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7) ABSTRACT

The liquid crystal display device includes a first substrate
11104, a second substrate 11105 placed to face the first
substrate, and a liquid crystal layer 1120 interposed between
the first substrate and the second substrate. The liquid crystal
display device has a plurality of pixels each including a first
electrode 1111 formed on the first substrate, a second elec-
trode 1131 formed on the second substrate, and the liquid
crystal layer interposed between the first electrode and the
second electrode. The second electrode 1131 has at least one
opening 1114 formed at a predetermined position in the
pixel, the first substrate has a shading region in gaps between
the plurality of pixels, and a wall structure 1115 is placed
regularly on the surface of the first substrate facing the liquid
crystal layer in the shading region. The liquid crystal layer
has at least one liquid crystal domain having axisymmetric
alignment formed when at least a predetermined voltage is
applied, and the center axis of the axisymmetric alignment
of the at least one liquid crystal domain is formed in or near
the at least one opening.
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LIQUID CRYSTAL DISPLAY DEVICE AND
FABRICATION METHOD THEREFOR

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a liquid crystal
display device and a fabrication method for the same, and
more particularly, to a liquid crystal display device suitably
used for portable information terminals (for example,
PDAs), mobile phones, car-mounted liquid crystal displays,
digital cameras, PCs, amusement equipment, TVs and the
like.

[0002] 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 bodies
of the equipment, LCD devices are requested to display a
larger amount of information, and are demanded by the
market for higher contrast, a wider viewing angle, higher
brightness, multiple colors and higher definition.

[0003] A vertical alignment mode using a vertically
aligned liquid crystal layer has increasingly received atten-
tion as a display mode enabling high contrast and a wide
viewing angle. A vertically aligned liquid crystal layer is
generally obtained using a vertical alignment film and a
liquid crystal material having negative dielectric anisotropy.

[0004] For example, Japanese Laid-Open Patent Publica-
tion No. 6-301036 (Literature 1) discloses an LCD device in
which a tilt electric field is generated around an opening
formed in a counter electrode that faces a pixel electrode via
a liquid crystal layer, so that liquid crystal molecules sur-
rounding liquid crystal molecules existing in the opening,
which are in the vertically aligned state, are aligned in tilt
directions around the opening as the center, to thereby
improve the visual angle characteristics.

[0005] However, in the device described in Literature 1, it
is difficult to generate a tilt 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 volt-
age, and this causes a problem of occurrence of an afterim-
age phenomenon.

[0006] Japanese Laid-Open Patent Publication No. 2002-
55374 (Literature 2) discloses a technology in which slit
electrodes (an opening pattern) are provided in both pixel
electrodes and a counter common electrode and, in at least
either the pixel electrodes or the common electrode, steps
are provided in regions having the slit electrodes to allow an
electric field to tilt in four directions in uniform distribution
using the opening pattern, to thereby attain a wide viewing
angle.

[0007] Japanese Laid-Open Patent Publication No. 2003-
167253 (Literature 3) discloses a technology in which a
plurality 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 a tilt electric field gen-
erated 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.

Jun. 30, 2005

[0008] In recent years, a type of LCD device providing
high-quality display both outdoors and indoors has been
proposed (see Japanese Patent Gazette No. 2955277 (Lit-
erature 4) and U.S. Pat. No. 6,195,140 (Literature 5), 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 display is done in the transmission mode.

[0009] The currently available transflective LCD devices
adopt an ECB mode, a TN mode and the like. Literature 3
described above discloses adoption of the vertical alignment
mode for a transflective LCD device, not only for a trans-
missive LCD device. Japanese Laid-Open Patent Publica-
tion No. 2002-350853 (Literature 6) discloses a technology
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 that is provided to
double the thickness of the liquid crystal layer in a trans-
mission region compared with 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 opposing the
depressions via the liquid crystal layer (see FIGS. 3 and 16
of Literature 6, for example).

[0010] To improve the display quality in the reflection
mode, a technique of forming a diffuse reflection layer
excellent in diffuse reflection characteristics has been exam-
ined. For example, Japanese Laid-Open Patent Publication
No. 6-75238 (Literature 7) discloses a technique in which
fine projections and depressions are formed randomly on the
surface of a reflection electrode in a photolithography step
using a two-layer photosensitive resin film to thereby obtain
good diffuse reflection characteristics. Japanese Laid-Open
Patent Publication No. 9-90426 (Literature 8) discloses a
technique in which a reflection electrode having fine pro-
jections and depressions is formed by exposing a one-layer
photosensitive resin film to light via a photomask for for-
mation of contact holes and fine projections and depressions
and developing the resin, for simplification of the fabrication
process.

[0011] The technology disclosed in Literature 3 has the
following problems. Projections 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 sufficient align-
ment regulating force, an alignment control structure made
of projections regularly placed inside each pixel must be
formed, and this complicates the fabrication process. The
contrast ratio may decrease due to light leakage occurring in
the peripheries of the projections in the pixel. If a light-
shading portion is provided to prevent decrease in contrast
ratio, the effective aperture ratio may possibly decrease.

[0012] In the technology disclosed in Literature 6, it is
necessary to provide projections or electrode openings at
positions opposite to the depressions formed for control of
the multi-axis alignment. This technology therefore has the
same problems as those described above.

[0013] In view of the above, an object of the present
invention is providing a liquid crystal display device having
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at least one axisymmetrically aligned domain (also called a
“radially inclined alignment domain™) in each pixel, which
can sufficiently stabilize the alignment of liquid crystal
molecules and suppress decrease in contrast ratio or effec-
tive aperture ratio.

[0014] The fabrication process will be complicated if the
methods disclosed in Literature 7 and 8 are employed to
form reflection electrodes to improve the display quality in
the reflection mode of a transflective LCD device, for
example. That is, it is necessary to form fine projections and
depressions for improving the diffuse reflection character-
istics, in addition to the projections for alignment regulation,
and this increases the cost of the LCD device.

[0015] In view of the above, another object of the present
invention is providing a liquid crystal display device that can
sufficiently stabilize the alignment of liquid crystal mol-
ecules with a comparatively simple construction and for
which the fabrication process is simple compared with the
conventional ones, and a fabrication method for such a
liquid crystal display device.

[0016] Yet another object of the present invention is
providing a liquid crystal display device having at least one
axisymmetrically aligned domain in each pixel, which can
sufficiently stabilize the alignment of liquid crystal mol-
ecules with a comparatively simple construction having an
alignment regulating structure for the axisymmetric align-
ment only on one substrate of the device, to provide display
quality equal to or higher than that conventionally obtained.

SUMMARY OF THE INVENTION

[0017] The liquid crystal display device in the first aspect
of the present invention includes a first substrate, a second
substrate placed to face the first substrate, and a liquid
crystal layer interposed between the first substrate and the
second substrate, wherein the liquid crystal display 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 electrode and the second electrode, the
second electrode has at least one opening formed at a
predetermined position in the pixel, the first substrate has a
shading region in gaps between the plurality of pixels, and
a wall structure is placed regularly on the surface of the first
substrate facing the liquid crystal layer in the shading region,
and the liquid crystal layer has at least one liquid crystal
domain having axisymmetric alignment formed when at
least a predetermined voltage is applied, and the center axis
of the axisymmetric alignment of the at least one liquid
crystal domain is formed in or near the at least one opening.

[0018] In one embodiment, when a voltage giving a rela-
tive transmittance of 10% is applied across the liquid crystal
layer interposed between the first electrode and the second
electrode, the potential at the at least one opening in the
second electrode is lower than a threshold voltage of the
liquid crystal layer. When a plurality of liquid crystal
domains are formed, the opening is preferably formed to
correspond to the center axis of each of the liquid crystal
domains, but the opening may be omitted for some of the
plurality of liquid crystal domains.

[0019] In one embodiment, the size Wh of the at least one
opening preferably satisfies the condition 2 um =Wh=20
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um. The size Wh is expressed by the diameter when the at
least one opening is a circle or by the length of the longest
diagonal line when the opening is a polygon.

[0020] In one embodiment, the first electrode has at least
one cut.
[0021] In one embodiment, a support for defining the

thickness of the liquid crystal layer is formed in the shading
region located in gaps between the plurality of pixels.

[0022] In one embodiment, the first electrode includes a
transparent electrode defining a transmission region and a
reflective electrode defining a reflection region, and the
thickness dt of the liquid crystal layer in the transmission
region and the thickness dr of the liquid crystal layer in the
reflection region preferably satisfy the relationship 0.3
dt<dr<0.7 dt.

[0023] In one embodiment, the first electrode includes a
transparent electrode defining a transmission region and a
reflective electrode defining a reflection region, the at least
one liquid crystal domain includes a liquid crystal domain
formed in the transmission region, the at least one opening
includes an opening corresponding to the center axis of the
liquid crystal domain formed in the transmission region, and
the first electrode has a plurality of cuts formed point-
symmetrically with respect to the opening. Formation of the
opening may be omitted for the liquid crystal domain
formed in the reflection region.

[0024] In one embodiment, a transparent dielectric layer is
selectively formed on the second substrate in the reflection
region.

[0025] Inoneembodiment, the transparent dielectric layer
has a function of scattering light.

[0026] In one embodiment, the liquid crystal display
device further includes a color filter layer formed on the
second substrate, wherein the optical density of the color
filter layer in the reflection region is lower than that in the
transmission region.

[0027] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; 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.

[0028] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; 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.

[0029] The liquid crystal display device in the second
aspect of the present invention includes a first substrate, a
second substrate placed to face the first substrate, and a
liquid crystal layer interposed between the first substrate and
the second substrate, wherein the liquid crystal display
device has a plurality of pixels each including a first elec-
trode 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-
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trode, the first substrate has a shading region in gaps
between the plurality of pixels, and a wall structure is placed
regularly on the surface of the first substrate facing the liquid
crystal layer in the shading region, the first electrode has at
least one first opening formed at a predetermined position in
the pixel, the second electrode has at least one second
opening formed at a predetermined position in the pixel, and
the liquid crystal layer has at least one liquid crystal domain
having axisymmetric alignment formed when at least a
predetermined voltage is applied, and the center axis of the
axisymmetric alignment of the at least one liquid crystal
domain is formed in or near at least one of the at least one
first opening and the at least one second opening.

[0030] In one embodiment, one end of the center axis of
axisymmetric alignment of the at least one liquid crystal
domain is in or near the at least one first opening, and the
other end is in or near the at least one second opening.

[0031] In one embodiment, the at least one first opening
and the at least one second opening are placed to at least
overlap each other via the liquid crystal layer. When a
plurality of liquid crystal domains are formed, the first
opening and the second opening (pair of openings) are
preferably formed to correspond to the center axis of each of
the liquid crystal domains, but either one or both of the
openings may be omitted for some of the plurality of liquid
crystal domains.

[0032] In one embodiment, when a voltage giving a rela-
tive transmittance of 10% is applied across the liquid crystal
layer interposed between the first electrode and the second
electrode, the potential at at least one of the at least one first
opening and the at least one second opening is lower than a
threshold voltage of the liquid crystal layer.

[0033] In one embodiment, when a voltage giving a rela-
tive transmittance of 10% is applied across the liquid crystal
layer interposed between the first electrode and the second
electrode, the potentials at the at least one first opening and
the at least one second opening are lower than the threshold
voltage of the liquid crystal layer.

[0034] Inoneembodiment, the size Wh' of the at least one
first opening and the at least one second opening satisfies the
condition 1 um=Wh'=18 um. The sizes of the first opening
and the second opening may be the same or different from
each other. The size Wh' is expressed by the diameter when
the at least one first opening and the at least one second
opening are circles or by the length of the longest diagonal
line when the openings are polygons.

[0035] In one embodiment, the first electrode has at least
one cut.
[0036] In one embodiment, a support for defining the

thickness of the liquid crystal layer is formed in the shading
region located in gaps between the plurality of pixels.

[0037] In one embodiment, the first electrode includes a
transparent electrode defining a transmission region and a
reflective electrode defining a reflection region, and the
thickness dt of the liquid crystal layer in the transmission
region and the thickness dr of the liquid crystal layer in the
reflection region satisfy the relationship 0.3 dt<dr<0.7 dt.

[0038] In one embodiment, the first electrode includes a
transparent electrode defining a transmission region and a
reflective electrode defining a reflection region, the at least
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one liquid crystal domain includes a liquid crystal domain
formed in the transmission region, the at least one first
opening and/or the at least one second opening include an
opening corresponding to the center axis of the liquid crystal
domain formed in the transmission region, and the first
electrode has a plurality of cuts formed point-symmetrically
with respect to the opening. Formation of the first opening
and/or the second opening may be omitted for the liquid
crystal domain formed in the reflection region.

[0039] Inoneembodiment, a transparent dielectric layer is
selectively formed on the second substrate in the reflection
region. In this case, formation of the second opening may be
omitted for the liquid crystal domain formed in the reflection
region.

[0040] Inone embodiment, the transparent dielectric layer
has a function of scattering light.

[0041] In one embodiment, the liquid crystal display
device further includes a color filter layer formed on the
second substrate, wherein the optical density of the color
filter layer in the reflection region is lower than that in the
transmission region.

[0042] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; 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.

[0043] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; 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.

[0044] The liquid crystal display device in the third aspect
of the present invention includes a first substrate, a second
substrate placed to face the first substrate, and a liquid
crystal layer interposed between the first substrate and the
second substrate, wherein the liquid crystal display device
has a plurality of pixels each including a first electrode
formed on the first substrate, an interlayer insulating film
formed between the first substrate and the first electrode, a
second electrode formed on the second substrate, and the
liquid crystal layer interposed between the first electrode and
the second electrode, the interlayer insulating film has at
least one depression formed at a predetermined position, and
the liquid crystal layer has at least one liquid crystal domain
including liquid crystal molecules tilted in directions defined
with the at least one depression formed when at least a
predetermined voltage is applied.

[0045] 1In one embodiment, the first electrode has at least
one opening, and the at least one opening includes an
opening formed at a position corresponding to the at least
one depression.

[0046] In one embodiment, the plurality of pixels are
arranged in a matrix, and the maximum inner diameter/
width Dc of the at least one depression satisfies the rela-
tionship Dc<0.35-Ps where Ps is the pitch of the pixels in the
shorter side direction.
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[0047] In one embodiment, the thickness Id of the inter-
layer insulating film and the depth h of the at least one
depression satisfy the relationship h<0.8-Id.

[0048] In one embodiment, the first electrode further has
at least one cut.

[0049] In one embodiment, the liquid crystal display
device further includes a wall structure formed integrally
with the interlayer insulating film, and the wall structure is
regularly placed around each of the plurality of pixels.

[0050] Inoneembodiment, a shading region is provided to
surround each of the plurality of pixels, and the wall
structure is placed regularly in the shading region.

[0051] In one embodiment, the liquid crystal layer is a
vertically aligned liquid crystal layer, the at least one liquid
crystal domain formed when at least a predetermined volt-
age is applied across the liquid crystal layer includes a liquid
crystal domain having axisymmetric alignment, and the
center axis of the axisymmetric alignment is formed in or
near the at least one depression.

[0052] In one embodiment, the second electrode has at
least one other opening formed at a predetermined position
in the pixel, and the liquid crystal layer is a vertically aligned
liquid crystal layer, the at least one liquid crystal domain
formed when at least a predetermined voltage is applied
across the liquid crystal layer includes a liquid crystal
domain having axisymmetric alignment, and the center axis
of the axisymmetric alignment is formed in or near the at
least one other opening.

[0053] In one embodiment, the liquid crystal display
device further includes a switching element formed on the
first substrate, the switching element being electrically con-
nected to the first electrode, wherein at least part of the
switching element is covered with the interlayer insulating
film.

[0054] In one embodiment, the first electrode includes a
transparent electrode defining a transmission region and a
reflective electrode defining a reflection region.

[0055] In one embodiment, the at least one liquid crystal
domain includes a liquid crystal domain having axisymmet-
ric alignment formed in the transmission region, and the
center axis of the axisymmetric alignment is formed in or
near the at least one depression.

[0056] In one embodiment, the interlayer insulating film
has a first region having a substantially flat surface and a
second region having an uneven surface, the transparent
electrode is formed in the first region, and the reflective
electrode is formed in the second region.

[0057] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; and at least one biaxial optical anisotropic medium
layer placed between the first substrate and/or the second
substrate and the pair of polarizing plates.

[0058] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; and at least one uniaxial optical anisotropic medium
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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.

[0059] The fabrication method for a liquid crystal display
device in the third aspect of the present invention is a
fabrication method for a liquid crystal device including a
first substrate, a second substrate placed to face the first
substrate, and a liquid crystal layer interposed between the
first substrate and the second substrate, the liquid crystal
device comprising a plurality of pixels each comprising a
first electrode formed on the first substrate, a circuit element
electrically connected to the first electrode, an interlayer
insulating film formed between the first substrate and the
first electrode, a second electrode formed on the second
substrate, and the liquid crystal layer formed between the
first electrode and the second electrode. The method include
the steps of: forming the circuit element on the first sub-
strate; forming a positive photosensitive resin film covering
the circuit element; exposing the photosensitive resin film to
light to form predetermined regions having different expo-
sures; forming the interlayer insulating film having a contact
hole exposing part of the circuit element and also having at
least one depression, by developing the light-exposed pho-
tosensitive resin film; and forming the first electrode on the
interlayer insulating film.

[0060] In one embodiment, the step of forming the inter-
layer insulating film includes the step of forming a first
region having a substantially flat surface and a second region
having an uneven surface, and the step of forming the first
electrode includes the steps of: forming a transparent elec-
trode on the interlayer insulating film in the first region; and
forming a reflective electrode on the interlayer insulating
film in the second region.

[0061] In one embodiment, the step of exposing the pho-
tosensitive resin film to light includes: a first exposure step
of forming a region to become the second region and the
remaining region using a first photomask; and a second
exposure step of forming a region to become the contact hole
and a region to become the at least one depression in the
remaining region using a second photomask.

[0062] In one embodiment, the liquid crystal display
device further comprises a wall structure integrally formed
with the interlayer insulating film to be regularly placed
around each of the plurality of pixels, and the first exposure
step is a step of forming a region to become the second
region and a region to become the wall structure.

[0063] In one embodiment, the step of forming the first
electrode and/or the second electrode includes the steps of
forming a conductive film and patterning the conductive
film, and the step of patterning the conductive film includes
the step of forming a plurality of openings and/or cuts at
predetermined positions of the first electrode and/or the
second electrode.

[0064] The liquid crystal display device in the fourth
aspect of the present invention includes a first substrate, a
second substrate placed to face the first substrate, and a
vertically aligned liquid crystal layer interposed between the
first substrate and the second substrate, wherein the liquid
crystal display 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
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crystal layer interposed between the first electrode and the
second electrode, the liquid crystal layer has at least one
liquid crystal domain having axisymmetric alignment
formed when at least a predetermined voltage is applied, the
first electrode has at least one first opening formed at a
position corresponding to about the center of the axisym-
metric alignment of the at least one liquid crystal domain
and at least one cut or second opening provided at a position
corresponding to part of the periphery of the at least one
liquid crystal domain, and the at least one cut or second
opening includes a rectangular portion, and the width EW of
the rectangular portion of the at least one cut or second
opening is greater than the width EC of the at least one first
opening.

[0065] Inoneembodiment, the liquid crystal layer has two
or more liquid crystal domains each having axisymmetric
alignment formed when at least a predetermined voltage is
applied, and two or more first openings are formed at
positions corresponding to about the center of the axisym-
metric alignment of the two or more liquid crystal domains.

[0066] In one embodiment, the first electrode is a pixel
electrode provided for each of the plurality of pixels, and the
width EW of the at least one cut or second opening is equal
to or greater than the space between the adjacent pixel
electrodes.

[0067] In one embodiment, the shape of the at least one
first opening has rotation symmetry as viewed in the direc-
tion normal to the substrate plane.

[0068] In one embodiment, the at least one cut or second
opening comprises a plurality of cuts or second openings
formed at predetermined positions, and includes cuts or
second openings arranged point-symmetrically with respect
to the at least one first opening.

[0069] In one embodiment, the liquid crystal display
device further includes a wall structure provided regularly
on the surface of the first substrate facing the liquid crystal
layer, and the wall structure includes a first wall portion
formed in the rectangular portion of the at least one cut or
second opening.

[0070] In one embodiment, the wall structure includes a
second wall portion extending from the first wall portion.

[0071] In one embodiment, the wall structure includes a
third wall portion provided in a region surrounding the first
electrode.

[0072] In one embodiment, the first electrode includes a
transparent electrode defining a transmission region and a
reflective electrode defining a reflection region, and the
thickness dt of the liquid crystal layer in the transmission
region is greater than the thickness dr of the liquid crystal
layer in the reflection region.

[0073] In one embodiment, the second substrate has a
transparent diclectric layer in the reflection region.

[0074] Inone embodiment, the liquid crystal layer has two
or more liquid crystal domains having axisymmetric align-
ment formed when at least a predetermined voltage is
applied, the two or more liquid crystal domains include a
liquid crystal domain formed in the transmission region and
a liquid crystal domain formed in the reflection region, and
the at least one first opening comprises two or more open-
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ings formed at positions corresponding to about the center of
the axisymmetric alignment of the two or more liquid crystal
domains.

[0075] In one embodiment, at least one of the first sub-
strate and the second substrate has a support for defining the
thickness of the liquid crystal layer.

[0076] In one embodiment, the first substrate further
includes an active element provided for each of the plurality
of pixels, the first electrode is a pixel electrode provided for
each of the pixel electrodes and connected to the active
element.

[0077] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; 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.

[0078] In one embodiment, the liquid crystal display
device further includes: a pair of polarizing plates placed to
face each other via the first substrate and the second sub-
strate; 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.

[0079] In the Liquid crystal display device in the first
aspect of the present invention, the directions in which liquid
crystal molecules tilt during voltage application (during
generation of an electric field) are defined with the slope face
effect of the wall structure formed on the surface of the first
substrate facing the liquid crystal layer in the shading region,
so that an axisymmetrically aligned domain is formed. The
opening formed in the second electrode (for example, the
counter ¢electrode) acts to fix the position of the center axis
of the axisymmetric alignment, to thereby stabilize the
alignment of the axisymmetrically aligned domain. If a cut
is additionally formed in the first element, the directions in
which liquid crystal molecules fall are defined with the
influence of a tilt electric field generated near the cut, and
this permits further stable formation of the axisymmetrically
aligned domain.

