dielectric protrusions 416 and 417.
With such cuts, the electroclinic effect with an inclined elec-
tric field during voltage application can also be used.

[0188] In this embodiment, the transmission region A and
the reflection region B are arranged alternately in the display
region of one pixel to form the pixel electrode. Also, two pairs
of dielectric protrusions 416 and 417 are provided in the pixel
division portions near the boundaries between the transmis-
sionregion A and the reflection region B to form liquid crystal
division regions. As a result, two liquid crystal domains are
formed in the transmission regions A and one liquid crystal
domain is formed in the reflection region B. Note however
that this embodiment is merely illustrative and the present
invention is not limited to this. Preferably, the shape of the
liquid crystal domains is roughly a square from the standpoint
of the viewing angle characteristics and the stability of align-
ment.

[0189] FIGS. 12A to 12C are diagrammatic views of axi-
symmetrically aligned states observed in the embodiment of
the present invention and a conventional LCD device, in
which FIG. 12A shows the alignment of liquid crystal
domains in the steady state before pressing of the display
plane, FIG. 12B shows the alignment after pressing in a
conventional pixel-divided panel, and FIG. 12C shows the
alignment after pressing in the pixel-divided panel of the
embodiment of the present invention. The ellipses in FIG.
12C indicate existence of dielectric protrusions.

[0190] In this embodiment, the transmission region A and
the reflection region B are arranged alternately (to be adjacent
to each other), and the liquid crystal layer in the pixel region
is divided into three with the dielectric protrusions and the
wall structure (not shown) to form three liquid crystal
domains. This enables uniform division into the liquid crystal
domains with the dielectric protrusions and the wall structure,
and therefore when the panel plane is pressed, a temporarily
disturbed axisymmetrically aligned state is prevented from
appearing in the adjacent pixels and is restored to the original
good axisymmetrically aligned state. Thus, compared with
the case of FIG. 12B in which one pixel region is divided into
three in the arrangement of transmission region/transmission
region/reflection region having transmission regions succes-
sively, it has been confirmed that a temporarily disturbed
axisymmetrically aligned state is immediately restored to the
original stable axisymmetric alignment.

[0191] TheLCD device 400 of this embodiment has a shad-
ing region between the adjacent pixels. In other words, the
pixel region is surrounded by a shading region as is viewed
from top. The wall structure 415 is placed on the transparent
substrate 410a in the shading region. Since the shading region
does not contribute to display, the wall structure 415 formed
in the shading region is free from adversely affecting the
display.

[0192] The wall structure 415 in this embodiment is shown
as a continuous wall surrounding the pixel region, but is not
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limited to this. The wall structure 415 is just required to
substantially surround the pixel region, and may be composed
of a plurality of separate walls, for example. The wall struc-
ture 415, which defines liquid crystal domains (a pixel
region), should preferably have a length of some extent. For
example, when the wall structure 415 is composed of a plu-
rality of walls, each wall is preferably longer than the gap
between the adjacent walls.

[0193] Supports 433 for defining the thickness dt of the
liquid crystal layer 420 (also called the cell gap) are prefer-
ably formed in the shading region (in the illustrated example,
the region defined by the black matrix 432) to avoid degra-
dation in display quality due to the supports. Although the
supports 433 are formed on the wall structure 415 provided in
the shading region as shown in FIG. 11B, the supports 433
may be formed on either transparent substrate 410a or 4104.
In the case of forming the supports 433 on the wall structure
415, setting is made so that the sum of the height of the wall
structure 415 and the height of the supports 433 is equal to the
thickness of the liquid crystal layer 420. If the supports 433
are formed in a region having no wall structure 415, setting is
made so that the height of the supports 433 is equal to the
thickness dt of the liquid crystal layer 420.