[0080] The wall structure formed on the first substrate
exists in the shading region. Therefore, the axisymmetrically
aligned domain can be formed without reducing the effective
aperture ratio nor the contrast ratio. The at least one opening
formed at a predetermined position in the second electrode,
which is provided for fixing and stabilizing the position of
the center axis of the axisymmetric alignment, can be
comparatively small in size, and therefore reduction in
aperture ratio due to the formation of the opening is small.
Also, the opening is less affected by misalignment that may
occur in bonding of the first substrate and the second
substrate together.

[0081] With the opening provided at a position corre-
sponding to the center axis of the axisymmetrically aligned
liquid crystal domain, the position of the center axis is
fixed/stabilized. As a result of the fixation of the center axes
of the axisymmetrically aligned liquid crystal domains over
the entire liquid crystal display panel, the uniformity of the
display improves. For example, the roughness recognized
when grayscale display is viewed in a slanting direction is
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reduced. Also, as a result of the stabilization of the axisym-
metric alignment, the response time in grayscale display can
be shortened. Moreover, the time required to resume normal
alignment from a distortion occurring when the liquid crys-
tal display panel is pressed (an afterimage due to pressing)
can be shortened.

[0082] In application to a transflective LCD device, a
transparent dielectric layer may be placed on the second
substrate for control of the thickness of the liquid crystal
layer. In this case, an invalid region that does not contribute
to display during transmission display can be reduced com-
pared with the conventional transflective LCD device in
which the transmission region and the reflection region are
differentiated from each other by forming a step on the first
substrate, and this can improve the brightness in transmis-
sion display. The diffuse reflection plate for improving the
brightness in the reflection region may be provided on the
first substrate in the reflection region. Otherwise, a light
scattering layer (light diffuse layer) may be formed on the
transparent dielectric layer on the second substrate. This can
eliminate the necessity of forming projections and depres-
sions on the surface of the reflection electrode.

[0083] In the liquid crystal display device in the second
aspect of the present invention, the directions in which liquid
crystal molecules tilt during voltage application (during
generation of an electric field) are defined with the slope face
effect of the wall structure formed on the surface of the first
substrate facing the liquid crystal layer in the shading region,
so that an axisymmetrically aligned domain is formed. The
openings formed in the first electrode (for example, the pixel
electrode) and the second electrode (for example, the
counter electrode) act to fix the position of the center axis of
the axisymmetric alignment, to thereby stabilize the align-
ment of the axisymmetrically aligned domain. If a cut is
additionally formed in the first element, the directions in
which liquid crystal molecules fall are defined with the
influence of a tilt electric field generated near the cut, and
this permits further stable formation of the axisymmetrically
aligned domain.

[0084] The wall structure formed on the first substrate is
located in the shading region. Therefore, the axisymmetri-
cally aligned domain can be formed without reducing the
effective aperture ratio nor the contrast ratio. The center axis
of the axisymmetric alignment of the liquid crystal domain
can be fixed further stably by placing the first opening and
the second opening (pair of openings) so that one end of the
center axis of axisymmetric alignment is fixed in or near the
first opening and the other end thereof is fixed in or near the
second opening. The reduction in effective aperture ratio due
to the existence of the openings can be minimized by placing
the first opening and the second opening (pair of openings)
so as to at least overlap each other via the liquid crystal layer.
Since one center axis is fixed/stabilized with the joint action
of the first opening and the second opening, the action
exerted by the individual first or second opening can be
small compared with the case of fixing/stabilizing the center
axis with one opening. It is therefore possible to reduce the
size of the first and second openings (for example, the
diameter of circular openings), and as a result, the reduction
in effective aperture ratio can be further minimized. The
sizes of the first opening and the second opening maybe
equal to or different from each other. The first and second
openings, which are provided for fixing and stabilizing the
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position of the center axis of the axisymmetric alignment,
can be comparatively small in size, and therefore reduction
in aperture ratio due to the formation of the opening is small.
Also, the openings are less affected by misalignment that
may occur in bonding of the first substrate and the second
substrate together.

[0085] With the openings provided at positions corre-
sponding to the center axis of the axisymmetrically aligned
liquid crystal domain, the position of the center axis is
fixed/stabilized. As a result of the fixation of the center axes
of the axisymmetrically aligned liquid crystal domains over
the entire liquid crystal display panel, the uniformity of the
display improves. For example, the roughness of display
recognized when grayscale display is viewed in a slanting
direction is reduced. Also, as a result of the stabilization of
the axisymmetric alignment, the response time in grayscale
display can be shortened. Moreover, the time required to
resume normal alignment from a distortion occurring when
the liquid crystal display panel is pressed (an afterimage due
to pressing) can be shortened.

[0086] In application to a transflective LCD device, a
transparent dielectric layer may be placed on the second
substrate for control of the thickness of the liquid crystal
layer. In this case, an invalid region that does not contribute
to display during transmission display can be reduced com-
pared with the conventional transflective LCD device in
which the transmission region and the reflection region are
differentiated from each other by forming a step on the first
substrate, and this can improve the brightness in transmis-
sion display. The diffuse reflection plate for improving the
brightness in the reflection region may be provided on the
first substrate in the reflection region. Otherwise, a light
scattering layer (light diffuse layer) may be formed on the
transparent dielectric layer on the second substrate. This can
eliminate the necessity of forming projections and depres-
sions on the surface of the reflection electrode.

[0087] In the liquid crystal display device in the third
aspect of the present invention, the interlayer insulating film
formed between the first electrode (for example, a pixel
electrode) and the first substrate has a depression in a
predetermined region thereof. A depression is formed on the
surface of the first substrate facing the liquid crystal layer in
correspondence with the depression on the interlayer insu-
lating film and acts as an alignment regulating structure,
defining the directions in which liquid crystal molecules tilt
when at least a predetermined voltage (voltage equal to or
higher than a threshold voltage) is applied. The interlayer
insulating film is typically formed to cover circuit elements
(interconnections and switching elements (such as TFTs))
electrically connected to the first electrode, and the depres-
sion can be formed in the process for forming a contact hole
in the interlayer insulating film. Therefore, the formation of
the depression is free from complicating the fabrication
process. Also, by forming an opening at the position of the
first electrode corresponding to the depression, the direc-
tions in which liquid crystal molecules tilt can be regulated
with a tilt electric field generated near the opening during
voltage application.

[0088] By forming a cut in the first electrode, also, the
directions in which liquid crystal molecules tilt can be
regulated with a tilt electric field generated near the cut. The
directions of tilt of liquid crystal molecules can also be
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regulated with a wall structure regularly placed to surround
each pixel. The wall structure defines the directions of tilt of
the liquid crystal molecules with the anchoring action (align-
ment regulating force) of its side slopes. With this action of
the wall structure, at least one liquid crystal domain includ-
ing liquid crystal molecules aligned in different directions
can be formed stably in a region substantially surrounded
with the wall structure. This wall structure is formed inte-
grally with the interlayer insulating film, and thus the
fabrication process will not be complicated. Since the wall
structure is formed in the shading region around each pixel,
light leakage due to the existence of the wall structure is
suppressed/prevented.

[0089] The depressions formed on the interlayer insulating
film, the openings formed in the first electrodes (typically in
the pixel electrodes) and the wall structure that constitute the
alignment regulating structure are all provided on the first
substrate. Sufficient alignment regulating force is secured
with no alignment regulating structure formed on the second
substrate.

[0090] When a vertically aligned liquid crystal layer is
used as the liquid crystal layer, for example, an axisym-
metrically aligned domain can be formed with the center
axis being fixed/stabilized in or near the depression. By
forming an opening at the position corresponding to the
depression, the center axis can be fixed/stabilized further
reliably. The alignment regulating force of a cut and/or the
wall structure can also be used to stabilize the axisymmetric
alignment itself. In particular, when a plurality of axisym-
metrically aligned domains are formed in one pixel, the
axisymmetrically aligned domains can be effectively stabi-
lized by placing a cut at the boundary of the domains.

[0091] An opening may be provided in the second elec-
trode facing the first electrode for fixing/stabilizing the
center axis of the axisymmetric alignment, and a cut may
also be provided as required.

[0092] As described above, according to the third aspect
of the present invention, the axisymmetric alignment can be
stabilized and the center axis of the alignment can be
fixed/stabilized, for example. Therefore, it is possible to
improve the problems such as the occurrence of roughness
of display due to non-uniform positioning of the center axes
over the display region (variations with pixels) and the
afterimage phenomenon due to the delay in relaxation
response time observed during a shift in grayscale voltage.
At least one liquid crystal domain may be formed in each
pixel. Depending on the size and shape of the pixel, how-
ever, two or more liquid crystal domains may be formed. For
a typical oblong rectangular pixel, two or more liquid crystal
domains are preferably formed.

[0093] In the liquid crystal display device in the fourth
aspect of the present invention., the first electrode (for
example, a pixel electrode) has a first opening and at least
one second opening or cut. When a predetermined voltage
(voltage equal to or higher than a threshold voltage) is
applied between the first electrode and the second electrode
(for example, a counter electrode) facing the first electrode
via the vertically aligned liquid crystal layer, a tilt electric
field is generated along the periphery (edges) of the first
electrode and around the first opening and the second
opening or the cut. With alignment regulating force given by
the tilt electric field, a liquid crystal domain having axisym-
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metric alignment is formed in the pixel. The first opening
acts to fix/stabilize the center axis of the axisymmetric
alignment, and thus is positioned roughly in the center of the
liquid crystal domain. The cut or the second opening has a
rectangular portion, which acts to define the alignment of
liquid crystal molecules in the periphery of the liquid crystal
domain (in the boundary between adjacent liquid crystal
domains when a plurality of liquid crystal domains are
formed in one pixel). Therefore, the cut or the second
opening is positioned in the periphery of the liquid crystal
domain. The width EW of the rectangular portion of the cut
or the second opening is set to be greater than the width EC
of the first opening. By this setting, the center of the liquid
crystal domain can be fixed/stabilized in the first opening
effectively. In addition, the width EW of the rectangular
portion of the cut or the second opening is set to be equal to
or greater than the space between the adjacent pixel elec-
trodes (first electrodes). By this setting, the alignment regu-
lating force given by the tilt electric field generated around
the rectangular portion can be made equal to or greater than
the alignment regulating force given by the tilt electric field
generated along the edges of the pixel electrode, and thus the
alignment of the liquid crystal domain formed in the pixel
can be further stabilized. In particular, when a plurality of
liquid crystal domains are formed in one pixel, the effect of
stabilizing the alignment of the liquid crystal domains will
be great if the cut or the second opening for defining the
boundary between the adjacent liquid crystal domains is
formed to satisfy the conditions described above.

[0094] As described above, according to the fourth aspect
of the present invention, the alignment of liquid crystal
molecules can be sufficiently stabilized with a simpler
construction than the conventional ones, without the neces-
sity of forming an alignment regulating structure such as an
electrode opening, a cut and a projection on the surface of
the second substrate facing the first substrate via the liquid
crystal layer, and display quality equal to or higher than that
conventionally obtained can be attained.

[0095] The alignment of the liquid crystal domain can be
further stabilized with a wall structure placed on the first
substrate, in addition to the first opening and the cut or the
second opening formed in the first electrode. The wall
structure defines the alignment of liquid crystal molecules in
the periphery of the liquid crystal domain with the alignment
regulating force of the side slopes (wall faces) thereof. The
wall structure exerts the alignment regulating force even in
the non-voltage applied state. Therefore, in particular, the
wall structure is effective in stabilizing the alignment of the
liquid crystal domain in a grayscale display state and the like
in which the alignment regulating force given by a tilt
electric field is weak. As a result, the display quality in
grayscale display can be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0096] FIGS. 1A and 1B diagrammatically show one
pixel of a transmissive LCD device 1100 of an embodiment
in 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.

[0097] FIGS. 2A and 2B diagrammatically show one
pixel of a transflective LCD device 1200 of an embodiment
in the first aspect of the present invention, in which FIG. 2A
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is a plan view and FIG. 2B is a cross-sectional view taken
along line 2B-2B' in FIG. 2A.

[0098] FIG. 3 is a plan view of an active matrix substrate
1210z of the transflective LCD device 1200.

[0099] FIG. 4 is a cross-sectional view of the active
matrix substrate 1210z of the transflective LCD device
1200.

[0100] FIGS. 5A and 5B are schematic views for dem-
onstrating the operation principle of the LCD devices in the
first aspect of the present invention, showing the states
during non-voltage application (FIG. SA) and during volt-
age application (FIG. 5B).

[0101] FIGS. 6A and 6B are views diagrammatically
illustrating the aligned state of liquid crystal molecules
(shown in line segments in FIGS. 6A and 6B) 200 msec
after application of a voltage giving a relative transmittance
of 10% to a liquid crystal layer, together with the equipo-
tential lines of an electric field generated in the liquid crystal
layer at that time obtained by two-dimensional electric field
simulation, where FIG. 6A shows the case of providing no
opening in a counter electrode and FIG. 6B shows the case
of providing an opening in the counter electrode.

[0102] FIG. 7 is a graph showing the relationship between
the opening diameter Wh and the opening potential Va
during application of 3V (grayscale voltage) in an LCD
device of an embodiment in the first aspect of the present
invention.

[0103] FIG. 8 is a graph showing the relationship between
the diameter (vertically aligned region diameter) Lh of a
region in an opening giving a relative transmittance of 0%
during application of 3V and the opening diameter Wh in an
LCD device of an embodiment in the first aspect of the
present invention.

[0104] FIG. 9 is a diagrammatic view showing an
example of construction of an LCD device of an embodi-
ment in the first aspect of the present invention.

[0105] FIG. 10 is a graph showing the dependence of the
voltage-reflectance (transmittance) of a transmission region
and a reflection region on the thickness of a liquid crystal
layer in an LCD device of an embodiment in the first aspect
of the present invention.

[0106] FIG. 11 is a view showing the visual angle—
contrast ratio characteristics of an example of an LCD
device of an embodiment in the first aspect of the present
invention.

[0107] FIGS. 12A and 12B diagrammatically show one
pixel of a transmissive LCD device 2100 of an embodiment
in the second aspect of the present invention, in which FIG.
12A is a plan view and FIG. 12B is a cross-sectional view
taken along line 12B-12B' in FIG. 12A.

[0108] FIGS. 13A and 13B diagrammatically show one
pixel of a transflective LCD device 2200 of an embodiment
in the second aspect of the present invention, in which FIG.

13A is a plan view and FIG. 13B is a cross-sectional view
taken along line 13B-13B' in FIG. 13A.

[0109] FIG. 14 is a plan view of an active matrix substrate
2210g of the transflective LCD device 2200.
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[0110] FIG. 15 is a cross-sectional view of the active
matrix substrate 22102 of the transflective LCD device
2200.

[0111] FIGS. 16A and 16B are schematic views for dem-
onstrating the operation principle of the LCD devices
according to the second aspect of the present invention,
showing the states during non-voltage application (FIG.
16A) and during voltage application (FIG. 16B).

[0112] FIGS. 17A and 17B are views diagrammatically
illustrating the aligned state of liquid crystal molecules
(shown in line segments in FIGS. 17A and 17B) 200 msec
after application of a voltage giving a relative transmittance
of 10% to a liquid crystal layer, together with equipotential
lines of an electric field generated in the liquid crystal layer
at that time as obtained by two-dimensional electric field
simulation, where FIG. 17A shows the case of providing no
opening in a counter electrode and FIG. 17B shows the case
of providing an opening in the counter electrode.

[0113] FIG. 18 is a graph showing the relationship
between the opening diameter Wh and the opening potential
Va during application of 3V (grayscale voltage) in an LCD
device of an embodiment in the second aspect of the present
invention.

[0114] FIG. 19 is a graph showing the relationship
between the diameter (vertically aligned region diameter) Lh
of a region in an opening giving a relative transmittance of
0% during application of 3V and the opening diameter Wh
in an LCD device of an embodiment in the second aspect of
the present invention.

[0115] FIGS. 20A and 20B diagrammatically show one
pixel of a transmissive LCD device 3100 of an embodiment
in the third aspect of the present invention, in which FIG.

20A is a plan view and FIG. 20B is a cross-sectional view
taken along line 20B-20B' in FIG. 20A.

[0116] FIG. 21A is a plan view diagrammatically showing
an active matrix substrate of a transmissive LCD device of
an embodiment in the third aspect of the present invention.

[0117] FIG. 21B is a cross-sectional view diagrammati-
cally showing the active matrix substrate shown in FIG.
21A.

[0118] FIG. 22 is a cross-sectional view diagrammatically
showing another transmissive LCD device 3100' of an
embodiment in the third aspect of the present invention.

[0119] FIGS. 23A and 23B diagrammatically show one
pixel of a transflective LCD device 3200 of an embodiment
in the third aspect of the present invention, in which FIG.
23A is a plan view and FIG. 23B is a cross-sectional view
taken along line 23B-23B' in FIG. 23A.

[0120] FIG. 24 is a plan view diagrammatically showing
an active matrix substrate of a transflective LCD device of
an embodiment in the third aspect of the present invention.

[0121] FIG. 25 is a cross-sectional view diagrammatically
showing an LCD device provided with the active matrix
substrate shown in FIG. 24.

[0122] FIGS. 26A to 26F are diagrammatic views for
demonstrating a fabrication method for the active matrix
substrate shown in FIG. 25.
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[0123] FIG. 27 is a diagrammatic view showing the
relationship between the inner diameter/width De of a
depression and the pixel short pitch.

[0124] FIG. 28 is a graph showing the relationship
between the maximum inner diameter/width Dc of a depres-
sion and the effective aperture ratio.

[0125] FIG. 29A is a cross-sectional view taken along line
29A-29A" in FIG. 23A, and FIG. 29B is an enlarged view
of the portion encircled with the broken line in FIG. 29A.

[0126] FIGS. 30A and 30B are schematic views for
demonstrating the operation principle of the LCD devices
according to the third aspect of the present invention, in
which FIG. 30A shows the state during non-voltage appli-
cation and FIG. 30B shows the state during voltage appli-
cation.

[0127] FIGS. 31A and 31B are diagrammatic views for
demonstrating the operation principle of LCD devices
according to the fourth aspect of the present invention, in
which FIG. 31A shows the state during non-voltage appli-
cation and FIG. 31B shows the state during voltage appli-
cation.

[0128] FIG. 32 is a plan view diagrammatically showing
the aligned state of liquid crystal molecules during voltage
application, for demonstrating the operation principle of the
LCD devices according to the fourth aspect of the present
invention.

[0129] FIGS. 33A and 33B arc diagrammatic views for
demonstrating the action of a first opening provided in an
LCD device of an embodiment in the fourth aspect of the
present invention, showing the alignment of liquid crystal
molecules observed when a first opening is provided (FIG.
33A) and when no first opening is provided (FIG. 33B).

[0130] FIGS. 34A and 34B are diagrammatic views for
demonstrating the effect obtained by setting the width EW of
rectangular portions of second openings 4013 to be greater
than the width EC of a first opening 4014, in which FIG.
34A shows the case of EW>EC and FIG. 34B shows the
case of EW=EC.

[0131] FIGS. 35A to 35C are view for demonstrating
preferred placements of cuts 4013 and a wall structure 4015
in LCD devices according to the fourth aspect of the present
invention.

[0132] FIGS. 36A and 36B diagrammatically show one
pixel of a transmissive LCD device 4100 of an embodiment
in the fourth aspect of the present invention, in which FIG.
36A is a plan view and FIG. 36B is a cross-sectional view
taken along line 36B-36B' in FIG. 36A.

[0133] FIGS. 37A and 37B diagrammatically show one
pixel of a transmissive LCD device 4200 of an embodiment
in the fourth aspect of the present invention, in which FIG.
37A is a plan view and FIG. 37B is a cross-sectional view
taken along line 37B-37B' in FIG. 37A.

[0134] FIGS. 38A and 38B diagrammatically show one
pixel of a transflective LCD device 4300 of an embodiment
in the fourth aspect of the present invention, in which FIG.
38A is a plan view and FIG. 38B is a cross-sectional view
taken along line 38B-38B' in FIG. 38A.
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[0135] FIG. 39A is a plan view showing the placement of
cuts and first openings in a pixel electrode in an LCD device
of Example 3, and FIG. 39B is a plan view showing the
placement of cuts/second openings and a first opening in the
pixel electrode, as well as a wall structure, in an LCD device
of Example 4.

[0136] FIG. 40 is a voltage-transmittance characteristic
diagram in Example 3.

[0137] FIG. 41 is a voltage-reflectance/transmittance
characteristic diagram in Example 4.

[0138] FIG. 42 is a plan view showing the placement of
cuts and first openings in a pixel electrode, as well as a wall
structure, in an LCD device of Example 3.

[0139] FIG. 43 is a plan view showing the placement of
cuts and first openings in a pixel electrode in an LCD device
of Comparative Example 1.

[0140] FIG. 44 is a plan view showing the placement of
cuts and first openings in a pixel electrode in an LCD device
of Reference Example 1.

[0141] FIG. 45 is an isocontrast characteristic diagram in
Reference Example 1.

DETAILED DESCRIPTION OF THE
INVENTION

[0142] Hereinafter, LCD devices of embodiments in the
first aspect of the present invention will be described con-
cretely with reference to the relevant drawings.

[0143]

[0144] A transmissive LCD device 1100 of an embodi-
ment in 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 1100, in which FIG. 1A is a plan view and FIG.
1B is a cross-sectional view taken along line 1B-1B' in FIG.
1A. Hereinafter, described will be the case that one pixel is
divided into two parts (N=2). The number of parts into
which one pixel is divided (=N) can also be three or more
depending on the pixel pitch. In any case, the number of
openings (=n) each to be positioned roughly in the center of
a divided region on a second substrate is preferably the same
as the number of divided parts (=N). The effective aperture
ratio tends to decrease with increase of the number of
divided parts (=N). Therefore, for an application to a high-
definition display panel, the number of divided parts (=N) is
preferably made small. The present invention is also appli-
cable to the case involving no pixel division (this may be
expressed as N=1). Each of the divided regions may be
called a “sub-pixel”. One liquid crystal domain is typically
formed in each sub-pixel.

[0145] The LCD device 1100 includes a transparent sub-
strate (for example, a glass substrate) 11104, a transparent
substrate 11105 placed to face the transparent substrate
1110g, and a vertically aligned liquid crystal layer 1120
interposed between the transparent substrates 1110z and
11105. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 1110 and 111056 facing the
liquid crystal layer 1120. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
1120 are aligned roughly vertical to the surfaces of the

(Transmissive LCD Device)
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vertical alignment films. The liquid crystal layer 1120
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes-a chiral agent as
required.

[0146] The LCD device 1100 further includes pixel elec-
trodes 1111 formed on the transparent substrate 1110z and a
counter electrode 1131 formed on the transparent substrate
11105. Each pixel electrode 1111, the counter electrode 1131
and the liquid crystal layer 1120 interposed between these
electrodes define a pixel. In the illustrated example, both the
pixel electrodes 1111 and the counter electrode 1131 are
formed of a transparent conductive layer (for example, an
ITO layer). Typically, color filters 1130 (the entire of the
plurality of color filters may also be called a color filter layer
1130) provided for the respective pixels, as well as a black
matrix (shading layer) 1132 formed in the gaps between the
adjacent color filters 1130, are formed on the surface of the
transparent substrate 11105 facing the liquid crystal layer
1120, and the counter ¢lectrode 1131 is formed on the color
filters 1130 and the black matrix 1132. Alternatively, the
color filters 1130 and the black matrix 1132 may be formed
on the counter electrode 1131 (on the surface thereof facing
the liquid crystal layer 1120).

[0147] In the LCD device 1100 shown in FIGS. 1A and
1B, in which the number of divided parts (=N) is 2, a wall
structure 1115 to be described later extends on the transpar-
ent substrate 1110g in a shading region around each pixel.
Also, as required, four cuts 1113 are formed at predeter-
mined positions of the pixel electrode 1111 on the transpar-
ent substrate 1110q. On the transparent substrate 1110,
openings 1114 of the number corresponding to the number
of divided parts (n=2 in the illustrated example) are formed
at predetermined positions in the-sub-pixels.

[0148] When a predetermined voltage is applied across the
liquid crystal layer, two (number equal to the number of
divided parts N) liquid crystal domains each having axi-
symmetric alignment are formed, with the center axes of the
axisymmetric alignment thereof being in or near the open-
ings 1114. As will be described later, the openings 1114 in
the counter electrode 1131 act to fix the positions of the
center axes of the axisymmetrically aligned domains. The
wall structure 1115 acts to define the directions in which
liquid crystal molecules fall during voltage application (dur-
ing generation of an electric field) thanks to its slope face
effect. The alignment regulating force of the side slopes of
the wall structure 1115 is also active during non-voltage
application to tilt liquid crystal molecules.

[0149] The cuts 1113, provided in the pixel electrode 1111
near the boundaries of the axisymmetrically aligned
domains, define the directions in which liquid crystal mol-
ecules fall with an electric field, and thus act to form the
axisymmetrically aligned domains. A tilt electric field is
generated around the openings 1114 and the cuts 1113 with
a voltage applied between the pixel electrode 1111 and the
counter electrode 1113. With this tilt electric field, together
with the action of an electric field at the wall faces of the
wall structure 1115 distorted with the existence of the wall
structure 1115, the directions of tilt of liquid crystal mol-
ecules are defined, resulting in formation of the axisymmet-
ric alignment as described above. In the illustrated example,
a total of four cuts 1113 are given point-symmetrically with
respect to the opening 1114 corresponding to the center axis
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of a liquid crystal domain formed in the pixel (in this case,
the right opening as viewed from FIG. 1A) (in this case, the
entire pixel is a transmission region).

[0150] By providing the cuts 1113 as described above, the
directions in which liquid crystal molecules fall during
voltage application are defined, allowing formation of two
liquid crystal domains. The reason why no cuts are provided
on the left side of the pixel electrode 1111 as viewed from
FIG. 1A is that substantially the same function is obtained
from cuts provided on the right side of the adjacent pixel
electrode (not shown) located left to the illustrated pixel
electrode 1111, and thus cuts, which may decrease the
effective aperture ratio of the pixel, are omitted on the left
side of the pixel electrode 111. Also, in the illustrated
example, the wall structure 1115 to be described later gives
the alignment regulating force. Therefore, with no cuts
provided on the left side of the pixel electrode 1111, the
resultant liquid crystal domain is as stable as a liquid crystal
domain having such cuts. In addition, the effect of improving
the effective aperture ratio is obtained.

[0151] Although a total of four cuts 1113 were formed in
the illustrated example, at least one cut between the adjacent
liquid crystal domains is sufficient. For example, an elongate
cut may be formed in the center of the pixel and the other
cuts may be omitted.

[0152] The shape of the openings 1114 formed at prede-
termined positions of the counter electrode 1131 to fix the
center axes of the axisymmetrically aligned domains is
preferably circular as illustrated although not limited to this.
To exert roughly equal alignment regulating force in all
directions, the shape is preferably a polygon having four or
more sides and also preferably a regular polygon. The shape
of the cuts 1113 acting to define the directions in which
liquid crystal molecules in the axisymmetrically aligned
domains fall with the electric field is determined so that
roughly equal alignment regulating force is exerted for the
adjacent axisymmetrically aligned domains. For example, a
square is preferred.

[0153] The LCD device 1100 has a shading region sur-
rounding each of the pixels, and the wall structure 1115 is
placed on the transparent substrate 1110a in the shading
region. The shading region as used herein refers to a region
shaded from light due to the presence of TFTs, gate signal
lines and source signal lines formed on the peripheries of the
pixel electrodes 1111 on the transparent substrate 1110a, or
the presence of the black matrix formed on the transparent
substrate 11105, for example. Since this region does not
contribute to display, the wall structure 1115 formed in the
shading region is free from adversely affecting the display.

[0154] The illustrated wall structure 1115 is a continuous
wall surrounding the pixel. Alternatively, the wall structure
1115 may be composed of a plurality of separate walls. The
wall structure 1115, which serves to define boundaries of the
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.

[0155] Supports 1133 for defining the thickness of the
liquid crystal layer 1120 (also called the cell gap) are
preferably formed in the shading region (in the illustrated
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example, the region defined by the black matrix 1132) to
avoid degradation in display quality due to the supports.
Although the supports 1133 are formed on the wall structure
1115 provided in the shading region in the illustrated
example, the supports 1133 may be formed on either trans-
parent substrate 1111a or 1110b. In the case of forming the
supports 1133 on the wall structure 1115, setting is made so
that the sum of the height of the wall structure 1115 and the
height of the supports 1133 is equal to the thickness of the
liquid crystal layer 1120. If the supports 1133 are formed in
a region having no wall structure 1115, setting is made so
that the height of the supports 1133 is equal to the thickness
of the liquid crystal layer 1120. The supports 1133 can be
formed by photolithography using a photosensitive resin, for
example.

[0156] In the LCD device 1100, when a predetermined
voltage (voltage equal to or higher than a threshold voltage)
is applied between the pixel electrode 1111 and the counter
electrode 1131, two axisymmetrically aligned domains are
formed with their center axes stabilized in or near the two
openings 1114 formed in the counter electrode 1131 An
electric field distorted with the wall faces of the wall
structure 1115 and the wall face effect of the wall structure
mainly define the directions in which liquid crystal mol-
ecules in the two adjacent liquid crystal domains fall with an
electric field. Also, a tilt electric field generated near the pair
of cuts 1133 acts to define the directions in which liquid
crystal molecules in the two adjacent liquid crystal domains
fall with an electric field. Such alignment regulating forces
presumably act cooperatively, to stabilize the axisymmetric
alignment of the liquid crystal domains. The cuts may be
omitted.

[0157] With the openings 1114 formed at positions in the
counter electrode 1131 corresponding to the center axes of
the axisymmetrically aligned liquid crystal domains, the
positions of the center axes are fixed/stabilized. As a result
of the fixation of the center axes of the axisymmetrically
aligned liquid crystal domains over the entire liquid crystal
display panel, the uniformity of the display improves. Also,
as aresult of the stabilization of the axisymmetric alignment,
the response time in grayscale display can be shortened.
Moreover, occurrence of an afterimage due to pressing of the
liquid crystal display panel can be reduced (the time
required to resume from the pressing can be shortened).

[0158] On the surface of the transparent substrate 1110a
facing the liquid crystal layer 1120, provided are active
elements 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 11104, together with the circuit elements and the
pixel electrodes 1111, the wall structure 1115, the supports
1133, the alignment film and the like described above
formed on the transparent substrate 1110a, are collectively
called an active matrix substrate in some cases. Likewise,
the transparent substrate 11105, together with the color filter
layer 1130, the black matrix 1132, the counter electrode
1131, the alignment film and the like formed on the trans-
parent substrate 11105, are collectively called a counter
substrate or a color filter substrate in some cases. The
supports 1133 may be formed either on the active matrix
substrate or on the color filter substrate.

[0159] Although omitted in the above description, the
LCD device 1100 further includes a pair of polarizing plates
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placed to face each other via the transparent substrates 1110z
and 1110b. The polarizing plates are typically placed so that
their transmission axes are orthogonal to each other. The
LCD device 1100 may further include a biaxial optical
anisotropic medium layer and/or a uniaxial optical anisotro-
pic medium layer, as will be described later.

[0160] (Transtlective LCD Device)

[0161] Next, a transflective LCD device 1200 of an
embodiment in the first aspect of the present invention will
be described with reference to FIGS. 2A and 2B.

[0162] FIGS. 2A and 2B diagrammatically show one
pixel of the transflective LCD device 1200 in 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.

[0163] Hereinafter, described will be a case that one pixel
is divided into three parts (N=3; two for the transmission
region and one for the reflection region). The number of
parts into which one pixel is divided (=N) can be at least two
(at least one for the transmission region and at least one for
the reflection region) determined depending on the pixel
pitch. The number of openings (=n) each to be positioned
roughly in the center of a divided region (region in which an
axisymmetrically aligned domain is formed) on the counter
substrate (second substrate) is preferably the same as the
number of divided parts (=N). Note however that if a
transparent dielectric layer is selectively formed on the
surface of the counter substrate facing the liquid crystal
layer in the reflection region, as will be described later, an
opening may not be formed in the counter electrode (second
electrode) in the reflection region. The effective aperture
ratio tends to decrease with increase of the number of
divided parts (=N). Therefore, for an application to a high-
definition display panel, the number of divided parts (=N) is
preferably made small.

[0164] The LCD device 1200 includes a transparent sub-
strate (for example, a glass substrate) 1210a, a transparent
substrate 12105 placed to face the transparent substrate
1210g, and a vertically aligned liquid crystal layer 1220
interposed between the transparent substrates 1210q and
1210b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 1210a and 12105 facing the
liquid crystal layer 1220. During non-voltage application,
therefore, liquid crystal molecules in the liquid erystal layer
1220 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 1220
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0165] The LCD device 1200 further includes pixel elec-
trodes 1211 formed on the transparent substrate 1210z and
a counter electrode 1231 formed on the transparent substrate
12100. Each pixel electrode 1211, the counter electrode
1231 and the liquid crystal layer 1220 interposed between
these electrodes define a pixel. Circuit elements such as
TFTs are formed on the transparent substrate 1210a as will
be described later. Herein, the transparent substrate 1210z
and the components formed thereon are collectively called
an active matrix substrate 1210a in some cases.

[0166] Typically, color filters 1230 (the entire of the
plurality of color filters may also be called a color filter layer
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1230) provided for the respective pixels, as well as a black
matrix (shading layer) 1232 provided in the gaps between
the adjacent color filters 1230, are formed on the surface of
the transparent substrate 12105 facing the liquid crystal
layer 1220, and the counter electrode 1231 is formed on the
color filters 1230 and the black matrix 1232. Alternatively,
the color filters 1230 and the black matrix 1232 may be
formed on the counter electrode 1231 (on the surface thereof
facing the liquid crystal layer 1220). Herein, the transparent
substrate 12105 and the components formed thereon are
collectively called a counter substrate (color filter substrate)
12105 in some cases.

[0167] Each pixel electrode 1211 includes a transparent
electrode 1211a formed of a transparent conductive layer
(for example, an ITO layer) and a reflective electrode 12115
formed of a metal layer (for example, an Al layer, an
Al-including alloy layer, and a multilayer film including any
of these layers). Having such a pixel electrode, each pixel
includes a transmission region A defined by the transparent
electrode 1211a and a reflection region B defined by the
reflective electrode 1211b, to provide display in the trans-
mission mode and display in the reflection mode, respec-
tively.

[0168] In the LCD device 1200 shown in FIGS. 2A and
2B, in which the number of divided parts (=N) is 3 (two for
the transmission region and one for the reflection region), a
wall structure 1215 to be described later extends on the
transparent substrate 12104 in a shading region around each
pixel electrode 1211. Also, four cuts 1213 are formed at
predetermined positions of the pixel electrode 1211 on the
transparent substrate 1210z. On the transparent substrate
12105, two openings 1214 corresponding to the number of
divided parts are formed at predetermined positions of the
counter electrode 1231 in sub-pixels in the transmission
region.

[0169] When a predetermined voltage is applied across the
liquid crystal layer, three (number equal to the number of
divided parts N) liquid crystal domains each having axi-
symmetric alignment are formed, with the center axes of the
axisymmetric alignment of the two liquid crystal domains
formed in the transmission region being in or near the
openings 1214. As will be described later, the openings 1214
formed at predetermined positions of the counter electrode
1231 act to fix the positions of the center axes of the
axisymmetric alignment. The wall structure 1215 acts to
define the directions in which liquid crystal molecules tilt
during voltage application (during generation of an electric
field) thanks to its slope face effect. In addition, the cuts,
which are formed as required near a boundary between any
axisymmetrically aligned domains, act to define the direc-
tions in which liquid crystal molecules tilt with an electric
field, to form the axisymmetrically aligned domains. A tilt
electric field is generated around the openings 1214 and the
cuts 1213 with the application of a voltage between the pixel
electrode 1211 and the counter electrode 1213. With this tilt
electric field, acting together with an electric field at the wall
faces distorted with the wall structure 1215, the directions of
tilt of liquid crystal molecules are defined, resulting in
formation of the axisymmetric alignment as described
above.

[0170] In the illustrated example, a total of four cuts 1213
are given point-symmetrically with respect to the opening
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1214 corresponding to the center axis of a liquid crystal
domain formed in the transmission region A of the pixel (in
this case, the right opening as viewed from FIG. 2A). With
these cuts 1213, the directions in which liquid crystal
molecules fall during voltage application are defined, result-
ing in formation of three liquid crystal domains. The place-
ment and preferred shapes of the wall structure 1215, the
openings 1214 and the cuts 1213 are the same as those
described above in relation to the transmissive LCD device
1100. In the example illustrated in FIGS. 2A and 2B, the
transmission region A has two liquid crystal domains and the
reflection region B has one liquid crystal domain. However,
the placement 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.

[0171] The LCD device 1200 has a shading region around
each pixel, and the wall structure 1215 extends on the
transparent substrate 12104 in the shading region. Since the
shading region does not contribute to display, the wall
structure 1215 formed in the shading region is free from
adversely affecting the display. The wall structure 1215
shown in the illustrated example is a continuous wall
surrounding the pixel. Alternatively, the wall structure 1215
may be composed of a plurality of separate walls. The wall
structure 1215, which serves to define boundaries of the
liquid crystal domains located near the outer edges of each
pixel, should preferably have a length of some extent. For
example, when the wall structure 1215 is composed of a
plurality of walls, each wall is preferably longer than the gap
between the adjacent walls.

[0172] Supports 1233 for defining the thickness of the
liquid crystal layer 1220 (also called the cell gap) should
preferably be formed in the shading region (in the illustrated
example, the region defined by the black matrix 1232) to
avoid degradation of the display quality due to the supports.
Although the supports 1233 are formed on the wall structure
1215 provided in the shading region in the illustrated
example, the supports 1233 may be formed on either trans-
parent substrate 1210a or 12105. In the case of forming the
supports 1233 on the wall structure 1215, setting is made so
that the sum of the height of the wall structure 1215 and the
height of the supports 1233 is equal to the thickness of the
liquid crystal layer 1220. If the supports 1233 are formed in
a region having no wall structure 1215, setting is made so
that the height of the supports 1233 is equal to the thickness
of the liquid crystal layer 1220.

[0173] In the LCD device 1200, when a predetermined
voltage (voltage equal to or higher than a threshold voltage)
is applied between the pixel electrode 1211 and the counter
electrode 1231, two axisymmetrically aligned domains with
their center axes stabilized in or near the two openings 1214
are formed in the transmission region A, and one axisym-
metrically aligned domain is formed in the reflection region
B. The electric field distorted with the wall faces of the wall
structure 1215 and the wall face effect of the wall structure
mainly define the directions in which liquid crystal mol-
ecules in the three adjacent liquid crystal domains (two in
the transmission region and one in the reflection region) fall
with an electric field. Also, the tilt electric field generated
near the four cuts 1233 acts to define the directions in which
liquid crystal molecules in the three adjacent liquid crystal
domains fall with the electric field. Such alignment regulat-
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ing forces act cooperatively, to stabilize the axisymmetric
alignment of the liquid crystal domains. Moreover, the
center axes of the two axisymmetrically aligned liquid
crystal domains formed in the transmission region A are
fixed in or near the openings 1214 and stabilized.

[0174] A preferred construction specific to the transflec-
tive LCD device 1200 permitting both the transmission-
mode display and the reflection-mode display will be
described.

[0175] While light used for display passes through the
liquid crystal layer 1220 once in the transmission-mode
display, it passes through the liquid crystal layer 1220 twice
in the reflection-mode display. Accordingly, as diagrammati-
cally shown in FIG. 2B, the thickness dt of the liquid crystal
layer 1220 in the transmission region A is preferably set
roughly double the thickness dr of the liquid crystal layer
1220 in the reflection region B. By setting in this way, the
retardation given to the light by the liquid crystal layer 1220
can be 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 0.3dt<dr<0.7 dt is
satisfied. Naturally, dt=dr may be satisfied depending on the
use.

[0176] In the LCD device 1200, a transparent dielectric
layer 1234 is provided on the glass substrate 12105 only in
the reflection region B to make the thickness of the liquid
crystal layer 1220 in the reflection region B smaller than that
in the transmission region A. This construction eliminates
the necessity of providing a step by forming an insulating
film and the like under the reflective electrode 1211b, and
thus has an advantage of simplifying the fabrication of the
active matrix substrate 1210q. If the reflective electrode
12115 is formed on such an insulting film provided to give
a step for adjusting the thickness of the liquid crystal layer
1220, light used for transmission display will be shaded with
the reflective electrode covering a slope (tapered face) of the
insulating film, or light reflected from the reflective elec-
trode formed on a 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.

[0177] If the transparent dielectric layer 1234 is provided
with a function of scattering light (diffuse reflection func-
tion), white display close to good paper white can be
realized without the necessity of providing the reflective
electrode 12115 with the diffuse reflection function. Such
white display close to paper white can also be realized by
making the surface of the reflective electrode 12115 uneven,
and 1in this case, no light scattering function is necessary for
the transparent dielectric layer 1234. However, the uneven
surface may fail to stabilize the position of the center axis of
the axisymmetric alignment depending on the shape of the
uneven surface. On the contrary, by combining the trans-
parent dielectric layer 1234 having the light scattering
function and the reflective electrode 12115 having a flat
surface, the position of the center axis can be stabilized with
the opening 1214 formed in the reflective electrode 1211h
more reliably. Note that in the case of making the surface of
the reflective electrode 12115 uneven to provide the reflec-
tive electrode 12115 with the diffuse reflection function, the
uneven shape is preferably a continuous wave shape to
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prevent occurrence of an interference color, and such a shape
is preferably set to allow stabilization of the center axis of
the axisymmetric alignment.

[0178] While light used for display passes through the
color filter layer 1230 once in the transmission mode, it
passes through the color filter layer 1230 twice in the
reflection mode. Accordingly, if the color filter layer 1230
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 problem, the optical density of the 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. Forming color filter
layers different between the transmission region A and the
reflection region B in this way is very effective in improve-
ment of the display color reproducibility.

[0179] Next, referring to FIGS. 3 and 4, an example of the
structure of an active matrix substrate suitably used for the
transflective LCD device will be described. FIG. 3 is a
partial enlarged view of the active matrix substrate, and
FIG. 4 is a cross-sectional view taken along line X-X' in
FIG. 3. The active matrix substrate shown in FIGS. 3 and
4 can be the same in construction as the active matrix
substrate shown in FIGS. 2A and 2B, except that one liquid
crystal domain is formed in the transmission region A (that
is, the numbers of the openings 1214 and the cuts 1213 are
reduced).

[0180] The active matrix substrate shown in FIGS. 3 and
4 has a transparent substrate 1001 made of a glass substrate,
for example. Gate signal lines 1002 and source signal lines
1003 run on the transparent substrate 1001 to cross each
other at right angles. TFTs 1004 are formed near the cross-
ings of these signal lines 1002 and 1003. Drain electrodes
1005 of the TFTs 1004 are connected to corresponding pixel
electrodes 1006.

[0181] Each of the pixel electrodes 1006 includes a trans-
parent electrode 1007 made of a transparent conductive
layer such as an ITO layer and a reflective electrode 1008
made of Al and the like. The transparent electrode 1007
defines a transmission region A, and the reflective electrode
1008 defines a reflection region B. Cuts 1014 are formed at
predetermined positions of the pixel electrode 1006 for
controlling the alignment of the axisymmetrically aligned
domains as described above. Also, a wall structure (not
shown) is formed in a non-display region outside each pixel
(shading region) where signal lines extend, for defining the
aligned state of the axisymmetrically aligned domains.

[0182] The pixel electrode 1006 overlaps the gate signal
line for the next row via a gate insulating film 1009, forming
a storage capacitance. The TFT 1004 has a multilayer
structure including the gate insulating film 1009, a semi-
conductor layer 1012, a channel protection layer 1013 and
an n*-Si layer 1011 (source/drain electrodes) formed in this
order on a gate electrode 1010 branched from the gate signal
line 1002.
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[0183] The illustrated TFT is of a bottom gate type. The
TFT is not limited to this type, but a top gate type TFT can
also be used.

[0184] As described above, in the LCD 1200 having the
construction shown in FIGS. 2A and 2B, the center axes of
the axisymmetrically aligned liquid crystal domains formed
in the transmission region are fixed and stabilized with the
openings 1214 formed in the counter electrode 1231. There-
fore, like the LCD 1100, as a result of the placement of the
center axes of the axisymmetrically aligned liquid crystal
domains at fixed positions over the entire liquid crystal
display panel, the uniformity of the display improves. Also,
as aresult of the stabilization of the axisymmetric alignment,
the response time in grayscale display can be shortened.
Moreover, occurrence of an afterimage due to pressing of the
liquid crystal display panel can be reduced (the time
required to resume from the pressing can be shortened).