[0194] Inthe LCD device 400 of this embodiment, when a
predetermined voltage (voltage equal to or higher than a
threshold voltage) is applied between the pixel electrode 411
and the counter electrode 431, three axisymmetrically
aligned domains of which the center axes are stabilized in or
near the three openings 414 are formed. The directions of tilt
of the liquid crystal molecules are defined in the regions
partitioned with the dielectric protrusions 416 and 417 and
the wall structure 415 formed around the pixel electrode 411,
forming liquid crystal domains.

[0195] Next, a preferred construction specific to the trans-
flective LCD device 400 permitting both the transmission-
mode display and the reflection-mode display will be
described. While light used for display passes through the
liquid crystal layer 420 once in the transmission-mode dis-
play, it passes through the liquid crystal layer 420 twice in the
reflection-mode display. Accordingly, as diagrammatically
shown in FIG. 11B, the thickness dt of the liquid crystal layer
420 in the transmission region A is preferably set roughly
double the thickness dr of the liquid crystal layer 420 in the
reflection region B. By setting in this way, the retardation
given to the light by the liquid crystal layer 420 canbe roughly
the same in both display modes. Most preferably, dr 0.5 dt
should be satisfied, but good display is secured in both display
modes as long as 0.3 dt<dr<0.7 dtissatisfied. Naturally, dt=dr
may be satisfied depending on the use.

[0196] Inthe LCDdevice 400, a transparent dielectric layer
434 is provided on the glass substrate 4105 only in the reflec-
tion region B to make the thickness of the liquid crystal layer
420 in the reflection region B smaller than that in the trans-
mission region A. This construction eliminates the necessity
of providing a step by forming an insulating film and the like
under the reflective electrode 4115, and thus has the advan-
tage of simplifying the fabrication of the active matrix sub-
strate 410a. Ifthe reflective electrode 4115 is formed on such
an insulting film provided to give a step for adjusting the
thickness of the liquid crystal layer 420, light used for trans-
mission display will be shaded with the reflective electrode
covering a slope (tapered face) ofthe insulating film, and light
reflected from the reflective electrode formed ona slope of the
insulating film will repeat internal reflection, failing to be
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effectively used for reflection display. By adopting the con-
struction described above, occurrence of such problems is
prevented, and thus the light use efficiency can be improved.
[0197] If the transparent dielectric layer 434 is provided
with a function of scattering light (diffuse reflection func-
tion), good white display close to paper white can be realized
without the necessity of providing the reflective electrode
4115 with the diffuse reflection function. Such white display
close to paper white can also be realized by making the
surface of the reflective electrode 4115 uneven, and in this
case, no light scattering function is necessary for the trans-
parent dielectric layer 434. However, the uneven surface may
fail to stabilize the position of the center axis of the axisym-
metric alignment depending on the shape of the uneven sur-
face. On the contrary, by combining the transparent dielectric
layer 434 having the light scattering function and the reflec-
tive electrode 4115 having a flat surface, the position of the
center axis can be stabilized with the opening 414 formed in
the reflective electrode 4115 more reliably. The following
method, for example, may be adopted to provide the trans-
parent dielectric layer 434 with the light scattering function.
Ultrafine particles such as titanium oxide particles are dis-
persed in a transparent resin. The resultant resin is applied to
a support such as a polyimide film, to form a scattering layer
having a light scattering function. The scattering characteris-
tics can be changed by changing the particle density, the
particle size, the thickness of the scattering layer, the refrac-
tive index of the resin and the like. As another method, thin
films different in refractive index may be formed one ontop of
another to form a light scattering layer.

[0198] Note that in the case of making the surface of the
reflective electrode 4114 uneven to provide the reflective
electrode 4115 with the diffuse reflection function, the
uneven shape is preferably a continuous wave shape to pre-
vent occurrence of an interference color, and such a shape is
preferably set to allow stabilization of the center axis of the
axisymmetric alignment.