[0185] Also, in the LCD device 1200, the display bright-
ness and color purity in both the transmission mode and the
reflection mode can be improved with the transparent dielec-
tric layer 1234 and/or the color filter layer 1230 constructed
in the manner described above. Note that although no
opening was formed to correspond to the center axis of the
axisymmetrically aligned liquid crystal domain formed in
the reflection region in the illustrated example, an opening
may be formed also in the counter electrode 1231 in the
reflection region.

[0186]

[0187] 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. 5A and 5B.

[0188] FIGS.5A and 5B are views for demonstrating how
the alignment regulating forces of a wall structure 1015
formed on the active matrix substrate and an opening 1014
formed on the color filter substrate act, in which the aligned
states of liquid crystal molecules during non-voltage appli-
cation (FIG. 5A) and during voltage application (FIG. 5B)
are diagrammatically shown. The state shown in FIG. 5B is
for display of a grayscale level.

[0189] The LCD device shown in FIGS. 5A and 5B
includes an insulating film 1016, a pixel electrode 1006, the
wall structure 1015 and an alignment film 1012 formed in
this order on a transparent substrate 1001. The LCD device
also includes a color filter layer 1018, a counter electrode
1019 having the opening 1014 at a predetermined position
and an alignment film 1032 formed in this order on another
transparent substrate 1017. A liquid crystal layer 1020
interposed between the two substrates includes liquid crystal
molecules 1021 having negative dielectric anisotropy.

[0190] As shown in FIG. 5A, during non-voltage appli-
cation, the liquid crystal molecules 1021 are aligned roughly
vertical to the substrate surface with the alignment regulat-
ing force of the vertical alignment films 1012 and 1032.

[0191] As shown in FIG. 5B, during voltage application,
the liquid crystal molecules 1021 having negative dielectric
anisotropy attempt to make their major axes vertical to
electric lines of force, and thus the directions in which the
liquid crystal molecules 21 fall are defined with a tilt electric
field generated around the opening 1014 and also with

[Operation Principle]
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distortion in electric field occurring near the side faces (wall
faces) of the wall structure 1015 and the alignment regulat-
ing force of the wall structure 1015. In this way, the liquid
crystal molecules 1021 are aligned axisymmetrically around
the opening 1014 as the center. In the resultant axisymmetri-
cally aligned domain, liquid crystal directors point in all
directions (directions in the substrate plane), and thus,
excellent viewing angle characteristics can be obtained.
Herein, the term “axisymmetric alignment (or orientation)”
has the same meaning as the term “radially inclined align-
ment (or orientation)”. These terms refer to the state where
liquid crystal molecules are continuously oriented without
forming disclination around the central axis of axisymmetric
alignment (center of the radially inclined alignment), and the
longer axis of the liquid crystal molecules is oriented
radially, tangentially, or spirally. In either case, the longer
axis of the liquid crystal molecules has a component radially
inclining from the center of the orientation (i.e., a compo-
nent parallel to the inclined electric field).

[0192] Although the action of the tilt electric field gener-
ated around the opening 1014 and the alignment regulating
force of the wall structure 1015 were referred to in the above
description, a tilt electric field is also generated around cuts
formed at edges of the pixel electrode 1006, and the direc-
tions of the tilt of the liquid crystal molecules 1021 are also
defined with this tilt electric field.

[0193] Hereinafter, referring to FIGS. 6A and 6B, the
mechanism with which an opening formed in the counter
electrode stabilizes the center axis of axisymmetric align-
ment in the LCD device in the first aspect of the present
invention will be described.

[0194] FIGS. 6A and 6B are views diagrammatically
illustrating the aligned state of liquid crystal molecules
(shown as line segments in FIGS. 6A and 6B) 200 msec
after application of a voltage that gives a relative transmit-
tance of 10% to a liquid crystal layer (3V in this case),
together with equipotential lines of an electric field gener-
ated in the liquid crystal layer at that time as obtained by a
two-dimensional electric field simulation, where FIG. 6A
shows the case of providing no opening in a counter elec-
trode and FIG. 6B shows the case of providing an opening
in the counter electrode. FIG. 6B corresponds to a cross-
sectional view taken along line 6B-6B' in FIG. 1A and FIG.
2A. In the illustrated example, the thickness of the liquid
crystal layer is 4.0 um, the dielectric constant of the liquid
crystal material is —4.5, the refractive indexes no=1.485 and
ne=1.495, the height of the wall structure is 0.5 pm, and the
pixel pitch is 50 gmx16 um.

[0195] As shown in FIG. 6A, in which a counter electrode
1019' has no opening, the center axis of the axisymmetric
alignment of liquid crystal molecules 1021 may not be fixed
effectively at a fixed position, failing to be formed in the
center between the walls of the wall structure 1015. By
forming an opening 1014 near the center between the walls
of the wall structure 1015 as shown in FIG. 6B, the center
axis of the axisymmetric alignment of the liquid crystal
molecules 1021 is fixed in the opening 1014 and thus
stabilized. The liquid crystal molecules 1021 located near
the center of the opening 1014 are aligned vertically serving
as the center axis of the axisymmetric alignment. This
occurs due to the action of a tilt electric field that is
generated because the equipotential lines are attracted into
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the opening 1014 formed in the counter electrode 1019. The
liquid crystal molecules 1021, staying roughly uniformly in
their vertically aligned state immediately after the voltage
application, gradually shift to axisymmetric alignment with
time with the center axis being positioned in the center of the
opening 1014, and thus are fixed/stabilized.

[0196] The relationship between the electric field at the
opening 1014 formed in the counter electrode 1019 and the
alignment behavior of the liquid crystal molecules 1021 was
analyzed in detail. From the results of the analysis, it was
found that the liquid crystal molecules 1021 located in the
center of the opening 1014 were immobilized when the
potential Va (as obtained in the above electric field simula-
tion, for example) at the center of the opening 1014 was
lower than the threshold voltage Vth of the liquid crystal
layer. That is, if the potential Va at the center of the opening
1014 is lower than the threshold voltage Vth (Va<Vth), the
liquid crystal molecules are kept in their initial vertically
aligned state irrespective of the application of the voltage
across the liquid crystal layer, and thus the molecular axes
uniformly keep standing vertically. On the contrary, if the
potential Va at the center of the opening 1014 is higher than
the threshold voltage Vth (Va>Vth) during voltage applica-
tion, the liquid crystal molecules are aligned along the
equipotential lines (for a liquid crystal material having
negative dielectric anisotropy) under the influence of the
electric field. The liquid crystal molecules are therefore
tilted, and this makes it difficult to fix the axis position
effectively. Thus, since the axis position is no more uniform
and the relaxation response time at a change in grayscale
voltage increases, the roughness of display increases and the
response time is delayed, causing the afterimage phenom-
enon and the like to become noticeable easily. To ensure
sufficient stabilization of the axisymmetric alignment in a
grayscale level, it is preferred to set the size of the opening
so that the potential at the center of the opening is lower than
the threshold voltage of the liquid crystal layer when a
voltage giving a relative transmittance of 10% is applied, for
example.

[0197] The shape of the opening is preferably circular
although not limited to this. To exert roughly equal align-
ment regulating force in all directions, the shape is prefer-
ably a polygon having four or more sides and also preferably
a regular-polygon. The size Wh of the opening (opening size
Wh) preferably satisfies the condition 2 yum=Wh=20 um.
The opening size Wh is expressed by the diameter when the
opening is circular, or by the length of the longest diagonal
line when it is a polygon.

[0198] The reason why the opening size Wh should pref-
erably satisfy the conditions 2 um<Wh=20 um will be
described with reference to FIGS. 7 and 8. Note that a
circular opening was used in the following examination, and
that the liquid crystal layer and the liquid crystal material
described above with reference to FIGS. 6A and 6B were
also used in this case.

[0199] FIG. 7 is a graph showing the relationship between
the opening diameter Wh and the potential Va at the opening
(opening potential Va) during application of 3V. FIG. 8 is a
graph showing the relationship between the diameter Lh of
aregion in the opening giving a relative transmittance of 0%
during application of 3V, that is, the diameter of a region in
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which liquid crystal molecules are aligned vertically (verti-
cally aligned region diameter Lh) and the opening diameter
Wh.

[0200] As is found from FIG. 7, with increase of the
opening diameter Wh, the opening potential Va monoto-
nously decreases. With the threshold voltage Vth of the
liquid crystal layer being 2.7V, the lower limit of the range
of preferred opening diameters Wh is 2 um. In this exami-
nation, the threshold voltage of the liquid crystal layer was
defined as the lowest voltage value with which the relative
transmittance of the liquid crystal layer showed any change
from the state of 0% in the voltage-transmittance character-
istics computed in an optical simulation conducted based on
the construction of the liquid crystal panel described above.
The results of the simulation were verified with evaluation
of the actual panel.

[0201] As is found from FIG. 8, with increase of the
opening diameter Wh, the vertically aligned region diameter
Lh monotonously increases. Since the transmittance
decreases with increase of the size of the vertically aligned
region, the vertically aligned region should preferably be
small from the standpoint of the transmittance. Assuming
that the size of a sub-pixel providing one liquid crystal
domain is about 500 um? (the size of one pixel is 50 umx16
um, and the size of the region providing one liquid crystal
domain (sub-pixel) is 33 umx16 um), the effective aperture
ratio will decrease by about 15% if the vertically aligned
region diameter Lh exceeds 10 um. To ensure sufficient
display brightness, therefore, the opening diameter Wh is
preferably 20 um or less. To enhance the function of
stabilizing the axisymmetric alignment, the opening diam-
eter Wh is preferably 4 um or more. To suppress decrease in
transmittance, the opening diameter Wh is more preferably
15 um or less. Note that the diameter of the region giving a
relative transmittance of 0% (vertically aligned region)
refers to the diameter of a region, near the opening, in which
liquid crystal directors are fixed to point in the vertical
direction even during application of a voltage for driving the
liquid crystal layer, permitting no passing of light (exhibit-
ing black display with substantially no occurrence of bire-
fringence), as obtained in a two-dimensional electric field
(optical) simulation.

[0202] The construction of an LCD device in the first
aspect of the present invention will be described with
reference to FIG. 9.

[0203] The LCD device shown in FIG. 9 includes: a
backlight; a transflective liquid crystal panel 1050; a pair of
polarizing plates 1040 and 1043 placed to face each other via
the transflective liquid crystal panel 1050; a quarter wave
plates 1041 and 1044 respectively placed between the polar-
izing plates 1040 and 1043 and the liquid crystal panel 1050;
and phase plates 1042 and 1045 having negative optical
anisotropy respectively placed between the wave plates
1041 and 1044 and the liquid crystal panel 1050. The liquid
crystal panel 1050 includes a vertically aligned liquid crystal
layer 1020 between a transparent substrate (active matrix
substrate) 1001 and a transparent substrate (counter sub-
strate) 1017. As the liquid crystal panel 1050, one having the
same construction as that of the LCD device 1200 shown in
FIGS. 2A and 2B is used.

[0204] The display operation of the LCD device shown in
FIG. 9 will be briefly described.
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[0205] In reflection-mode display, light incident from
above passes through the polarizing plate 1043 to be output
as linearly polarized light. The linearly polarized light is
changed to circularly polarized light with the quarter wave
plate 1044 placed so that the slower axis thereof forms 45°
with the transmission axis of the polarizing plate 1043. The
circularly polarized light passes through the color filter layer
(not shown) formed on the substrate 1017. In the illustrated
example, the phase plate 1045 provides no phase difference
for light incident in the normal direction.

[0206] During non-voltage application, in which liquid
crystal molecules in the liquid crystal layer 1020 are aligned
roughly vertical to the substrate plane, incident light passes
through the liquid crystal layer 1020 with a phase difference
of roughly 0 and is reflected with the reflective electrode
formed on the lower substrate 1001. The reflected circularly
polarized light passes again through the liquid crystal layer
1020 and the color filter layer. The light then passes through
the phase plate 1045 having negative optical anisotropy as
the circularly polarized light, to enter the quarter wave plate
1044, 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 1043, and reaches the polarizing
plate 1043. The resultant linearly polarized light fails to pass
through the polarizing plate 1043, and thus black display is
provided.

[0207] During voltage application, in which the liquid
crystal molecules in the liquid crystal layer 1020 are tilted
toward the horizontal direction from the direction vertical to
the substrate plane, the incident circularly polarized light is
changed to elliptically polarized light due to birefringence of
the liquid crystal layer 1020, and reflected with the reflective
electrode formed on the lower substrate 1001. The polarized
state of the reflected light is further changed during passing
back through the liquid crystal layer 1020. The reflected
light passes again through the color filter layer and then the
phase plate 1045 having negative optical anisotropy, to enter
the quarter wave plate 1044 as the elliptically polarized
light. Accordingly, when reaching the polarizing plate 1043,
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 polariz-
ing plate 1043. 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 polarizing plate 1043 can be
changed, to thereby enable grayscale display.

[0208] In transmission-mode display, the upper and lower
polarizing plates 1043 and 1040 are placed so that the
transmission axes thercof are orthogonal to each other. Light
emitted from a light source is changed to linearly polarized
light at the polarizing plate 1040, and then changed to
circularly polarized light when being incident on the quarter
wave plate 1041 placed so that the slower axis thereof forms
45° with the transmission axis of the polarizing plate 1040.
The circularly polarized light then passes through the phase
plate 1042 having negative optical anisotropy and is incident
on the transmission region A of the lower substrate 1001. In
the illustrated example, the phase plate 1042 provides no
phase difference for light incident in the normal direction.

[0209] During non-voltage application, in which liquid
crystal molecules in the liquid crystal layer 1020 are aligned
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roughly vertical to the substrate plane, the incident light
passes through the liquid crystal layer 1020 with a phase
difference of roughly 0. That is, the light incident on the
lower substrate 1001 as circularly polarized light passes
through the liquid crystal layer 1020 and then the upper
substrate 1017 in this state. The light then passes through the
upper phase plate 1045 having negative optical anisotropy,
to enter the quarter wave plate 1044. The lower and upper
quarter wave plates 1041 and 1044 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 1044, which was given at the lower
quarter wave plate 1041, can be cancelled with the quarter
wave plate 1044, and thus the light resumes the original
linearly polarized light. The polarized light coming from the
upper quarter wave plate 1044 is therefore linearly polarized
light having the polarizing direction parallel with the trans-
mission axis (polarizing axis) of the polarizing plate 1040,
and thus absorbed with the polarizing plate 1043 of which
the transmission axis is orthogonal to that of the polarizing
plate 1040. Accordingly, black display is provided.

[0210] During voltage application, in which the liquid
crystal molecules in the liquid crystal layer 1020 are tilted
toward the horizontal direction from the direction vertical to
the substrate plane, the incident circularly polarized light is
changed to elliptically polarized light due to birefringence of
the liquid crystal layer 1020. The light then passes through
the color filter layer 1017, the phase plate 1045 having
negative optical anisotropy, and the quarter wave plate 1044
as the elliptically polarized light. Accordingly, when reach-
ing the polarizing plate 1043, the light is not linearly
polarized light orthogonal to the polarized component in the
original incident light, and thus passes through the polariz-
ing plate 1043. 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 1043 can be changed, to
thereby enable grayscale display.

[0211] 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
suppresses black floating observed when the display device
is viewed at a wide viewing angle. In place of the combi-
nation of the phase plate having negative optical anisotropy
and the quarter wave plate, a biaxial phase plate unifying the
functions of both plates may be used.

[0212] When axisymmetrically aligned domains are used
to implement the normally black mode that presents black
display during non-voltage application and white display
during voltage application, as in the first aspect of the
present invention, a polarizing plate-caused extinction pat-
tern 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 axisym-
metrically aligned domains are used to implement the nor-
mally black mode with upper and lower polarizing plates
placed so that the transmission axes thereof are orthogonal
to each other, it is theoretically possible 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 ratio can be
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obtained, and also, with the all-direction alignment of liquid
crystal molecules, wide viewing angle characteristics can be
attained.

[0213] The thicknesses dt and dr of the liquid crystal layer
in the transmission region and the reflection region defined
in the first aspect of the present invention preferably has the
relationship satisfying 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 (transmittance) of the transmission
region and the reflection region on the thickness of the liquid
crystal layer shown in FIG. 10. 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 sufficiently high reflectance. If
the thickness dr of the liquid crystal layer in the reflection
region is greater than the upper limit, the peak of the
reflectance in the voltage-reflectance characteristics 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 transmis-
sion 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 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
transmission region and the reflection region.

[0214] Specific characteristics of the transflective LCD
device in the first aspect of the present invention will be
described as follows.

[0215] An LCD device having the construction shown in
FIG. 9 was fabricated. As the liquid crystal cell 1050, one
having the same construction as that of the LCD device 1200
shown in FIGS. 2A and 2B was used. In the counter
electrode on the counter substrate, an opening having a
diameter of 8 ym for fixing the center axis of an axisym-
metrically aligned domain was formed at a predetermined
position in each of the transmission region and the reflection
region. A transparent dielectric layer having no light scat-
tering function was formed on the color filter substrate as the
transparent dielectric layer 1234, and a resin layer having a
continuous uneven surface was formed under the reflective
electrode 1211b, to thereby adjust the diffuse reflection
characteristics in the reflection display.

[0216] The vertical alignment films were formed by a
known method using a known alignment film material. No
rubbing 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).

[0217] 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
negative 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
respectively placed), a phase plate having negative optical
anisotropy (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
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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 optical 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.

[0218] A drive signal was applied to the thus-obtained
LCD device (4V was applied across the liquid crystal layer)
to evaluate the display characteristics.

[0219] FIG. 11 shows the results of the visual angle—
contrast characteristics in the transmission display. It was
found from the results that the viewing angle characteristics
in the transparent 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.

[0220] As for the characteristics of the reflection display,
the reflectance evaluated with a spectral colorimeter
(CM2002 from Minolta Co., Ltd.) was about 8.3% (value in
terms of the aperture ratio of 100%) with respect to a
standard diffuse plate as the reference. The contrast value of
the reflection display was 21, which was high compared with
the case of the conventional LCD devices.

[0221] No roughness of display was observed in visual
evaluation in a slanting direction in a grayscale level (level
2 in the eight levels of grayscale). On the contrary, for an
LCD device fabricated under the same conditions except
that no opening was formed in the counter electrode on the
counter substrate for comparison, roughness of display in a
slanting direction was eminent in a grayscale level. In
observation with an optical microscope with polarizing axes
set orthogonal to each other, axisymmetrically aligned
domains with their center axes aligned uniformly were
recognized for the LCD device having electrode openings.
For the latter LCD device having no opening, however, the
center axes of some liquid crystal domains deviated from the
centers of the sub-pixels, and it was confirmed that this
variation in center axis position was a main cause of the
roughness of display.

[0222] The grayscale response time (time required for a
change from level 3 to level 5 in the eight levels of
grayscale) was 38 msec for the LCD device having openings
formed in the counter electrode. On the contrary, it was 60
msec for the LCD device having no opening. It was there-
fore confirmed that the response time in grayscale display
could be shortened by providing openings in the counter
electrode. As for the recovery of the alignment after the
display panel was pressed with a finger during application of
4V (white display), an afterimage was hardly observed on
the pressed portion (the alignment was immediately recov-
ered from distortion) for the LCD device having openings.
On the contrary, an afterimage was observed for several
minutes for the LCD device having no opening. A difference
was therefore recognized in the recovery of the alignment
from distortion due to pressing.

[0223] Thus, with the formation of the openings in the
counter electrode, obtained were the effects such as fixing/
stabilizing the positions of the center axes of the axisym-
metrically aligned domains, reducing the roughness of dis-
play in grayscale display when viewed in a slanting
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direction, improving the response speed in grayscale display,
and reducing occurrence of an afterimage due to pressing of
the display panel.

[0224] Next, LCD devices of embodiments in the second
aspect of the present invention will be described concretely
with reference to the relevant drawings.

[0225]

[0226] A transmissive LCD device 2100 of an embodi-
ment in the second aspect of the present invention will be
described with reference to FIGS. 12A and 12B. FIGS. 12A
and 12B diagrammatically show one pixel of the transmis-
sive LCD device 2100, in which FIG. 12A is a plan view
and FIG. 12B is a cross-sectional view taken along line
12B-12B' in FIG. 12A.

[0227] Hereinafter, described will be the case that one
pixel is divided into two parts (N=2). The number of parts
into which one pixel is divided (=N) can also be three or
more depending on the pixel pitch. In any case, the number
of openings (=n) each to be positioned roughly in the center
of a divided region on a second substrate is preferably the
same as the number of divided parts (=N). The effective
aperture ratio tends to decrease with increase of the number
of divided parts (=N). Therefore, for an application to a
high-definition display panel, the number of divided parts
(=N) is preferably made small. The present invention is also
applicable to the case involving no pixel division (this may
be expressed as N=1). Each of the divided regions may be
called a “sub-pixel”. One liquid crystal domain is typically
formed in each sub-pixel.

[0228] The LCD device 2100 includes a transparent sub-
strate (for example, a glass substrate) 2110, a transparent
substrate 21105 placed to face the transparent substrate
2110a, and a vertically aligned liquid crystal layer 2120
interposed between the transparent substrates 2110a and
2110b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 2110z and 21105 facing the
liquid crystal layer 2120. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
2120 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 2120
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0229] The LCD device 2100 further includes pixel elec-
trodes 2111 formed on the transparent substrate 2110z and a
counter electrode 2131 formed on the transparent substrate
21105. Each pixel electrode 2111, the counter electrode 2131
and the liquid crystal layer 2120 interposed between these
electrodes define a pixel. In the illustrated example, both the
pixel electrodes 2111 and the counter electrode 2131 are
formed of a transparent conductive layer (for example, an
ITO layer). Typically, color filters 2130 (the entire of the
plurality of color filters may also be called a color filter layer
2130) provided for the respective pixels, as well as a black
matrix (shading layer) 2132 formed in the gaps between the
adjacent color filters 2130, are formed on the surface of the
transparent substrate 21105 facing the liquid crystal layer
2120, and the counter electrode 2131 is formed on the color
filters 2130 and the black, matrix 2132. Alternatively, the
color filters 2130 and the black matrix 2132 may be formed
on the counter electrode 2131 (on the surface thereof facing
the liquid crystal layer 2120).

(Transmissive LCD Device)
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[0230] Inthe LCD device 2100 shown in FIGS. 12A and
12B, in which the number of divided parts (=N) is 2, a wall
structure 2115 to be described later extends on the transpar-
ent substrate 2110« in a shading region around each pixel.
The pixel electrode 2111 has first openings 2114a of the
number corresponding to the number of divided parts (n=2
in the illustrated example) at predetermined positions in the
pixel. The pixel electrode 2111 also has four cuts 2113 at
predetermined positions. On the transparent substrate 21105,
the counter electrode 2131 of each pixel has second open-
ings 2114b of the number corresponding to the number of
divided parts (n=2 in the illustrated example) at predeter-
mined positions.

[0231] The first openings 2114a and the second openings
21145 are formed so that they are superposed one on the
other spatially via the liquid crystal layer 2120. The first
openings 2114a and the second openings 2114H have the
same size (diameter), and each pair of the first and second
openings 2114¢ and 2114b facing each other (which are
called a pair of openings 2114 in some cases) coincide with
each other when viewed from top as shown in FIG. 12A.

[0232] When a predetermined voltage is applied across the
liquid crystal layer, two (number equal to the number of
divided parts N) liquid crystal domains each having axi-
symmetric alignment are formed, with the center axes of the
axisymmetric alignment thereof being in or near the first and
second openings 2114a and 2114b. As will be described later
in detail, the pairs of openings 2114 act to fix the positions
of the center axes of the axisymmetrically aligned domains.
With the placement of the first opening 2114a and the
second opening 2114b to be superposed one on the other as
in the illustrated example, the reduction in effective aperture
ratio due to the existence of the pair of openings 2114 can
be minimized. Since one center axis is fixed/stabilized with
the joint action of the first opening 2114a and the second
opening 2114b, the action exerted by the individual first or
second opening 21144 or 2114b can be small compared with
the case of fixing/stabilizing the center axis with one open-
ing. It is therefore possible to reduce the diameter of the first
and second openings 2114a and 2114b, and as a result, the
reduction in effective aperture ratio can be minimized. The
wall structure 2115 acts to define the directions in which
liquid crystal molecules fall during voltage application (dur-
ing generation of an electric field) thanks to its slope face
effect. The alignment regulating force of the side slopes of
the wall structure 2115 is also active during non-voltage
application to tilt liquid crystal molecules.

[0233] The cuts 2113, provided in the pixel electrode 2111
near the boundaries of the axisymmetrically aligned
domains, define the directions in which liquid crystal mol-
ecules fall with an electric field, and thus act to form the
axisymmetrically aligned domains. A tilt electric field is
generated around the pairs of openings 2114 and the cuts
2113 with a voltage applied between the pixel electrode 2111
and the counter electrode 2113. With this tilt electric field,
together with the action of an electric field at the wall faces
of the wall structure 2115 distorted with the existence of the
wall structure 2115, the directions of tilt of liquid crystal
molecules are defined, resulting in formation of the axisym-
metric alignment as described above. In the illustrated
example, a total of four cuts 2113 are given point-symmetri-
cally with respect to the pair of openings 2114 correspond-
ing to the center axis of a liquid crystal domain formed in the
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pixel (in this case, the right opening as viewed from FIG.
12A) (in this case, the entire pixel is a transmission region).

[0234] By providing the cuts 2113 as described above, the
directions in which liquid crystal molecules fall during
voltage application are defined, allowing formation of two
liquid crystal domains. The reason why no cuts are provided
on the left side of the pixel electrode 2111 as viewed from
FIG. 12A is that substantially the same function is obtained
from cuts provided on the right side of the adjacent pixel
electrode (not shown) located left to the illustrated pixel
electrode 2111, and thus cuts, which may decrease the
effective aperture ratio of the pixel, are omitted on the left
side of the pixel electrode 2111. Also, in the illustrated
example, the wall structure 2115 to be described later gives
the alignment regulating force. Therefore, with no cuts
provided on the left side of the pixel electrode 2111, the
resultant liquid crystal domain is as stable as a liquid crystal
domain having such cuts. In addition, the effect of improving
the effective aperture ratio is obtained.

[0235] Although a total of four cuts 2113 were formed in
the illustrated example, at least one cut between the adjacent
liquid crystal domains is sufficient. For example, an elongate
cut may be formed in the center of the pixel and the other
cuts may be omitted.

[0236] The shape of the first and second openings 2114a
and 2114b formed at predetermined positions of the pixel
electrode 2111 and the counter electrode 2131 to fix the
center axes of the axisymmetrically aligned domains is
preferably circular as illustrated. The shape 1s not limited to
a circle, and also the shape of the first openings 2114a may
be different from the shape of the second openings 2114b.
However, to exert roughly equal alignment regulating force
in all directions, the shape is preferably a polygon having
four or more sides and also preferably a regular polygon.

[0237] The configuration and placement of the first open-
ing 2114a and the second opening 21145 are not limited to
the illustrated example described above in which the first
opening 21144 and the second opening 2114H having the
same size are superposed one on the other. The first and
second openings 2114a and 2114b can separately provide
the effect of fixing/stabilizing the axisymmetric alignment
even when they are not superposed one on the other.
However, the fixation of the center axis of the axisymmetric
alignment will be further stabilized if the placement is made
so that the first opening 2114« fixes one end of the center
axis of the axisymmetric alignment of the liquid crystal
domain and the second opening 2114b fixes the other end of
the center axis. Also, the reduction in effective aperture ratio
due to the existence of the openings 2114 will be lessened if
the first and second openings 21144 and 2114b are placed to
at least overlap each other via the liquid crystal layer. In this
case, since one center axis is fixed/stabilized with the joint
action of the first and second openings, the action to be
exerted by the individual first or second opening 21144 or
2114bH can be small compared with the case of fixing/
stabilizing the center axis with one opening, and by super-
posing the first opening 114a and the second opening 1145
having the same size one on the other as in the illustrated
example, the reduction in effective aperture ratio can be
minimized.

[0238] The shape of the cuts 2113 acting to define the
directions in which liquid crystal molecules in the axisym-
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metrically aligned domains fall with the electric field is
determined so that roughly equal alignment regulating force
is exerted for the adjacent axisymmetrically aligned
domains. For example, a square is preferred. The cuts may
be omitted.

[0239] The LCD device 2100 has a shading region sur-
rounding each of the pixels, and the wall structure 115 is
placed on the transparent substrate 2110z in the shading
region. The shading region as used herein refers to a region
shaded from light due to the presence of TFTs, gate signal
lines and source signal lines formed on the peripheries of the
pixel electrodes 2111 on the transparent substrate 2110a, or
the presence of the black matrix formed on the transparent
substrate 21105, for example. Since this region does not
contribute to display, the wall structure 2115 formed in the
shading region is free from adversely affecting the display.

[0240] The illustrated wall structure 2115 is a continuous
wall surrounding the pixel. Alternatively, the wall structure
2115 may be composed of a plurality of separate walls. The
wall structure 2115, which serves 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.

[0241] Supports 2133 for defining the thickness of the
liquid crystal layer 2120 (also called the cell gap) are
preferably formed in the shading region (in the illustrated
example, the region defined by the black matrix 2132) to
avoid degradation in display quality due to the supports.
Although the supports 2133 are formed on the wall structure
2115b provided in the shading region in the illustrated
example, the supports 2133 may be formed on either trans-
parent substrate 21104 or 2110b. In the case of forming the
supports 2133 on the wall structure 2115, setting is made so
that the sum of the height of the wall structure 2115 and the
height of the supports 2133 is equal to the thickness of the
liquid crystal layer 2120. If the supports 2133 are formed in
a region having no wall structure 2115, setting is made so
that the height of the supports 2133 is equal to the thickness
of the liquid crystal layer 2120. The supports 2133 can be
formed by photolithography using a photosensitive resin, for
example.

[0242] In the LCD device 2100, when a predetermined
voltage (voltage equal to or higher than a threshold voltage)
is applied between the pixel electrode 2111 and the counter
electrode 2131, two axisymmetrically aligned domains are
formed with their center axes stabilized in or near the two
pairs of openings 2114 formed in the pixel electrode 2111
and the counter electrode 2131 The electric field distorted
with the wall faces of the wall structure 2115 and the wall
face effect of the wall structure 2115 mainly define the
directions in which liquid crystal molecules in the two
adjacent liquid crystal domains fall with an electric field.
Also, the tilt electric field generated near the pair of cuts
2133 acts to define the directions in which liquid crystal
molecules in the two adjacent liquid crystal domains fall
with an electric field. Such alignment regulating forces
presumably act cooperatively, to stabilize the axisymmetric
alignment of the liquid crystal domains.

[0243] With the pairs of openings 2114 formed at positions
in the pixel electrode 2111 and the counter electrode 2131
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corresponding to the center axes of the axisymmetrically
aligned liquid crystal domains, the positions of the center
axes are fixed/stabilized. As a result of the fixation of the
center axes of the axisymmetrically aligned liquid crystal
domains over the entire liquid crystal display panel, the
uniformity of the display improves. Also, as a result of the
stabilization of the axisymmetric alignment, the response
time in grayscale display can be shortened. Moreover,
occurrence of an afterimage due to pressing of the liquid
crystal display panel can be reduced (the time required to
resume from the pressing can be shortened).

[0244] On the surface of the transparent substrate 2110a
facing the liquid crystal layer 2120, provided are active
elements 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 2110a, together with the circuit elements and the
pixel electrodes 2111, the wall structure 2115, the supports
2133, the alignment film and the like described above
formed on the transparent substrate 2110a, are collectively
called an active matrix substrate in some cases. Likewise,
the transparent substrate 21106, together with the color filter
layer 2130, the black matrix 2132, the counter electrode
2131, the alignment film and the like formed on the trans-
parent substrate 21105, are collectively called a counter
substrate or a color filter substrate in some cases. The
supports 2133 may be formed either on the active matrix
substrate or on the color filter substrate.

[0245] Although omitted in the above description, the
LCD device 2100 further includes a pair of polarizing plates
placed to face each other via the transparent substrates
2110a and 2110b. The polarizing plates are typically placed
so that their transmission axes are orthogonal to each other.
The LCD device 2100 may further include a biaxial optical
anisotropic medium layer and/or a uniaxial optical anisotro-
pic medium layer, as will be described later.

[0246] (Transflective LCD Device)

[0247] Next, a transflective LCD device 2200 of an
embodiment in the second aspect of the present invention
will be described with reference to FIGS. 13A and 13B.

[0248] FIGS. 13A and 13B diagrammatically show one
pixel of the transflective LCD device 2200 in the second
aspect of the present invention, in which FIG. 13A is a plan
view and FIG. 13B is a cross-sectional view taken along line
13B-13B' in FIG. 13A.

[0249] Hereinafter, described will be a case that one pixel
is divided into three parts (N=3; two for the transmission
region and one for the reflection region). The number of
parts into which one pixel is divided (=N) can be at least two
(at least one for the transmission region and at least one for
the reflection region) determined depending on the pixel
pitch. The number of openings (=n) each to be positioned
roughly in the center of a divided region (region in which an
axisymmetrically aligned domain is formed) on the counter
substrate (second substrate) is preferably the same as the
number of divided parts (=N). Note however that if a
transparent dielectric layer is selectively formed on the
surface of the counter substrate facing the liquid crystal
layer in the reflection region, to be described later, an
opening may not be formed in the counter electrode (second
electrode) in the reflection region. The effective aperture
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ratio tends to decrease with increase of the number of
divided parts (=N). Therefore, for an application to a high-
definition display panel, the number of divided parts (=N) is
preferably made small.

[0250] The LCD device 2200 includes a transparent sub-
strate (for example, a glass substrate) 2210q, a transparent
substrate 22105 placed to face the transparent substrate
22104, and a vertically aligned liquid crystal layer 2220
interposed between the transparent substrates 2210aq and
2210b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 22104 and 22100 facing the
liquid crystal layer 2220. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
2220 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 2220
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0251] The LCD device 2200 further includes pixel elec-
trodes 2211 formed on the transparent substrate 2210z and
a counter electrode 2231 formed on the transparent substrate
2210b. Each pixel electrode 2211, the counter electrode
2231 and the liquid crystal layer 2220 interposed between
these electrodes define a pixel. Circuit elements such as
TFTs are formed on the transparent substrate 2210g as will
be described later. Herein, the transparent substrate 22104
and the components formed thereon are collectively called
an active matrix substrate 2210a in some cases.

[0252] Typically, color filters 2230 (the entire of the
plurality of color filters may also be called a color filter layer
2230) provided for the respective pixels, as well as a black
matrix (shading layer) 2232 provided in the gaps between
the adjacent color filters 2230, are formed on the surface of
the transparent substrate 2106 facing the liquid crystal layer
2220, and the counter electrode 2231 is formed on the color
filters 2230 and the black matrix 2232. Alternatively, the
color filters 2230 and the black matrix 2232 may be formed
on the counter electrode 2231 (on the surface thereof facing
the liquid crystal layer 2220). Herein, the transparent sub-
strate 22105 and the components formed thereon are col-
lectively called a counter substrate (color filter substrate)
22106 in some cases.

[0253] Each pixel electrode 2211 includes a transparent
electrode 2211a formed of a transparent conductive layer
(for example, an ITO layer) and a reflective electrode 22115
formed of a metal layer (for example, an Al layer, an
Al-including alloy layer, and a multilayer film including any
of these layers). Having such a pixel electrode, each pixel
includes a transmission region A defined by the transparent
electrode 2211¢ and a reflection region B defined by the
reflective electrode 22115, to provide display in the trans-
mission mode and display in the reflection mode, respec-
tively.

[0254] Inthe LCD device 2200 shown in FIGS. 13A and
13B, in which the number of divided parts (=N) is 3 (two for
the transmission region and one for the reflection region), a
wall structure 2215 to be described later extends on the
transparent substrate 2210« in a shading region around each
pixel electrode 2211. The pixel electrode 2211 has first
openings 22144 of the number corresponding to the number
of divided parts (n=3 in the illustrated example) at prede-
termined positions in the pixel. The pixel electrode 2111 also
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has four cuts 2113 at predetermined positions. On the
transparent substrate 2210b, the counter electrode 2231 of
each pixel has two second openings 2214b corresponding to
the number of divided parts in the transmission region.

[0255] When a predetermined voltage is applied across the
liquid crystal layer, three (number equal to the number of
divided parts N) liquid crystal domains each having axi-
symmetric alignment are formed, with the center axes of the
axisymmetric alignment of the liquid crystal domains being
in or near the first and second openings 22144 and 2214b. As
will be described later, the openings 2214¢ and 2214b
formed at predetermined positions of pixel electrode 2211
and the counter electrode 2231 act to fix the positions of the
center axes of the axisymmetric alignment. The first opening
2214a and the second opening 2214b may be placed to be
superposed one on the other as in the illustrated example.
With this placement, the reduction in effective aperture ratio
due to the existence of the pair of openings 2214 can be
minimized. Since one center axis is fixed/stabilized with the
joint action of the first and second openings, the action
exerted by the individual first or second opening 2214a or
2214b can be small compared with the case of fixing/
stabilizing the center axis with one opening. It is therefore
possible to reduce the diameter of the first and second
openings 22144 and 2214b, and as a result, the reduction in
effective aperture ratio can be minimized. The wall structure
2215 acts to define the directions in which liquid crystal
molecules tilt during voltage application (during generation
of an electric field) thanks to its slope face effect.

[0256] Moreover, the cuts 2213, which are formed as
required near a boundary between axisymmetrically aligned
domains, act to define the directions in which liquid crystal
molecules tilt with an electric field, to form the axisym-
metrically aligned domains. A tilt electric field is generated
around the cuts 2213, as in the openings 2214a and 22145,
with the application of a voltage between the pixel electrode
2211 and the counter electrode 2213. With this tilt electric
field, acting together with an electric field at the wall faces
distorted with the wall structure 2215, the directions of tilt
of liquid crystal molecules are defined, resulting in forma-
tion of the axisymmetric alignment as described above.

[0257] In the illustrated example, a total of four cuts 2213
are given point-symmetrically with respect to the opening
2214a corresponding to the center axis of a liquid crystal
domain formed in the transmission region A of the pixel (in
this case, the right opening in the transmission region A as
viewed from FIG. 13A). With these cuts 2213, the directions
in which liquid crystal molecules fall during voltage appli-
cation are defined, resulting in formation of three liquid
crystal domains. The placement and preferred shapes of the
wall structure 2215, the openings 2214 and the cuts 2213 are
the same as those described above in relation to the trans-
missive LCD device 2100. In the example illustrated in
FIGS. 13A and 13B, 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.

[0258] The LCD device 2200 has a shading region around
each pixel, and the wall structure 2215 extends on the
transparent substrate 2210« in the shading region. Since the
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shading region does not contribute to display, the wall
structure 2215 formed in the shading region is free from
adversely affecting the display. The wall structure 2215
shown in the illustrated example is a continuous wall
surrounding the pixel. Alternatively, the wall structure 2215
may be composed of a plurality of separate walls. The wall
structure 2215, which serves 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 2215 is composed of a
plurality of walls, each wall is preferably longer than the gap
between the adjacent walls.

[0259] Supports 2233 for defining the thickness of the
liquid crystal layer 2220 (also called the cell gap) should
preferably be formed in the shading region (in the illustrated
example, the region defined by the black matrix 2232) to
avoid degradation of the display quality due to the supports.
Although the supports 2233 are formed on the wall structure
2215 provided in the shading region in the illustrated
example, the supports 2233 may be formed on either trans-
parent substrate 2210a or 22105. In the case of forming the
supports 2233 on the wall structure 2215, setting is made so
that the sum of the height of the wall structure 2215 and the
height of the supports 2233 is equal to the thickness of the
liquid crystal layer 2220. If the supports 2233 are formed in
a region having no wall structure 2215, setting is made so
that the height of the supports 2233 is equal to the thickness
of the liquid crystal layer 2220.

[0260] In the LCD device 2200, when a predetermined
voltage (voltage equal to or higher than a threshold voltage)
is applied between the pixel electrode 2211 and the counter
electrode 2231, two axisymmetrically aligned domains with
their center axes stabilized in or near the two openings 2214
are formed in the transmission region A, and one axisym-
metrically aligned domain is formed in the reflection region
B. The clectric field distorted with the wall faces of the wall
structure 2215 and the wall face effect of the wall structure
2215 mainly define the directions in which liquid crystal
molecules in the three adjacent liquid crystal domains (two
in the transmission region and one in the reflection region)
fall with an electric field. Also, the tilt electric field gener-
ated near the four cuts 2233 acts to define the directions in
which liquid crystal molecules in the three adjacent liquid
crystal domains fall with the electric field. Such alignment
regulating forces act cooperatively, to stabilize the axisym-
metric alignment of the liquid crystal domains. Moreover,
the center axes of the two axisymmetrically aligned liquid
crystal domains formed in the transmission region A are
fixed in or near the pairs of openings 2214 (each composed
of the openings 2214a and 2214b facing cach other) and
stabilized. The center axis of the one axisymmetrically
aligned liquid crystal domain formed in the reflection region
B is stabilized with the opening 2214a.

[0261] A preferred construction specific to the transflec-
tive LCD device 2200 permitting both the transmission-
mode display and the reflection-mode display will be
described.

[0262] While light used for display passes through the
liquid crystal layer 2220 once in the transmission-mode
display, it passes through the liquid crystal layer 2220 twice
in the reflection-mode display. Accordingly, as diagrammati-
cally shown in FIG. 13B, the thickness dt of the liquid
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crystal layer 2220 in the transmission region A is preferably
set roughly double the thickness dr of the liquid crystal layer
2220 in the reflection region B. By setting in this way, the
retardation given to the light by the liquid crystal layer 2220
can be 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 dt is
satisfied. Naturally, dt=dr may be satisfied depending on the
use.

[0263] In the LCD device 2200, a transparent dielectric
layer 2234 is provided on the glass substrate 22105 only in
the reflection region B to make the thickness of the liquid
crystal layer 2220 in the reflection region B smaller than that
in the transmission region A. This construction eliminates
the necessity of providing a step by forming an insulating
film and the like under the reflective electrode 22115, and
thus has an advantage of simplifying the fabrication of the
active matrix substrate 2210a. If the reflective electrode
22115 is formed on such an insulting film provided to give
a step for adjusting the thickness of the liquid crystal layer
2220, light used for transmission display will be shaded with
the reflective electrode covering a slope (tapered face) of the
insulating film, or light reflected from the reflective elec-
trode formed on a 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.

[0264] If the transparent dielectric layer 2234 is provided
with a function of scattering light (diffuse reflection func-
tion), white display close to good paper white can be
realized without the necessity of providing the reflective
electrode 22115 with the diffuse reflection function. Such
white display close to paper white can also be realized by
making the surface of the reflective electrode 22115 uneven,
and in this case, no light scattering function is necessary for
the transparent dielectric layer 2234. However, the uneven
surface may fail to stabilize the position of the center axis of
the axisymmetric alignment depending on the shape of the
uneven surface. On the contrary, by combining the trans-
parent dielectric layer 2234 having the light scattering
function and the reflective electrode 22115 having a flat
surface, the position of the center axis can be stabilized with
the opening 2214 formed in the reflective electrode 2211h
more reliably. Note that in the case of making the surface of
the reflective electrode 22115 uneven to provide the reflec-
tive electrode 22115 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.

[0265] While light used for display passes through the
color filter layer 2230 once in the transmission mode, it
passes through the color filter layer 2230 twice in the
reflection mode. Accordingly, if the color filter layer 2230
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 problem, the optical density of the 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
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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. Forming color filter
layers different between the transmission region A and the
reflection region B in this way will provide a great effect for
improvement of the display color reproducibility.

[0266] Next, referring to FIGS. 14 and 15, an example of
the structure of an active matrix substrate suitably used for
the transflective LCD device will be described. FIG. 14 is a
partial enlarged view of the active matrix substrate, and
FIG. 15 is a cross-sectional view taken along line X-X' in
FIG. 14. The active matrix substrate shown in FIGS. 14 and
15 can be the same in construction as the active matrix
substrate shown in FIGS. 13A and 13B, except that one
liquid crystal domain is formed in the transmission region A
(that is, the numbers of the openings 2214 and the cuts 2213
are reduced).

[0267] The active matrix substrate shown in FIGS. 14 and
15 has a transparent substrate 2001 made of a glass sub-
strate, for example. Gate signal lines 2002 and source signal
lines 2003 run on the transparent substrate 2001 to cross
each other at right angles. TFTs 2004 are formed near the
crossings of these signal lines 2002 and 2003. Drain elec-
trodes 2003 of the TFTs 2004 are connected to correspond-
ing pixel electrodes 2006.