[0199] Whilelightused for display passes through the color
filter layer 430 once in the transmission mode, it passes
through the color filter layer 430 twice in the reflection mode.
Accordingly, if the color filter layer 430 has the same optical
density both in the transmission region A and the reflection
region B, the color purity and/or the luminance may decrease
in the reflection mode. To suppress occurrence of this prob-
lem, the optical density ofthe color filter layer in the reflection
region is preferably made lower than that in the transmission
region. The optical density as used herein is a characteristic
value characterizing the color filter layer. For example, the
optical density can be reduced by reducing the thickness of
the color filter layer. Otherwise, the optical density can be
reduced by reducing the density of a pigment added, for
example, while keeping the thickness of the color filter layer
unchanged.

[0200] Inthe transflective LCD device of this embodiment,
also, the active matrix substrate described with reference to
FIGS. 4 and 5 can be suitably used.

[0201] As described above, the LCD device 400 shown in
FIGS. 11A and 11B exhibits the effect of stabilizing the
alignment of liquid crystal molecules sufficiently with a com-
paratively simple constructionin which the alignment control
structure for axisymmetric alignment (the openings 414
formed in the pixel electrode 411, the dielectric protrusions
416 and 417 and the wall structure 415) is formed on only the
substrate 410a. Also, with the placement of the transparent
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dielectric layer 434 and/or the color filter layer 430 in the
manner described above, the display brightness and color
purity in both the transmission mode and the reflection mode
can be improved.

[0202] The specific construction of the transflective LCD
device of this embodiment can be that described above with
reference to FIG. 7.

(Relationship Between the Thicknesses dt and dr of the Lig-
uid Crystal Layer in the Transmission Region and the Reflec-
tion Region)

[0203] FIG. 13 is a graph showing the voltage-reflectance
(transmittance) of the transmission region and the reflection
region in the LCD device of this embodiment. As shown in
FIG. 13, the thicknesses dt and dr in the transmission region
and the reflection region preferably satisfy 0.3 dt<dr<0.7 dt,
more preferably 0.4 dt<dr<0.6 dt. If the thickness dr of the
liquid crystal layer in the reflection region is smaller than the
lower limit, the reflectance will be 50% or less of the maxi-
mum reflectance, failing to provide sufficiently high reflec-
tance. If the thickness dr is greater than the upper limit, a
maximum of the reflectance in the voltage-reflectance char-
acteristics exists at a drive voltage different from that in the
transmission display. Also, the reflectance tends to be rela-
tively low at a white display voltage optimal for the transmis-
sion display. The reflectance is as low as 50% or less of the
maximum reflectance in some cases, failing to provide suffi-
ciently high reflectance. Since the optical length in the liquid
crystal layer in the reflection region is about twice as large as
that in the transmission region, the birefringence anisotropy
(An) of the liquid crystal material and the panel cell thickness
design are very important when the same optical design is
made for both the transmission region A and the reflection
region B. This also applies to the transflective LCD device
according to the first aspect of the present invention.

Example

[0204] Specific characteristics of the transflective LCD
device of this embodiment will be described.

[0205] An LCD device having the construction shown in
FIG. 7was fabricated. As the liquid crystal cell 50, one having
the same construction as the LCD device 400 shown in FIGS.
11A and 11B was used. A transparent dielectric layer having
no light scattering function was formed as the transparent
dielectric layer 434, and a resin layer having a continuous
uneven surface was formed under the reflective electrode
411b, to adjust the diffuse reflection characteristics in the
reflection display.

[0206] The pixel region in this example is divided into three
sub-pixel regions with the wall structure and the dielectric
protrusions, and has a transmission region, a reflection region
and a transmission region in this order in the length direction.
The wall structure is formed on a shading layer formed in the
non-display region (region other than the pixel region). Thus,
an axisymmetrically aligned domain is formed in each region
during voltage application.