[0268] Each of the pixel electrodes 2006 includes a trans-
parent electrode 2007 made of a transparent conductive
layer such as an ITO layer and a reflective electrode 2008
made of Al and the like. The transparent electrode 2007
defines a transmission region A, and the reflective electrode
2008 defines a reflection region B. Cuts 2014 are formed at
predetermined positions of the pixel electrode 2006 for
controlling the alignment of the axisymmetrically aligned
domains as described above. Also, a wall structure (not
shown) is formed in a non-display region outside each pixel
(shading region) where signal lines extend, for defining the
aligned state of the axisymmetrically aligned domains.

[0269] The pixel electrode 2006 overlaps the gate signal
line for the next row via a gate insulating film 2009, forming
a storage capacitance. The TFT 2004 has a multilayer
structure including the gate insulating film 2009, a semi-
conductor layer 2012, a channel protection layer 2013 and
an n*-Si layer 2011 (source/drain electrodes) formed in this
order on a gate electrode 2010 branched from the gate signal
line 2002.

[0270] The illustrated TFT is of a bottom gate type. The
TFT is not limited to this type, but a top gate type TFT can
also be used.

[0271] As described above, in the LCD 2200 having the
construction shown in FIGS. 13A and 13B, the center axes
of the axisymmetrically aligned liquid crystal domains
formed in the transmission region are fixed and stabilized
with the openings 22144 formed in the pixel electrode 2211
and the openings 2214b formed in the counter electrode
2231. Also, the center axis of the axisymmetrically aligned
liquid crystal domain formed in the reflection region is fixed
and stabilized with the opening 2214a formed in the pixel
clectrode 2211. Therefore, like the LCD 2100, as a result of
the fixation of the center axes of the axisymmetrically
aligned liquid crystal domains over the entire liquid crystal
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display panel, the uniformity of the display improves. Also,
as aresult of the stabilization of the axisymmetric alignment,
the response time in grayscale display can be shortened.
Moreover, occurrence of an afterimage due to pressing of the
liquid crystal display panel can be reduced (the time
required to resume from the pressing can be shortened).

[0272] Also, in the LCD device 2200, the display bright-
ness and color purity in both the transmission mode and the
reflection mode can be improved with the transparent dielec-
tric layer 2234 and/or the color filter layer 2230 constructed
in the manner described above. Note that although the
opening 2214bH was not formed to correspond to the center
axis of the axisymmetrically aligned liquid crystal domain
formed in the reflection region in the illustrated example, an
opening may be formed also in the counter electrode 2231
in the reflection region. In this case, the counter electrode
2231 is preferably formed on the surface of the transparent
dielectric layer 2234 facing the liquid crystal layer 2220.

[0273] [Operation Principle]

[0274] The reason why the LCD device having a vertically
aligned liquid crystal layer of an embodiment in the second
aspect of the present invention has excellent wide viewing
angle characteristics will be described with reference to
FIGS. 16A and 16B.

[0275] FIGS. 16A and 16B are views for demonstrating
how the alignment regulating forces of a wall structure 2015
formed on the active matrix substrate and an opening 2014
formed on the color filter substrate act, in which the aligned
states of liquid crystal molecules during non-voltage appli-
cation (FIG. 16A) and during voltage application (FIG.
16B) are diagrammatically shown. The state shown in FIG.
16B is for display of grayscale level.

[0276] The LCD device shown in FIGS. 16A and 16B
includes an insulating film 2016, a pixel electrode 2006
having an opening 2014 at a predetermined position, a wall
structure 2015 and an alignment film 2012 formed in this
order on a transparent substrate 2001. The LCD device also
includes a color filter layer 2018, a counter electrode 2019
having an opening 2014b at a predetermined position and an
alignment film 2032 formed in this order on another trans-
parent substrate 2017. A liquid crystal layer 2020 interposed
between the two substrates includes liquid crystal molecules
2021 having negative dielectric anisotropy.

[0277] As shown in FIG. 16A, during non-voltage appli-
cation, the liquid crystal molecules 2021 are aligned roughly
vertical to the substrate surface with the alignment regulat-
ing force of the vertical alignment films 2012 and 2032.

[0278] As shown in FIG. 16B, during voltage application,
the liquid crystal molecules 2021 having negative dielectric
anisotropy attempt to make their major axes vertical to
electric lines of force, and this causes the directions in which
the liquid crystal molecules 2021 fall to be defined with a tilt
electric field generated around the pair of openings 20144
and 2014b and distortion in electric field occurring near the
side faces (wall faces) of the wall structure 2015 together
with the alignment regulating force of the wall structure
2015. In this way, the liquid crystal molecules 2021 are
aligned axisymmetrically around the openings 2014¢ and
2014b as the center. In the resultant axisymmetrically
aligned domain, liquid crystal directors point in all direc-
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tions (directions in the substrate plane), and thus, excellent
viewing angle characteristics can be obtained.

[0279] Although the action of the tilt electric field gener-
ated around the openings 2014¢ and 2014b and the align-
ment regulating force of the wall structure 2015 were
referred to in the above description, a tilt electric field is also
generated around cuts formed at edges of the pixel electrode
2006, and the directions of the tilt of the liquid crystal
molecules 2021 are also defined with this tilt electric field.

[0280] Hereinafter, referring to FIGS. 17A and 17B, the
mechanism with which an opening formed in the pixel
electrode and an opening formed in the counter electrode
stabilize the center axis of axisymmetric alignment in the
LCD device of the embodiment in the second aspect of the
present invention will be described.

[0281] FIGS. 17A and 17B are views diagrammatically
illustrating the aligned state of liquid crystal molecules
(shown as line segments in FIGS. 17A and 17B) 200 msec
after application of a voltage that gives a relative transmit-
tance of 10% to a liquid crystal layer (3V in this case),
together with equipotential lines of an electric field gener-
ated in the liquid crystal layer at that time as obtained by a
two-dimensional electric field simulation, where FIG. 17A
shows the case of providing no opening in a pixel electrode
2006' nor 1n a counter electrode 201' and FIG. 17B shows
the case of providing an opening 20144 in a pixel electrode
2006 and an opening 20145 in a counter electrode 2006.
FIG. 17B corresponds to a cross-sectional view taken along
line 17B-17B' in FIG. 12A and FIG. 13A. In the illustrated
example, the thickness of the liquid crystal layer is 4.0 um,
the dielectric constant of the liquid crystal material is —4.5,
the refractive indexes no=1.485 and ne=1.495, the height of
the wall structure is 0.5 ym, and the pixel pitch is 50 umx16

Hm.

[0282] As shown in FIG. 17A, in which the pixel elec-
trode 2006' and the counter electrode 2019' have no opening,
the position of the center axis of the axisymmetric alignment
of liquid crystal molecules 2021 may not be fixed effectively
at a fixed position, failing to be formed in the center between
the walls of the wall structure 2015. By forming the open-
ings 20144 and 20145 so as to face each other near the center
between the walls of the wall structure 2015 as shown in
FIG. 17B, the center axis of the axisymmetric alignment of
the liquid crystal molecules 2021 is fixed in the pair of
openings 2014a and 20145 and thus stabilized. The liquid
crystal molecules 2021 located near the center of the pair of
openings 20144 and 2014b are aligned vertically serving as
the center axis of the axisymmetric alignment. This occurs
due to the action of a tilt electric field that is generated
because the equipotential lines are attracted into the open-
ings 2014a and 20146 formed in the pixel electrode 2006
and the counter electrode 2019. The liquid crystal molecules
2021, staying roughly uniformly in their vertically aligned
state immediately after the voltage application, gradually
shift to axisymmetric alignment with time with the center
axis thereof being positioned in the center of the openings
2014 and 2014b, and thus are fixed/stabilized.

[0283] The relationship between the electric field at the
openings 2014¢ and 2014b formed in the pixel electrode
2006 and the counter electrode 2019 and the alignment
behavior of the liquid crystal molecules 2021 was analyzed
in detail. From the results of the analysis, it was found that
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the liquid crystal molecules 2021 located in the center of
each of the openings 20142 and 2014b were immobilized
when the potential Va' (as obtained in the above electric field
simulation, for example) at the center of each of the open-
ings 2014a and 2014b was lower than the threshold voltage
Vth of the liquid crystal layer. That is, if the potential Va' at
the center of each of the openings 20144 and 20145 is lower
than the threshold voltage Vth (Va'<Vth), the liquid crystal
molecules are kept in their initial vertically aligned state
irrespective of the application of the voltage across the
liquid crystal layer, and thus the molecular axes uniformly
keep standing vertically. On the contrary, if the potential Va'
at the center of each of the openings 2014a and 2014b is
higher than the threshold voltage Vth (Va'>Vth) during
voltage application, the liquid crystal molecules are aligned
along the equipotential lines (for a liquid crystal material
having negative diclectric anisotropy) under the influence of
the electric field. The liquid crystal molecules are therefore
tilted, and this makes it difficult to fix the axis position
effectively. Thus, since the axis position is no more uniform
and the relaxation response time at a change in grayscale
voltage increases, the roughness of display increases and the
response time is delayed, causing the afterimage phenom-
enon and the like to become noticeable easily. To ensure
sufficient stabilization of the axisymmetric alignment in a
grayscale level, it is preferred to set the size of the opening
so that the potential at the center of the opening is lower than
the threshold voltage of the liquid crystal layer when a
voltage giving a relative transmittance of 10% is applied, for
example.

[0284] The shape of the opening is preferably circular
although not limited to this. To exert roughly equal align-
ment regulating force in all directions, the shape is prefer-
ably a polygon having four or more sides and also preferably
a regular polygon. The size Wh' of the openings 2014a and
20145 preferably satisfies the condition 1 yum=Wh'=18 um.
The size Wh' of the openings 2014z and 20145 is expressed
by the diameter when the opening is a circle, or by the length
of the longest diagonal line when it is a polygon.

[0285] The reason why the size Wh' of the opening should
preferably satisfy the conditions 1 yum=Wh'=18 um will be
described with reference to FIGS. 18 and 19. Note that
circular openings were used in the following examination,
and that the liquid crystal layer and the liquid crystal
material described above with reference to FIGS. 17A and
17B were also used in this case.

[0286] FIG. 18 is a graph showing the relationship
between the diameter Wh' of the opening (opening diameter
Wh') and the potential Va' at the opening (opening potential
Va') during application of 3V. FIG. 19 is a graph showing
the relationship between the diameter Lh' of a region in the
opening giving a relative transmittance of 0% during appli-
cation of 3V, that is, the diameter of a region in which liquid
crystal molecules are aligned vertically (vertically aligned
region diameter Lh') and the opening diameter Wh', This
shows the case that the pair of openings, superposed one on
the other, have the same size Wh',

[0287] As is found from FIG. 18, with increase of the
opening diameter Wh', the opening potential Va' monoto-
nously decreases. With the threshold voltage Vth of the
liquid crystal layer being 2.7V, the lower limit of the range
of preferred opening diameters Wh is 1 um. In this exami-
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nation, the threshold voltage of the liquid crystal layer was
defined as the lowest voltage value with which the relative
transmittance of the liquid crystal layer showed any change
from the state of 0% in the voltage-transmittance character-
istics computed in an optical simulation conducted based on
the construction of the liquid crystal panel described above.
The results of the simulation were verified with evaluation
of the actual panel.

[0288] As is found from FIG. 19, with increase of the
opening diameter Wh', the vertically aligned region diameter
Lh' monotonously increases. Since the transmittance
decreases with increase of the size of the vertically aligned
region, the vertically aligned region should preferably be
small from the standpoint of the transmittance. Assuming
that the size of a sub-pixel providing one liquid crystal
domain is about 500 um* (the size of one pixel is 50 umx16
um, and the size of the region providing one liquid crystal
domain (sub-pixel) is 33 umx16 um), the effective aperture
ratio will decrease by about 15% if the vertically aligned
region diameter Lh' exceeds 10 um. To ensure sufficient
display brightness, therefore, the opening diameter Wh' is
preferably 18 um or less. Further, to enhance the function of
stabilizing the axisymmetric alignment, the opening diam-
eter Wh' is preferably 3 um or more. To suppress decrease
in transmittance, the opening diameter Wh' is more prefer-
ably 13 um or less. Note that the diameter of the region
giving a relative transmittance of 0% (vertically aligned
region) refers to the diameter of a region, near the opening,
in which liquid crystal directors are fixed to point in the
vertical direction even during application of a voltage for
driving the liquid crystal layer, permitting no passing of light
(exhibiting black display with substantially no occurrence of
birefringence), as obtained in a two-dimensional electric
field (optical) simulation.

[0289] Specific characteristics of the transflective LCD
device of the embodiment in the second aspect of the present
invention will be described as follows.

[0290] An LCD device having the construction shown in
FIG. 9 was fabricated. As the liquid crystal cell 1050, one
having the same construction as that of the LCD device 2200
shown in FIGS. 13A and 13B was used. In the counter
electrode on the counter substrate, formed was an opening
having a diameter of 8 um for fixing the center axis of an
axisymmetrically aligned domain at a predetermined posi-
tion in each of the transmission region and the reflection
region. A transparent dielectric layer having no light scat-
tering function was formed on the color filter substrate as the
transparent dielectric layer 2234, and a resin layer having a
continuous uneven surface was formed under the reflective
electrode 2115, to thereby adjust the diffuse reflection char-
acteristics in the reflection display.

[0291] The vertical alignment films were formed by a
known method using a known alignment film material. No
rubbing 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).

[0292] 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
negative optical anisotropy (phase plate 2 (NR plate)), the
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liquid crystal layer (on the upper and lower sides thereof, the
color filter substrate and the active matrix substrate were
respectively placed), a phase plate having negative optical
anisotropy (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 optical 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.

[0293] A drive signal was applied to the thus-obtained
LCD device (4V was applied across the liquid crystal layer)
to evaluate the display characteristics.

[0294] The results of the characteristics were substantially
the same as those shown in FIG. 11. The viewing angle
characteristics in the transparent 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.

[0295] As for the characteristics of the reflection display,
the reflectance evaluated with a spectral calorimeter
(CM2002 from Minolta Co., Ltd.) was about 8.3% (value in
terms of the aperture ratio of 100%) with respect to a
standard diffuse plate as the reference. The contrast value of
the reflection display was 21, which was high compared with
the case of the conventional LCD devices.

[0296] No roughness of display was observed in visual
evaluation in a slanting direction in a grayscale level (level
2 in the eight levels of grayscale). On the contrary, for an
LCD device fabricated under the same conditions except
that no opening was formed in the pixel electrode nor in the
counter ¢electrode for comparison, roughness of display in a
slanting direction was eminent in a grayscale level. In
observation with an optical microscope with polarizing axes
set orthogonal to each other, axisymmetrically aligned
domains with their center axes aligned uniformly were
recognized for the LCD device having openings. For the
latter LCD device having no opening, however, the center
axes of some liquid crystal domains deviated from the
centers of the sub-pixels, and it was confirmed that this
variation in center axis position was a main cause of the
roughness of display.

[0297] The grayscale response time (time required for a
change from level 3 to level 5 in the eight levels of
grayscale) was 38 msec for the LCD device having pairs of
openings formed in the pixel electrode and the counter
electrode, and was 60 msec for the LCD device having no
opening. It was therefore confirmed that the response time in
a grayscale display could be shortened by providing open-
ings in the pixel electrode and the counter electrode. As for
the recovery of the alignment after the display panel was
pressed with a finger during application of 4V (white dis-
play), an afterimage was hardly observed on the pressed
portion (the alignment was immediately recovered from
distortion) for the LCD device having openings. On the
contrary, an afterimage was observed for several minutes for
the LCD device having no opening. A difference was there-
fore recognized in the recovery of the alignment from
distortion due to pressing. In this example, the reduction of
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the front transmittance in the transmission mode display was
only about 2% compared with the case of having no open-
ings at all. The reduction in brightness was of an insignifi-
cant level.

[0298] Thus, with the formation of the pair of openings
facing each other in the pixel electrode and the counter
electrode, obtained were the effects such as fixing/stabilizing
the positions of the center axes of the axisymmetrically
aligned domains, reducing the roughness of display in
grayscale display when viewed in a slanting direction,
improving the response speed in grayscale display, and
reducing occurrence of an afterimage due to pressing of the
display panel.

[0299] Next, an LCD device of an embodiment in the third
aspect of the present invention will be described, which
includes: a first substrate (for example, a TFT-mounted glass
substrate); a second substrate (for example, a color filter-
mounted glass substrate) placed to face the first substrate; a
liquid crystal layer (for example, a vertically aligned liquid
crystal layer) interposed between these substrates; first elec-
trodes (for example, pixel electrodes) formed on the first
substrate; a second electrode (for example, a counter elec-
trode) formed on the second substrate; and an interlayer
insulating film formed between the first electrodes and the
first substrate. The interlayer insulting film has at least one
depression for each pixel formed thereon regularly. A
depression following each depression of the interlayer insu-
lating film is therefore formed on the surface of the resultant
first substrate facing the liquid crystal layer, and, with this
depression, the directions in which liquid crystal molecules
tilt with an electric field is defined. Depending on the shape
and placement of the depressions, it is possible to form a
plurality of regions in which liquid crystal molecules tilt in
different directions with an electric field in one pixel. In this
embodiment, described will be the case that each liquid
crystal domain includes liquid crystal molecules tilting in
different directions with an electric field, forming an axi-
symmetrically aligned domain. Alternatively, the depres-
sions may be placed to form a plurality of domains in which
liquid crystal molecules tilt in the same direction within each
domain and the tilt directions are different among the
domains (preferably, to form four domains different in tilt
direction by 90° cach).

[0300] According to the present invention, an LCD device
permitting high-contrast display and a wide viewing angle
can be attained particularly when a vertically aligned liquid
crystal layer is used and a plurality of axisymmetrically
aligned domains are formed in each pixel. Therefore, in the
following description, an LCD device using a vertically
aligned liquid crystal layer (2 VA mode LCD device) is
exemplified. It should however be noted that the present
invention is not limited to this but is applicable to any LCD
devices in which at least one liquid crystal domain including
liquid crystal molecules aligned in different directions is
formed in each pixel at least when a predetermined voltage
is applied. From the standpoint of the viewing angle char-
acteristics, it is preferred to have a liquid crystal domain
including liquid crystal molecules aligned in four or more
different directions. In the following description, an axisym-
metrically aligned domain is exemplified.

[0301] In the following embodiment, a transmissive LCD
device and a transflective LCD device are described as
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examples. Note however that the present invention is also
applicable to a reflective display device.

[0302] Hereinafter, LCD devices of embodiments in the
third aspect of the present invention will be described
concretely with reference to the relevant drawings.

[0303] (Transmissive LCD Device)

[0304] A transmissive LCD device 3100 of Embodiment 1
of the present invention will be described with reference to
FIGS. 20A and 20B. FIGS. 20A and 20B diagrammatically
show one pixel of the transmissive LCD device 3100, in
which FIG. 20A is a plan view and FIG. 20B is a cross-
sectional view taken along line 20B-20B' in FIG. 20A.

[0305] Hereinafter, described will be the case that one
pixel is divided into two parts (N=2). The number of parts
into which one pixel is divided (=N) can also be three or
more depending on the pixel pitch. The effective aperture
ratio tends to decrease with increase of the number of
divided parts (=N). Therefore, for an application to a high-
definition display panel, the number of divided parts (=N) is
preferably made small. The present invention is also appli-
cable to the case involving no pixel division (this may be
expressed as N=1). Each of the divided regions may be
called a “sub-pixel”. One axisymmetrically aligned domain
is typically formed in each sub-pixel.

[0306] The LCD device 3100 includes a transparent sub-
strate (for example, a glass substrate) 31104, a transparent
substrate 31105 placed to face the transparent substrate
3110a, and a vertically aligned liquid crystal layer 3120
interposed between the transparent substrates 3110a and
3110b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 3110z and 31105 facing the
liquid erystal layer 3120. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
3120 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 3120
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0307] The LCD device 3100 further includes pixel elec-
trodes 3111 formed on the transparent substrate 3110a, an
interlayer insulating film 3115a formed between the trans-
parent substrate 3110a and the pixel electrodes 3111, and a
counter electrode 3131 formed on the transparent substrate
31105. Each pixel electrode 3111, the counter electrode 3131
and the liquid crystal layer 3120 interposed between these
electrodes define a pixel. In the illustrated example, both the
pixel electrodes 3111 and the counter electrode 3131 are
formed of a transparent conductive layer (for example, an
ITO layer). Typically, color filters 3130 (the entire of the
plurality of color filters may also be called a color filter layer
3130) provided for the respective pixels, as well as a black
matrix (shading layer) 3132 formed in the gaps between the
adjacent color filters 3130, are formed on the surface of the
transparent substrate 31105 facing the liquid crystal layer
3120, and the counter electrode 3131 is formed on the color
filters 3130 and the black matrix 3132. Alternatively, the
color filters 3130 and the black matrix 3132 may be formed
on the counter electrode 3131 (on the surface thereof facing
the liquid crystal layer 3120).

[0308] The interlayer insulating film 31154 has depres-
sions 3117 formed at predetermined positions inside the
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pixels. Each depression 3117 allows for formation of a
depression on the surface facing the liquid crystal layer, so
that the center axis of axisymmetric alignment of liquid
crystal molecules in the liquid crystal layer can be fixed/
stabilized with the effect of existence of the depression. In
the illustrated example, the pixel electrode 3111 has an
opening 3114 at the position corresponding to the depression
3117 so that the depression 3117 is located inside the
opening 3114. A tilt electric field is generated around the
opening 3114 of the pixel electrode 3111 during voltage
application, which acts to fix/stabilize the center axis of the
axisymmetric alignment together with the effect of existence
of the depression 3117. If such an opening 3114 is not
formed, a depression corresponding to the depression 3117
will be formed on the surface of the pixel electrode 3111
(and further on the surface of an alignment film formed
thereon) facing the liquid crystal layer.

[0309] The LCD device 3100 has a shading region around
each pixel, and a wall structure 3115b extends on the
transparent substrate 3110z in the shading region. The wall
structure 3115b is formed integrally with an interlayer
insulating film 31154 covering circuit elements (including
not only active elements such as switching elements but also
interconnections and electrodes; not shown in FIGS. 20A
and 20B) formed on the transparent substrate 3110a. In a
transmissive LCD device having TFTs as circuit elements,
for example, providing an interlayer insulating film permits
overlap formation of pixel electrodes 3111 with gate signal
lines and/or source signal lines, as will be described later,
and this improves the aperture ratio.