[0207] The vertical alignment films were formed using a
known alignment film material by a known method. No rub-
bing was made. A liquid crystal material having negative
dielectric anisotropy (An: 0.1 and AE: —4.5) was used. In this
example, the thicknesses dt and dr of the liquid crystal layer
in the transmission region and the reflection region were set at
4 um and 2.2 um, respectively (dr=0.55 dt).

Sep. 18,2008

[0208] The LCD device of this example had a multilayer
structure composed of a polarizing plate (observer side), a
quarter wave plate (phase plate 1), a phase plate having nega-
tive optical anisotropy (phase plate 2 (NR plate)), the liquid
crystal layer (on the upper and lower sides thereof, the color
filter substrate and the active matrix substrate were respec-
tively placed), a phase plate having negative optical anisot-
ropy (phase plate 3 (NR plate)), a quarter wave plate (phase
plate 4), and a polarizing plate (backlight side) in the order
from the observer side. The upper and lower quarter wave
plates (phase plates 1 and 4) were placed so that the slower
axes thereof were orthogonal to each other, and had a phase
difference of 140 nm. The phase plates having negative opti-
cal anisotropy (phase plates 2 and 3) had a phase difference of
135 nm. The two polarizing plates were placed so that the
absorption axes thereof were orthogonal to each other.
[0209] A drive signal was applied to the thus-obtained LCD
device (4V was applied across the liquid crystal layer) to
evaluate the display characteristics. The visual angle—con-
trast characteristics in the transmission display were substan-
tially the same as those shown in FIG. 8. The viewing angle
characteristics in the transmission display were roughly sym-
metric in all directions, the range CR>10 was as large as up to
+80°, and the transmission contrast was as high as 300:1 or
more at the front.

[0210] As for the characteristics of the reflection display,
the spectral reflectance evaluated with a spectral calorimeter
(CM2002 from Minolta Co., Ltd.) was about 8.1% (value in
terms of the aperture ratio of 100%) with respect to a standard
diffuse plate as the reference. The contrast value of the reflec-
tion display was 20, which was high compared with the case
of the conventional LCD devices.

Comparative Example

[0211] In the LCD device shown in FIGS. 11A and 11B,
one pixel region was divided into a transmission region, a
transmission region and a reflection region in this order using
only slits (electrode openings) without placing any wall struc-
ture or dielectric protrusions dividing the pixel region. In
other words, the pixel region was divided into three using
only the action of an electric field generated at the electrode
openings during voltage application.

[0212] An LCD device having the above construction was
fabricated under the same conditions of the liquid crystal
layer as those in the above example, and the same panel
evaluation as that described above was conducted for this
comparative example. As a result, as for the display charac-
teristics such as the contrast, roughly the same characteristics
as those of the above example were obtained.

(Evaluation)

[0213] Thedisplay roughness, the grayscale response char-
acteristics and the display quality after panel pressing were
compared between the LCD devices of the above example
and comparative example. The roughness in display of a
grayscale level (level 2 in eight levels of grayscale) observed
in an oblique direction was visually evaluated. As a result,
while no roughness was recognized in the example of the
present invention, roughness was recognized in the display of
the grayscale level at a slanting visual angle in the LCD
device of the comparative example using only slits for pixel
division.
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[0214] The LCD devices were observed with an optical
microscope of which the polarizing axes were set orthogonal
to each other. As a result, while axisymmetrically aligned
domains of which the center axes were in position uniformly
in the example of the present invention, there were some
liquid crystal domains of which the center axes were deviated
from the center positions (openings) of the sub-pixel regions
in the comparative example. This variation in the position of
the center axis was confirmed to be a main cause of the
roughness.