[0310] The shading region as used herein refers to a region
shaded from light due to the presence of TFTs, gate signal
lines and source signal lines formed on the peripheries of the
pixel electrodes 3111 on the transparent substrate 3110a, or
the presence of the black matrix formed on the transparent
substrate 31105, for example. Since this region does not
contribute to display, the wall structure 31155 formed in the
shading region is free from adversely affecting the display.

[0311] The illustrated wall structure 31155 is a continuous
wall surrounding the pixel. Alternatively, the wall structure
31155 may be composed of a plurality of separate walls. The
wall structure 3115h, which serves 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.

[0312] The illustrated pixel electrode 3111 has two open-
ings 3114, formed to correspond to the depressions 3117,
and four cuts 3113. When a predetermined voltage is applied
across the liquid crystal layer, two liquid crystal domains
each having axisymmetric alignment are formed, with the
center axes of the axisymmetric alignment being in or near
the depressions 3117 formed on the interlayer insulating film
3115a. As will be described later, the depressions 3117 (and
the openings 3114 of the pixel electrode 3111) act to fix the
positions of the center axes of the axisymmetric alignment.
The cuts 3113, provided near the boundaries of the axisym-
metrically aligned domains, define the directions in which
liquid crystal molecules fall with an electric field, and thus
act to form the axisymmetrically aligned domains. A tilt
electric field is generated around the cuts 3113 with the
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application of a voltage between the pixel electrode 3111
and the counter electrode 3113. With this tilt electric field,
the directions of tilt of liquid crystal molecules are defined,
to enable the action described above. In the illustrated
example, a total of four cuts 3113 are given point-symmetri-
cally with respect to the depression 3117 corresponding to
the center axis of a liquid crystal domain formed in the pixel
(in this case, the right depression as viewed from FIG. 20A)
(in this case, the entire pixel is a transmission region).

[0313] By providing the cuts 3113 as described above, the
directions in which liquid crystal molecules fall during
voltage application are defined, allowing formation of two
liquid crystal domains. The reason why no cuts are provided
on the left side of the pixel electrode 3111 as viewed from
FIG. 20A is that substantially the same function is obtained
from cuts provided on the right side of the adjacent pixel
electrode (not shown) located left to the illustrated pixel
electrode 3111, and thus cuts, which may decrease the
effective aperture ratio of the pixel, are omitted on the left
side of the pixel electrode 3111. Also, in the illustrated
example, the wall structure 3115b described above gives the
alignment regulating force. Therefore, with no cuts provided
on the left side of the pixel electrode 3111, the resultant
liquid crystal domain is as stable as a liquid crystal domain
having such cuts. Although a total of four cuts 3113 were
formed in the illustrated example, at least one cut between
the adjacent liquid crystal domains is sufficient. For
example, an elongate cut may be formed in the center of the
pixel and the other cuts may be omitted.

[0314] The shape of the depression 3117 formed roughly
in the center of each sub-pixel (liquid crystal domain) to fix
the center axes of the axisymmetrically aligned domain is
preferably circular as illustrated although not limited to this.
To exert roughly equal alignment regulating force in all
directions, the shape is preferably a polygon having four or
more sides and also preferably a regular polygon. When the
opening 3114 is formed in the pixel electrode 3111 to
correspond to the depression 3117, the shape of the opening
3114 is preferably designed in the same manner and is
preferably the same. In the illustrated example, both the
opening 3114 and the depression 3117 have the shape of a
circle.

[0315] The wall structure 31155, which is integral with the
interlayer insulating film 3115¢ having the depression 3117,
can be formed in a series of steps of forming a photosensi-
tive resin film, exposing the film to light and developing the
resultant film, for example. Specifically, for example, in the
exposure/development steps, in which a photosensitive resin
film (preferably, a positive photosensitive resin film) is
formed to cover circuit elements such as switching elements
(for example, TFTS), and contact holes (for connecting pixel
electrodes to circuit elements (for example, electrodes (con-
nection electrodes) connected to drain electrodes of TFTs)
are formed in the photosensitive resin film, the wall structure
3115b can be formed by changing the exposure amount with
regions (in some cases, no exposure is made selectively).
For example, when a positive photosensitive resin film is
used, regions thereof subjected to no exposure may be used
as the wall structure 3115b, completely exposed regions may
be used as contact holes, and intermediately exposed regions
may be used as the depressions 3117. In the illustrated
example, the pixel electrodes 3111 are formed on the regions
of the photosensitive resin film less exposed to light than the
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regions used as the depressions 3117, and as a result, the
depressions 3117 are exposed inside the openings 3114 of
the pixel electrodes 3111.

[0316] Supports 3133 for defining the thickness of the
liquid crystal layer 3120 (also called the cell gap) are
preferably formed in the shading region (in the illustrated
example, the region defined by the black matrix 3132) to
avoid degradation in display quality due to the supports.
Although the supports 3133 are formed on the wall structure
31155 provided in the shading region in the illustrated
example, the supports 3133 may be formed on either trans-
parent substrate 31104 or 3110b. In the case of forming the
supports 3133 on the wall structure 31155, setting is made
so that the sum of the height of the wall structure 3115b and
the height of the supports 3133 is equal to the thickness of
the liquid crystal layer 3120. If the supports 3133 are formed
in a region having no wall structure 3115, setting is made
so that the height of the supports 3133 is equal to the
thickness of the liquid crystal layer 3120. The supports 3133
can be formed by photolithography using a photosensitive
resin, for example.

[0317] In the LCD device 3100, when a predetermined
voltage (voltage equal to or higher than a threshold voltage)
is applied between the pixel electrode 3111 and the counter
electrode 3131, two axisymmetrically aligned domains with
their center axes stabilized in or near the depressions 3117
formed roughly in the center of the sub-pixels (axisymmetri-
cally aligned domains) (and the openings 3114) are formed.
The pair of cuts 3113 provided in the center portion of the
pixel electrode 3111 in the length direction define the
directions in which liquid crystal molecules in the two liquid
crystal domains fall with an electric field, while the wall
structure 31156 and the cuts 3133 provided at corners of the
pixel electrode 3111 define the directions in which liquid
crystal molecules in the portions of the liquid crystal
domains located near the outer edges of the pixel fall with
the electric field. The alignment regulating forces of the wall
structure 3115b, the depressions 3117 (and the openings
3114) and the cuts 3113 are considered to act cooperatively
to stabilize the alignment of the liquid crystal domains.

[0318] On the surface of the transparent substrate 3110a
facing the liquid crystal layer 3120, provided are active
elements 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 3110g, together with the circuit elements and the
pixel electrodes 3111, the wall structure 31155, the supports
3133, the alignment film and the like described above
formed on the transparent substrate 3110a, are collectively
called an active matrix substrate in some cases. Likewise,
the transparent substrate 31105, together with the color filter
layer 3130, the black matrix 3132, the counter electrode
3131, the alignment film and the like formed on the trans-
parent substrate 3110b, are collectively called a counter
substrate or a color filter substrate in some cases.

[0319] Although omitted in the above description, the
LCD device 3100 further includes a pair of polarizing plates
placed to face each other via the transparent substrates
3110a and 3110b. The polarizing plates are typically placed
so that their transmission axes are orthogonal to each other.
The LCD device 3100 may further include a biaxial optical
anisotropic medium layer and/or a uniaxial optical anisotro-
pic medium layer, as will be described later.
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[0320] Next, referring to FIGS. 21A and 21B, an example
of the structure of an active matrix substrate suitably used
for the transmissive LCD device 3100 will be described.
FIG. 21A is a partial enlarged view of the active matrix
substrate, and FIG. 21B is a cross-sectional view taken
along line X-X' in FIG. 21A. The active matrix substrate
shown in FIGS. 21A and 21B can be the same in construc-
tion as the active matrix substrate shown in FIGS. 20A and
20B, except that the number of the cuts 3113 is small.

[0321] The active matrix substrate shown in FIGS. 21A
and 21B has a transparent substrate 3110a made of a glass
substrate, for example. Gate signal lines 3002 and source
signal lines 3003 run on the transparent substrate 3110a to
cross each other at right angles. TFTs 3004 are formed near
the crossings of these signal lines 3002 and 3003. Drain
electrodes 3005 of the TFTs 3004 are connected to corre-
sponding pixel electrodes 3111.

[0322] The active matrix substrate has an interlayer insu-
lating film 3115a covering the gate signal lines 3002, the
source signal lines 3003 and the TFTs 3004. Depressions
3117 are formed on the interlayer insulating film 3115¢ so as
to be located roughly in the center of axisymmetrically
aligned domains formed in the pixels. A wall structure 3115b
is formed integrally with the interlayer insulating film 31154
to surround each pixel. Therefore, the interlayer insulating
film 31154 and the wall structure 31156 can be formed of a
single photosensitive resin film 3115 in a series of process
steps, and thus can be fabricated in a simple process.

[0323] The pixel electrodes 3111, which are transparent
electrodes formed of a transparent conductive layer such as
an ITO layer, are formed on the interlayer insulating film
3115a. Each pixel electrode 3111 is connected, at a contact
portion 3111z thereof in a contact hole formed in the
interlayer insulating film 31154, to the corresponding drain
electrode 3005. Cuts 3113 and openings 3114 are formed at
predetermined positions of the pixel electrode 3111 for
control of the alignment of axisymmetrically aligned
domains as described above. Inside the openings 3114, the
depressions 3117 are exposed.

[0324] The pixel electrode 3111 overlaps the gate signal
line for the next row via a gate insulating film 3009. Each
TFT 3004 has a multilayer structure including the gate
insulating film 3009, a semiconductor layer 3012s, a channel
protection layer 3012c and an n*-Si layer 3011sd (source/
drain electrodes) formed in this order on a gate electrode
3010 branched from the gate signal line 3002.

[0325] The illustrated TFT is of a bottom gate type. The
TFT is not limited to this type, but a top gate type TFT may
also be used. Any switching elements other than the TFT (for
example, MIM) may be used.

[0326] Inthe LCD 3100, the depressions 3117 are formed
on the interlayer insulating film 115¢ on the transparent
substrate 110a, and also the wall structure 31154 is formed
integrally with the interlayer insulating film 3115. Moreover,
the openings 3114 and the cuts 3113 are formed in the pixel
electrodes 3111 formed on the interlayer insulating film
3115a. That is, the entire alignment regulating structure for
formation of the axisymmetrically aligned domains is
formed on the transparent substrate 3110a, with no align-
ment regulating structure being provided on the counter
substrate 31105, This embodiment is therefore advantageous
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in that stable axisymmetrically aligned domains can be
formed with such a simple construction. Alternatively, the
counter substrate 311006 may also be provided with an
alignment regulating structure, as in an LCD device 3100’
shown in FIG. 22, for example. With this construction, the
alignment of liquid crystal molecules can be further stabi-
lized.

[0327] The LCD device 3100' is substantially the same in
construction as the LCD device 3100, except that the counter
electrode 3131 has openings 3114'. Therefore, the common
components are denoted by the same reference numerals,
and the description thereof is omitted here.

[0328] 1Inthe LCD 3100, the openings 3114' formed in the
counter electrode 3131 are located at positions roughly
coinciding the depressions 3117 and the openings 3114
formed in the pixel electrodes 3111 as viewed from the
normal to the substrate plane, and thus the plan view of the
LCD device 3100' is substantially the same as FIG. 20A.
Each of the thus-formed openings 3114' acts to fix/stabilize
the center axis of axisymmetric alignment together with the
corresponding depression 3117 and opening 3114 formed in
the pixel electrode 3111. As a result, the alignment of the
axisymmetrically aligned domains is further stabilized.

[0329] Tt is preferred not to provide a structural alignment
regulating means such as a wall structure on the counter
substrate 31105. Unlike the openings and the cuts formed in
the electrodes, formation of a wall structure and the like
disadvantageously increases the fabrication steps and thus
increases the cost. The cuts 3113 are provided to define the
directions in which liquid crystal molecules fall with an
electric field cooperatively with the anchoring action of the
side faces of the wall structure, unlike the depressions acting
to fix the center axes. Therefore, the cuts 3113 are preferably
provided only on the substrate 3110z on which the wall
structure 31155 is placed.

[0330] (Transflective LCD Device)

[0331] Next, a transflective LCD device 3200 of an
embodiment in the third aspect of the present invention will
be described with reference to FIGS. 23A and 23B.

[0332] FIGS. 23A and 23B diagrammatically show one
pixel of the transflective LCD device 3200 in the third aspect
of the present invention, in which FIG. 23A is a plan view
and FIG. 23B is a cross-sectional view taken along line
23B-23B' in FIG. 23A.

[0333] The LCD device 3200 includes a transparent sub-
strate (for example, a glass substrate) 3210a, a transparent
substrate 32105 placed to face the transparent substrate
3210a, and a vertically aligned liquid crystal layer 3220
interposed between the transparent substrates 3210q and
3210b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 32104 and 32106 facing the
liquid crystal layer 3220. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
3220 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 3220
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0334] The LCD device 3200 further includes pixel elec-
trodes 3211 formed on the transparent substrate 3210z and
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a counter electrode 3231 formed on the transparent substrate
3210b. Each pixel electrode 3211, the counter electrode
3231 and the liquid crystal layer 3220 interposed between
these electrodes define a pixel. Circuit elements such as
TFTs are formed on the transparent substrate 3210a as will
be described later. Herein, the transparent substrate 32102
and the components formed thereon are collectively called
an active matrix substrate 3210a in some cases.

[0335] Typically, color filters 3230 (the entire of the
plurality of color filters may also be referred to as a color
filter layer 3230) provided for the respective pixels, as well
as a black matrix (shading layer) 3232 provided in the gaps
between the adjacent color filters 3230, are formed on the
surface of the transparent substrate 32105 facing the liquid
crystal layer 3220, and the counter electrode 3231 is formed
on the color filters 3230 and the black matrix 3232. Alter-
natively, the color filters 3230 and the black matrix 3232
may be formed on the counter electrode 3231 (on the surface
thereof facing the liquid crystal layer 3220). Herein, the
transparent substrate 32100 and the components formed
thereon are collectively called a counter substrate (color
filter substrate) 32105 in some cases.

[0336] Each pixel electrode 3211 includes a transparent
electrode 3211a formed of a transparent conductive layer
(for example, an ITO layer) and a reflective electrode 3211b
formed of a metal layer (for example, an Al layer, an
Al-including alloy layer, and a multilayer film including any
of these layers). Having such a pixel electrode, each pixel
includes a transmission region A defined by the transparent
electrode 3211¢ and a reflection region B defined by the
reflective electrode 32115, to provide display in the trans-
mission mode and display in the reflection mode, respec-
tively.

[0337] The LCD device 3200 has a shading region around
each pixel, and a wall structure 3215b extends on the
transparent substrate 3210« in the shading region. Also, the
active matrix substrate 3210a has depressions 3117 on an
interlayer insulating film 3215a roughly in the center of
sub-pixels (liquid crystal domains). The wall structure
3215b, regularly placed to surround the pixels, is formed
integrally with the interlayer insulating film 32154 covering
circuit elements (including not only active elements such as
switching elements but also interconnections and electrodes;
not shown in FIGS. 23A and 23B) formed on the transpar-
ent substrate 3210a. In a transmissive LCD device having
TFTs as circuit elements, for example, providing an inter-
layer insulating film permits overlap formation of pixel
electrodes with gate signal lines and/or source signal lines,
as will be described later, and this improves the aperture
ratio.

[0338] Since the shading region does not contribute to
display, the wall structure 3215b formed in the shading
region is free from adversely affecting the display. The wall
structure 3215b shown in the illustrated example is a con-
tinuous wall surrounding the pixel. Alternatively, the wall
structure 3215b may be composed of a plurality of separate
walls. The wall structure 3215b, which serves to define a
boundary of a liquid crystal domain located near the outer
edge of the pixel, should preferably have a length of some
extent. For example, when the wall structure 3215b is
composed of a plurality of walls, each wall is preferably
longer than the gap between the adjacent walls.
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[0339] The transparent electrode 3211a of the illustrated
pixel electrode 3211 has openings 3214 formed to corre-
spond to the depressions 3217 and four cuts 3213, and the
reflective electrode 32115 thereof has one opening 3214.
When a predetermined voltage is applied across the liquid
crystal layer, three liquid crystal domains each having
axisymmetric alignment are formed, with the center axes of
the axisymmetric alignment being in or near the depressions
3217 and the openings 3214. As will be described later, the
depression 3217 formed roughly in the center of each
sub-pixel acts to fix the position of the center axis of the
axisymmetric alignment. The cuts 3213 act to define the
directions in which liquid crystal molecules in the axisym-
metrically aligned domains fall with an electric field. A tilt
electric field is generated around the openings 3214 and the
cuts 3213 with the application of a voltage between the pixel
electrode 3211 and the counter electrode 3213. With this tilt
electric field, the directions of tilt of liquid crystal molecules
are defined, to enable the action described above. The
depression 3217 defines the direction of tilt of liquid crystal
molecules with the effect of its shape.

[0340] In the illustrated example, a total of four cuts 3213
are given point-symmetrically with respect to the depression
corresponding to the center axis of a liquid crystal domain
formed in the transmission region A of the pixel (in the
illustrated example, the right depression as viewed from
FIG. 23A). With these cuts 3213, the directions in which
liquid crystal molecules fall during voltage application are
defined, resulting in formation of three liquid crystal
domains. The positions and preferred shapes of the depres-
sions 3117, the openings 3214 and the cuts 3213 are the
same as those described above in relation to the transmissive
LCD device 3100. In the example illustrated in FIGS. 23A
and 23B, 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 character-
istics and the stability of alignment.

[0341] Supports 3233 for defining the thickness of the
liquid crystal layer 3220 (also called the cell gap) should
preferably be formed in the shading region (in the illustrated
example, the region defined by the black matrix 3232) to
avoid degradation of the display quality due to the supports.
Although the supports 3233 are formed on the wall structure
3215b provided in the shading region in the illustrated
example, the supports 3233 may be formed on either trans-
parent substrate 3210a or 32105. In the case of forming the
supports 3233 on the wall structure 32155, setting is made
so that the sum of the height of the wall structure 3215b and
the height of the supports 3233 is equal to the thickness of
the liquid crystal layer 3220. If the supports 3233 are formed
in a region having no wall structure 3215b, setting is made
so that the height of the supports 3233 is equal to the
thickness of the liquid crystal layer 3220.

[0342] In the LCD device 3200, when a predetermined
voltage (voltage equal to or higher than a threshold voltage)
is applied between the pixel electrode 3211 and the counter
electrode 3231, three axisymmetrically aligned domains
with their center axes stabilized in or near the three openings
3214 and the depressions 3217 are formed. The four cuts
3213 provided in the pixel electrode 3211 define the direc-
tions in which liquid crystal molecules in the three adjacent
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liquid crystal domains fall with an electric field, and the wall
structure 3215b stabilizes boundaries of the liquid crystal
domains located near the outer edges of the pixel.

[0343] A preferred construction specific to the transflec-
tive LCD device 3200 permitting both the transmission-
mode display and the reflection-mode display will be
described.

[0344] While light used for display passes through the
liquid crystal layer once in the transmission-mode display, it
passes through the liquid crystal layer 3220 twice in the
reflection-mode display. Accordingly, as diagrammatically
shown in FIG. 23B, the thickness dt of the liquid crystal
layer 3220 in the transmission region A is preferably set
roughly double the thickness dr of the liquid crystal layer
3220 in the reflection region B. By setting in this way, the
retardation given to the light by the liquid crystal layer 3220
can be 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 dt is
satisfied. Naturally, dt=dr may be satisfied depending on the
use.

[0345] In the LCD device 3200, a transparent dielectric
layer 3234 is provided on the glass substrate 32105 only in
the reflection region B to make the thickness of the liquid
crystal layer 3220 in the reflection region B smaller than that
in the transmission region A. This construction eliminates
the necessity of providing a step by forming an insulating
film and the like under the reflective electrode 32115, and
thus has an advantage of simplifying the fabrication of the
active matrix substrate 3210a. If the reflective electrode
32115 is formed on such an insulting film provided to give
a step for adjusting the thickness of the liquid crystal layer
3220, light used for transmission display will be shaded with
the reflective electrode covering a slope (tapered face) of the
insulating film, or light reflected from the reflective elec-
trode formed on a 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.

[0346] If the ransparent dielectric layer 3234 is provided
with a function of scattering light (diffuse reflection func-
tion), white display close to good paper white can be
realized without the necessity of providing the reflective
electrode 32115 with the diffuse reflection function. Such
white display close to paper white can also be realized by
making the surface of the reflective electrode 32115 uneven,
and in this case, no light scattering function is necessary for
the transparent dielectric layer 3234. However, the uneven
surface may fail to stabilize the position of the center axis of
the axisymmetric alignment depending on the shape of the
uneven surface. On the contrary, by combining the trans-
parent dielectric layer 3234 having the light scattering
function and the reflective electrode 32115 having a flat
surface, the position of the center axis can be stabilized with
the opening 3214 formed in the reflective electrode 3211h
more reliably. Note that in the case of making the surface of
the reflective electrode 32115 uneven to provide the reflec-
tive electrode 32115 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 so that the center axis of the axisymmetric
alignment can be stabilized.
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[0347] While light used for display passes through the
color filter layer 3230 once in the transmission mode, it
passes through the color filter layer 3230 twice in the
reflection mode. Accordingly, if the color filter layer 3230
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 problem, the optical density of the 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.

[0348] Next, referring to FIGS. 24 and 25, an example of
the structure of an active matrix substrate suitably used for
the transflective LCD device will be described. FIG. 24 is a
partial enlarged view of the active matrix substrate, and
FIG. 25 is a cross-sectional view taken along line X-X' in
FIG. 24. The active matrix substrate shown in FIGS. 24 and
25 can be the same in construction as the active matrix
substrate shown in FIGS. 23A and 23B, except that one
liquid crystal domain is formed in the transmission region A
(that is, the numbers of the openings 3214, the depressions
3217 (only in the transmission region) and the cuts 3213 are
reduced). Thus, the common components are denoted by the
same reference numerals.

[0349] The active matrix substrate shown in FIGS. 24 and
25 has a transparent substrate 3210z made of a glass
substrate, for example. Gate signal lines 3002 and source
signal lines 3003 run on the transparent substrate 3210z to
cross each other at right angles. TFTs 3004 are formed near
the crossings of these signal lines 3002 and 3003. Drain
electrodes 3005 of the TFTs 3004 are connected to corre-
sponding pixel electrodes 3211.