[0215] The grayscale response time (time required for a
change from level 3 to level 5 in the eight levels of grayscale)
was 38 msec in the example of the present invention and 65
msec in the comparative example. It was therefore confirmed
that the response time in grayscale display could be shortened
in the LCD device of the present invention in which the pixel
region was divided with the wall structure and the dielectric
protrusions. Recovery of the alignment after the display panel
was pressed with a fingertip during application of 4V (white
display) was examined. As a result, while an afterimage was
hardly observed on the pressed portion (the alignment was
immediately recovered) in the example of the present inven-
tion, an afterimage was recognized for several minutes in the
comparative example. A difference was therefore recognized
in the recovery from occurrence of an alignment disturbance
with pressing. Further, in the comparative example, it was
confirmed that part of the disturbed alignment with pressing
failed to completely recover and caused display roughness
and display failure due to defective alignment.

[0216] From the evaluation results described above, it was
found that by arranging the transmission region and the
reflection region alternately and separating the liquid crystal
regions from each other with the dielectric protrusions and the
wall structure, obtained were the effect of fixing or stabilizing
the positions of the center axes of the axisymmetrically
aligned domains, and the effects such as reducing the rough-
ness in grayscale display at a slanting visual angle, increasing
the response speed in grayscale display, and reducing occur-
rence of an afterimage with pressing. In other words, accord-
ing to the LCD device of this embodiment of the present
invention, the division structure in each pixel can be opti-
mized.

[0217] In the above embodiment, both the dielectric pro-
trusions and the wall structure were formed. The pixel region
can be divided into a plurality of sub-pixel regions as long as
at least the dielectric protrusions are formed. Liquid crystal
molecules tilt near the side steps of the dielectric protrusions,
and this leads to division alignment of liquid crystal mol-
ecules in the divided regions. Since the pixel region is divided
(partitioned), the division alignment can be obtained without
existence of a wall structure. To further stabilize the division
alignment and improve the recovery against pressing and
other features further effectively, a wall structure and open-
ings are preferably formed. If no wall structure is formed,
openings are preferably formed in at least one of the upper
and lower electrodes.

[0218] As described above, according to the present inven-
tion, an LCD device with excellent display quality can be
implemented with a comparatively simple construction. The
present invention is suitably applied to transmissive LCD
devices and transflective (transmissive/reflective) LCD
devices. In particular, transflective LCD devices are suitably
used as display devices for mobile equipment such as mobile
phones.
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[0219] While the present invention has been described with
respect to preferred embodiments thereof, it will be apparent
to those skilled in the art that the disclosed invention may be
modified in numerous ways and may assume many embodi-
ments other than those specifically 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.

[0220] This non-provisional application claims priority
under 35 USC § 119(a) on Patent Applications No. 2004-
066292 filed in Japan on Mar. 9, 2004 and No. 2004-084404
filed in Japan on Mar. 23, 2004, the entire contents of which
are hereby incorporated by reference.

1-12. (canceled)

13. A liquid crystal display device comprising a first sub-
strate having a first electrode, a second substrate having a
second electrode opposed to the first electrode, and a verti-
cally aligned liquid crystal layer interposed between the first
electrode and the second electrode, each of a plurality of pixel
regions being defined by the first electrode and the second
electrode,

wherein at least one pixel region among the plurality of

pixel regions is divided into a plurality of sub-pixel
regions with dielectric protrusions regularly arranged on
the first substrate, and

liquid crystal molecules in the liquid crystal layer in each

sub-pixel region are axisymmetrically aligned around an
axis vertical to the surface of the first substrate when a
predetermined voltage is applied between the first elec-
trode and the second electrode.

14. The device of claim 13, wherein the pixel region is
surrounded with a shading region as is viewed from top, and
the device further comprises a wall structure formed to sub-
stantially surround the pixel region on the surface of the first
substrate facing the liquid crystal layer in the shading region.

15. The device of claim 13, wherein the first electrode
and/or the second electrode has an opening formed in the
sub-pixel region, and when the voltage is applied, the vertical
axis is formed in or near the opening.

16. The device of claim 13, wherein the pixel region is
surrounded with a shading region as is viewed from top, and
asupport for defining the thickness of the liquid crystal layer
is formed in the shading region.

17. The device of claim 13, wherein the first electrode
includes a transparent electrode and a reflective electrode,
and at least one of the plurality of sub-pixel regions is a
transmission region and at least one ofthe sub-pixel regions is
a reflection region.

18. The device of claim 17, wherein the relationship 0.3
dt<dr<0.7 dt is satisfied where dt is the thickness of the liquid
crystal layer in the transmission region and dr is the thickness
of the liquid crystal layer in the reflection region.

19. The device of claim 17, further comprising a transpar-
ent dielectric layer on the surface of the second substrate
facing the liquid crystal layer.

20. The device of claim 19, wherein the transparent dielec-
tric layer has a function of scattering light.

21. The device of ¢laim 17, wherein the second substrate
further comprises a color filter layer, and the optical density of
the color filter layer in the reflection region is lower than the
optical density of the color filter layer in the transmission
region.

22. The device of claim 13, further comprising: a pair of
polarizing plates placed to face each other via the first sub-
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strate and the second substrate; and at least one biaxial optical
anisotropic medium layer placed between the first substrate
and one of the pair of polarizing plates and/or between the
second substrate and the other polarizing plate.

23. The device of claim 13, further comprising: a pair of
polarizing plates placed to face each other via the first sub-
strate and the second substrate; and at least one uniaxial
optical anisotropic medium layer placed between the first
substrate and one of the pair of polarizing plates and/or
between the second substrate and the other polarizing plate.
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24. The device of claim 13, wherein the pixel region is in
the shape of arectangle having a pair of longer sides and a pair
of shorter sides, and is divided into the plurality of sub-pixel
regions with at least one pair of the dielectric protrusions, and

the pair of dielectric protrusions extend from near the pair

of longer sides of the pixel region in the directions closer
to each other and are in line with each other in the
shorter-side direction.

® ok % ok %



patsnap

TRAFROE) RBREREE
NIF(2E)E US20080225211A1 K (2E)R 2008-09-18
RS US12/153492 iR 2008-05-20

RIRBE(ERFR)AGE) EEKRAL4
RF(EFR)AGE) EEHMAau
HAHRBHEIRAE) EEHRAatt

[FRIRBAA KUME YASUHIRO
NAGAE NOBUKAZU
TAMAI KAZUHIKO
ONISHI NORIAKI

KA KUME, YASUHIRO
NAGAE, NOBUKAZU
TAMAI, KAZUHIKO
ONISHI, NORIAKI

IPCH %S GO02F1/1343 G02F1/1335 G02B5/30 G02F1/13363 G02F1/1337

CPCH %S GO02F1/133371 G02F1/133555 G02F1/133634 G02F1/133707 G02F2413/12 G02F2001/133638
G02F2001/133742 G02F2001/13712 G02F2413/02 GO2F 1/13394

£ A 2004066292 2004-03-09 JP
2004084404 2004-03-23 JP

H {3 FF 30k US7999891
SNEBEEE Espacenet USPTO
FE(R)

REANRBEREEQEST —ER , F-ERANTE-NF_ER
ZAWEEMCOANRREZR. ZRHFERESIMBE  SIMMEREBELKE
F-ERENE BN, ERESE-—ERENE BN , UARBAES
—NMF-—BRENERE , URREEGZABNMAEXE. ATR 50
ERBEEENZSMIZEAANBREETEXLXETECRRBENE -
HECERMKRE L, HENEDMEREN , RBEETKENHISFH
FINEDL—NEEEE  HEED - NMREBPNRED FTHARN S @

B S AR AR R E .

Transmission Regicn A Reflection Region B



https://share-analytics.zhihuiya.com/view/fc0a94cc-0143-4f9c-ab71-46e8033de338
https://worldwide.espacenet.com/patent/search/family/034921745/publication/US2008225211A1?q=US2008225211A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220080225211%22.PGNR.&OS=DN/20080225211&RS=DN/20080225211