[0350] Each of the pixel electrodes 3211 includes a trans-
parent electrode 3211¢ made of a transparent conductive
layer such as an ITO layer and a reflective electrode 3211b
made of Al and the like. The transparent electrode 3211a
defines a transmission region A, and the reflective electrode
32115 defines a reflection region B. A transparent dielectric
layer may be formed on the reflective electrode 32115 as
required.

[0351] The pixel electrodes 3211 are formed on an inter-
layer insulating film 3215a. Each pixel electrode 3211
(transparent electrode 32114) is connected, at the contact
portion thereof in a contact hole formed in the interlayer
insulating film 32154, to a connection electrode 3025 that is
connected to the drain electrode 3005. The reflective elec-
trode 32115 is connected to the transparent electrode 32114.

[0352] The pixel electrode 3211 may extend up to on the
slopes of a wall structure 3215b that is integrally formed
with the interlayer insulating film 3215a. By this extension
of the pixel electrode 3211 to the wall structure 32155, the
directions in which liquid crystal molecules in the liquid
crystal layer tilt during voltage application can be efficiently
regulated. Openings 3214 for fixing/stabilizing the center
axis of axisymmetric alignment and cuts 3213 for control-
ling the alignment of axisymmetrically aligned domains are
formed at predetermined positions of the pixel electrode
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3211. The connection electrode 3025 constitutes a storage
capacitance together with a storage capacitance line (storage
capacitance electrode) formed to face the connection elec-
trode 3025 via a gate insulating film 3009. The storage
capacitance line runs in parallel with the gate signal line
3002 under the reflective electrode 32115, for example. The
same signal (common signal) as that applied to the counter
electrode formed on the color filter substrate, for example, is
applied to the storage capacitance line.

[0353] The reflective electrode 3211b of the transflective
LCD device of this embodiment has the surface of an uneven
shape, and thus exhibits excellent diffuse reflection charac-
teristics. The uneven shape of the surface of the reflective
electrode 32115 is a reflection of an uneven shape given to
the surface of the interlayer insulating film 3215a.

[0354] The interlayer insulating film 3215a has depres-
sions 3217 formed regularly roughly in the center of the
sub-pixels (liquid crystal domains) and is formed integrally
with the wall structure 3215b. The interlayer insulating film
3215 has a region having an essentially flat surface (called
a “first region” in some cases) and a region having a surface
of an uneven shape (called a “second region” in some cases).
The transparent electrode 3211« is formed on the first region
having a flat surface, and the reflective electrode 3211b is
formed on the second region having an uneven surface.

[0355] Such an interlayer insulating film 32154, which is
formed integrally with the wall structure 32156 and includes
the depressions 3217 and also the region having an uneven
surface (uneven portion 215c¢), can be formed from a single
photosensitive resin film, as will be described later, and thus
the fabrication process can be simpler than the conventional
ones.

[0356] The pixel electrode 3211 overlaps the gate signal
line 3002 for the next row via the gate insulating film 3009.
The TFT 3004 has a multilayer structure including the gate
insulating film 3009, a semiconductor layer 3012s, a channel
protection layer 3012c and an n*-Si layer 3011sd (source/
drain electrodes) formed in this order on a gate electrode
3010 branched from the gate signal line 3002.

[0357] The illustrated TFT is of a bottom gate type. The
TFT is not limited to this type, but a top gate type TFT can
also be used. Any switching elements other than the TET (for
example, MIM) may also be used.

[0358] As described above, like the LCD 3100, the LCD
3200 having the construction shown in FIGS. 23A and 23B
has the effect that the alignment of liquid crystal molecules
can be stabilized sufficiently with a comparatively simple
construction having the axisymmetric alignment regulating
structure formed on only one substrate (that is, the depres-
sions 3217 and the wall structure 3215b formed on the
interlayer insulating film and the cuts 3213 formed in the
pixel electrode 3211). As in the transmissive LCD device
3100' shown in FIG. 22, the transflective LCD device 3200
may be provided with an alignment regulating structure also
on the counter substrate, to thereby further stabilize the
alignment. Note however that for the reason described
above, the alignment regulating structure provided on the
counter substrate preferably includes only openings for
fixing the center axis of the axisymmetric alignment.

[0359] Also, in the LCD device 3200, the display bright-
ness and color purity in both the transmission mode and the
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reflection mode can be improved by providing the transpar-
ent dielectric layer 3234 and/or the color filter layer 3230 in
the manner described above.

[0360] Next, referring to FIGS. 26A to 27F, a method for
forming the interlayer insulating film 32154 having the
depressions 3217 and the wall structure 3215h will be
described in detail. Note that in FIGS. 25 and 26A to 27F,
the transparent substrate 3210« and the circuit elements such
as the TFTs and the signal lines formed on the transparent

substrate 3210a are collectively called a “circuit substrate
3210A”7.

[0361] First, as shown in FIG. 26A, the circuit substrate
3210A having predetermined circuit elements such as TFTs
formed therein is prepared, and a positive photosensitive
resin film 3215 (for example, OFPR-800 from Tokyo Ohka
Kogyo Co., LTD.) is formed to a thickness of 4.5 um, for
example, to cover the circuit elements.

[0362] As shown in FIG. 26B, the photosensitive resin
film is exposed to light. In this light exposure, regions
having different exposures are formed in the photosensitive
resin film. That is, light exposure is hardly made for regions
that are to be the wall structure 3215b (regions shaded with
source signal lines, gate signal lines and the like) and regions
of which the surfaces are made uneven (regions on which the
reflective electrodes are formed) (almost zero exposure),
while exposure of a predetermined amount of light is made
for the other regions (non-full intermediate exposure).

[0363] Specifically, the photosensitive resin film 3215 is
exposed to light via a photomask 3052 having shading
portions 30524 at positions corresponding to projections
(projections of the uneven surfaces) in the reflection regions
and the wall structure. The remaining portions of the pho-
tomask 30352 are transmitting portions 3052b. The shading
portions 30524 for projections in the reflection regions, each
in the shape of a circle or a polygon, for example, are
arranged randomly at a predetermined density at predeter-
mined inter-center intervals (5 to 30 um). The projections
may be arranged in such a degree of randomness that can
suppress generation of interference colors. An extra-high
voltage mercury lamp (for example, i-line illuminance: 20 to
50 mW), for example, is used as the light source, to perform
uniform exposure (illumination time: 1 to 4 seconds). The
exposure is preferably about 20 to 100 mJ/cm?.

[0364] As shown in FIG. 26C, the photosensitive resin
film 3215 is uniformly exposed to light via a photomask
3062 having transmitting portions 30625 corresponding to
the contact holes, transmitting portions 3062¢ for forming
the depressions 3217 at predetermined positions inside the
pixels, and shading portions 30624 for the remaining por-
tions (illumination time: 10 to 15 seconds). The exposure is
preferably about 200 to 500 mJ/cm®. The regions that are to
be the contact holes and the depressions belonged to the
other regions in the preceding exposure step.

[0365] The irradiation diameter of the transmitting por-
tions 3062¢ for formation of the depressions is set to be
smaller than that of the transmitting portions 30625 for
formation of the contact holes (for example, set to be a half
or less of the mask diameter for the contact holes). With this
setting, the depressions having a predetermined depth, not
extending through the interlayer insulating film to reach the
underlying connection electrode, can be obtained in a one-
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stage contact hole formation exposure step. The thickness of
the interlayer insulating film Id and the depth h of the
depressions preferably satisfy the relationship h<0.8:Id. This
will be described later in detail.

[0366] Alternatively, an exposure step for formation of the
depressions may be added prior to the step for formation of
the contact holes to give a series of exposure steps, to
thereby provide the interlayer insulating film in the multi-
stage shape.

[0367] As shown in FIG. 26D, the photosensitive resin
film 3215 is developed with a tetramethylammonium
hydroxide (TMAH) developer, for example, under predeter-
mined conditions. For example, the regions of the resin film
subjected to a high exposure are completely removed (con-
tact holes 3229 are formed), the regions of the resin film
subjected to no exposure are left by about 90% (the wall
structure and the projections are formed), and the regions of
the resin film subjected to a low exposure are left by about
40% (the depressions 3217 are formed).

[0368] As shown in FIG. 26K, the resultant photosensitive
resin film 3215 are dried and baked as required. The baking
is made at 200° C., for example. With this baking, the
portions of the resin in the reflection regions having a
plurality of minute projections, denoted by 32135c¢', are
changed to the mildly uneven portions 3215¢ by thermal
deformation and the like. The reflective electrodes 3211h
having such a mildly uneven surface can suppress genera-
tion of interference colors and thus exhibit good diffuse
reflection characteristics.

[0369] As described above, by performing the combined
continuous exposure steps and the subsequent development
step, obtained is the interlayer insulating film 3215¢ that is
integral with the wall structure 3215b and has the uneven
portions 3215¢ having fine projections and depressions, the
depressions 3217 regularly formed roughly in the center of
liquid crystal domains in pixels, and the contact holes 3229.

[0370] In the exposure steps described above, the regions
having different exposures were formed by adjusting the
illumination time with regions and using the photomasks
having transmitting portions and shading portions. Alterna-
tively, the exposure may be made with a grayscale mask
having a continuously varying gradation pattern, to form an
interlayer insulating film of which the surface has a con-
tinuously varying shape.

[0371] Otherwise, in the exposure steps, different photo-
masks having shading portions corresponding to the wall
structure and corresponding to the depressions only may be
used, and the different exposure steps may be performed
prior to the exposure step for formation of the contact holes.

[0372] As shown in FIG. 26F, the pixel electrodes 3211
are formed on the interlayer insulating film 32154 and the
wall structure 3215b formed in the steps described above.
For example, the transparent electrodes 3211a are formed by
depositing a transparent conductive film (for example, an
ITO film) to a predetermined thickness (for example, 100
nm) by sputtering and patterning the deposited film. The
reflective electrodes 3211b are formed by depositing a
reflective electrode film (for example, an Al thin film) to a
predetermined thickness (for example, 180 nm) by sputter-
ing and patterning the deposited film. During the formation
of the electrodes 3211a and 32115, the openings 3214 and
the cuts 3213 are formed.
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[0373] In this embodiment, the wall structure 3215b and
the fine projections and depressions in the reflection regions
are formed in the same layer as the interlayer insulating film
32154 having the depressions 3217 inside the pixels, and the
pixel electrodes are formed on this layer. Therefore, the pixel
electrodes can also be formed on the wall structure, in
particular, on the side slopes of the wall structure 32155 on
the pixel side. With this extended formation of the pixel
electrodes 3211 on the side slopes of the wall structure
3215h, the electric field (electric lines of force) in the
vicinity of the side faces of the wall structure 32155 is
distorted. By using this effect, together with the structural
alignment regulating force of the wall structure 3215b, the
directions of tilt of liquid crystal molecules can be efficiently
regulated.

[0374] A transparent electrode film may be formed on
each reflective electrode 32115 as required. Formation of
such a transparent electrode film can reduce a difference in
potential difference (electrode potential difference) between
the reflection regions and the transmission regions. The
material used for such a transparent electrode film is pref-
erably the same as that for the transparent electrodes 3211q.

[0375] As described above, in the fabrication method of
this embodiment, the uneven surfaces for giving the diffuse
reflection characteristics, as well as the depressions formed
regularly inside the pixels and the wall structure formed
outside the pixels both as the alignment control structure,
can be formed by only performing the photolithography
process for a single photosensitive resin film. Thus, effective
cost reduction is attained.

[0376] Vertical alignment films are formed on the thus-
obtained active matrix substrate and the counter substrate
(color filter substrate) under predetermined conditions.
These substrates are then bonded together via a sealing resin,
and a liquid crystal material having negative dielectric
anisotropy is sealed in the gap between the substrates, to
obtain the LCD device of the present invention. Known
methods can be used to realize these fabrication steps, and
thus description thereof is omitted here.

[0377] The fabrication method for the transflective LCD
device was exemplified to describe the fabrication method of
the present invention. Naturally, the technology described
above in which the wall structure as an alignment regulating
structure for liquid crystal domains, the depressions pro-
vided in the center of the liquid crystal domains, the contact
holes and the like are formed together during formation of
the interlayer insulating film in combined continuous pro-
cess steps can also be applied to the fabrication of trans-
missive LCD devices and reflective LCD devices. By adopt-
ing this technology, the process can be made simpler than
conventionally attained, providing the effects such as cost
reduction and reduction of the tact time.

[0378] A preferred configuration of the depressions regu-
larly provided roughly in the center of the liquid crystal
domains inside the pixels will be described with reference to
FIGS. 27 and 28.

[0379] As diagrammatically shown in FIG. 27, the pitch
Ps (um) of the pixels arranged in a matrix in the shorter side
direction and the maximum inner diameter/width De (um) of
the depression preferably satisfy the relationship
Dc<0.35-Ps. The maximum inner diameter/width Dc is
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defined as the diameter when the depression is a circle and
the length of the longest straight line that can be drawn
inside the depression when the depression is of any other
shape.

[0380] FIG. 28 is a graph showing the relationship
between the maximum inner diameter/width Dc of the
depression and the effective aperture ratio. The effective
aperture ratio tends to decrease with formation of the
depressions. As long as the decrease in aperture ratio is equal
to or less than 10%, the decrease in brightness as the LCD
device can be substantially compensated by optimizing the
optical design of the liquid crystal layer. Therefore, the
lower limit of the aperture ratio set when the depressions are
formed is determined as 90%. From FIG. 28, it is found that
to satisfy this condition, the maximum inner diameter/width
Dc (um) of the depression must satisfy the relationship
Dc<0.35:Ps. Specifically, for the pixels having a pitch of 50
um in the shorter side direction, for example, the maximum
inner diameter of the depression is preferably 17 um or less,
more preferably 10 um or less (Dc 0.2 Ps). If the maximum
inner diameter exceeds this value, the decrease of the
effective aperture ratio will exceed 10%, resulting in sig-
nificant reduction in the brightness of the panel and thus
deterioration in display quality.

[0381] The depth h (um) of the depression and the thick-
ness Id (um) of the interlayer insulating film preferably
satisfy the relationship h<0.8'Id, as will be described later
with experimental examples. If the depth of the depression
is greater than this defined value, liquid crystal molecules
increasingly tend to tilt along the step faces in the liquid
crystal domains. This gives birefringence, causing light
leakage near the depressions and thus reduction in contrast
ratio. Also, with increase of the depth h of the depression, the
thickness of the liquid crystal layer locally increases, caus-
ing variations in the characteristics of write to the liquid
crystal layer (charging characteristics), and this gives a
cause of variations in display characteristics. The depth h of
the depression is more preferably h<0.6-1d.

[0382] Next, referring to FIGS. 29A and 29B, a preferred
shape of the wall structure 3215b and the interlayer insu-
lating film 3215¢ will be described in detail. FIG. 29A is a
cross-sectional view taken along line 29A-29A' in FIG.
23A, and FIG. 29B is a partial enlarged cross-sectional view
of the portion encircled with the dashed line in FIG. 29A.

[0383] In this embodiment of the present invention, the
interlayer insulating film 3215g overlying the switching
elements, the depressions 3217 and the wall structure 3215b
are formed integrally with one another in the combined
exposure steps. Therefore, as diagrammatically shown in
FIGS. 29A and 29B, the cross section of the wall structure
3215b and the interlayer insulating film 3215« vertical to the
first substrate 32102 gives a continuous shape having a
bottom 3215B in a region in which the center axis of the
axisymmetric alignment of the liquid crystal domain is
formed. In the illustrated example, the pixel electrode 32114
has the depression 3217 for fixing/stabilizing the position of
the center axis of the axisymmetrically aligned domain.
Therefore, the bottom 3215B of the cross-sectional shape of
the interlayer insulating film 3215¢ is at the position corre-
sponding to the depression 3217.

[0384] Thus, the side slopes 3215S of the wall structure
3215b and the top surface of the interlayer insulating film
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32154 give a continuous crater shape. With the pixel elec-
trode 3211 and the vertical alignment film formed on the
crater-shaped surface, the alignment of the axisymmetrically
aligned domain can be further stabilized. As a result, the
following effects can be obtained. That is, the response
characteristics in grayscale levels can be improved, the
roughness in display in grayscale levels can be reduced, and
a distortion in alignment occurring with pressing of a liquid
crystal panel, if any, can be cleared in a short time. The
alignment stabilizing effect related to the crater shape is
obtained because the surfaces of the pixel electrode and the
vertical alignment film are in a crater shape. More specifi-
cally, the pixel electrode having the crater-shaped surface
generates an electric field tilted around the bottom of the
crater as the center in the liquid crystal layer. The vertical
alignment film having the crater-shaped surface exerts its
alignment regulating force so as to tilt liquid crystal mol-
ecules around the bottom of the crater as the center. In this
way, with the additional alignment regulating force origi-
nating from the crater shape, the axisymmetrically aligned
domain is further stabilized. Effective exertion of this effect
is expected by placing the depressions regularly roughly in
the center of the liquid crystal domains inside the pixels, and
in this way, the stabilization of the axisymmetric alignment
and the fixation of the center axes work more effectively.
The crater shape can be controlled by adjusting the condi-
tions such as the temperature and time of heat treatment after
the patterning of the photosensitive resin film for forming
the interlayer insulating film 32154 and the wall structure
3215b.

[0385] As is diagrammatically shown in FIG. 29B, the tilt
angle a of the side face 3215S of the wall structure 3215b
with respect to the surface of the substrate 3210a is prefer-
ably 45° or less, more preferably 25° or less.

[0386] The vertical alignment film (not shown), which is
also formed on the side face 3215S of the wall structure
32155, has the force of regulating liquid crystal molecules to
be aligned vertical to the surface thereof. Accordingly, liquid
crystal molecules existing on the side face 3215S are aligned
in a direction tilted with respect to the surface of the
substrate 3210a. The degree of the tilt of the liquid crystal
molecules is higher as the tilt angle o of the side face 32158
is larger. Since the alignment regulating force of the vertical
alignment film acts irrespective of application of a voltage,
light leakage occurs due to the tilted liquid crystal molecules
near the side face 3215S in the black display state. The
contrast ratio therefore decreases when the tilt angle o of the
wall structure 3215b is excessively large. To suppress this
decrease in contrast ratio, the tilt angle o is preferably 45°
or less, more preferably 25° or less. If the tilt angle a exceeds
45°, the alignment may become unstable because the verti-
cal alignment of the liquid crystal molecules is weakened.
To obtain the alignment stabilizing effect, however, the tilt
angle a. 1s preferably 3° or more, more preferably 5° or more.

[0387] The design parameters for the depressions 3217
and the like formed at the formation of the interlayer
insulating film 32154 were described as being used for the
transflective LCD device. These parameters are also appli-
cable to transmission LCD devices and reflective LCD
devices.

[0388]

[0389] The reason why the LCD device having a vertically
aligned liquid crystal layer in the third aspect of the present

[Operation Principle]
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invention has excellent wide viewing angle characteristics
will be described with reference to FIGS. 30A and 30B.

[0390] FIGS. 30A and 30B are views for demonstrating
how the alignment regulating forces of a depression 3016¢
formed on an interlayer insulating film 3016¢, a wall struc-
ture 30165 formed integrally with the interlayer insulating
film 30164, and an opening 30064 formed in a pixel elec-
trode 3006 act, in which FIG. 30A diagrammatically shows
the aligned state of liquid crystal molecules during non-
voltage application and FIG. 30B diagrammatically shows
that during voltage application. The state shown in FIG. 30B
is for display of a grayscale level.

[0391] The LCD device shown in FIGS. 30A and 30B
includes the interlayer insulating film 30164, the pixel
electrode 3006 having the opening 3006z and an alignment
film 3012 formed in this order on a transparent substrate
3001. A depression is formed on the surface of the trans-
parent substrate 3001 (alignment film 3012) facing a liquid
crystal layer 3020 in correspondence with the depression
3016c. The LCD device also includes a color filter layer
3018, a counter electrode 3019 and an alignment film 3032
formed in this order on another transparent substrate 3017.
The liquid crystal layer 3020 interposed between the two
substrates includes liquid crystal molecules 3021 having
negative dielectric anisotropy.

[0392] As shown in FIG. 30A, during non-voltage appli-
cation, the liquid crystal molecules 3021 are aligned roughly
vertical to the substrate surface with the alignment regulat-
ing force of the vertical alignment films 3012 and 3032.
Note however that the liquid crystal molecules existing near
the wall structure 3016b (typically, covered with the vertical
alignment film) and those existing in the depression 3016¢
tilt with respect to the substrate plane because these liquid
crystal molecules are aligned roughly vertical to the side
slopes of the wall structure 30165 and the depression 3016¢.
That is, the wall structure 30165 and the depression 3016¢
define the directions in which the liquid crystal molecules
tilt.

[0393] As shown in FIG. 30B, during voltage application,
the liquid crystal molecules 3021 having negative dielectric
anisotropy attempt to make their major axes vertical to
electric lines of force, and thus the directions in which the
liquid crystal molecules 3021 fall are defined with a tilt
electric field generated around the opening 30064. There-
fore, the liquid crystal molecules 3021 are aligned axisym-
metrically around the opening 3006a as the center. In the
thus-formed axisymmetrically aligned domains, liquid crys-
tal directors are aligned in all directions (direction in the
substrate plane), and thus, excellent viewing angle charac-
teristics can be obtained. The force regulating the tilt direc-
tions of the liquid crystal molecules given by the tilt electric
field and the wall structure is more intense in the periphery
of each pixel, and the tilting of the liquid crystal molecules
under this influence tends to propagate toward the center of
the pixel. As a result, the center axis is easily stabilized
around the depression in the center of the pixel (sub-pixel).

[0394] Although the action given by the tilt electric field
generated around the opening 3006a was referred to in the
above description, a tilt electric field is also generated
around cuts formed at edges of the pixel electrode 3006, and
the directions of tilt of the liquid crystal molecules 3021 are
also defined with this tilt electric field. With the combined
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action of the alignment regulating force of this tilt electric
field and the alignment regulating force of the wall structure
30165, the center axis is fixed more stably in the center of
the liquid crystal domain during voltage application.

[0395] Hereinafter, specific examples of the LCD device
in the third aspect of the present invention will be described.
The LCD device of an embodiment in the third aspect of the
present invention has the construction shown in FIG. 9, for
example. As the liquid crystal panel 1050, one having the
same construction as that of the LCD device 3200 shown in
FIGS. 23A and 23B was used.

EXAMPLE 1

[0396] An LCD device was fabricated using an active
matrix substrate having the construction shown in FIG. 25
and a color filter substrate having a color filter layer,
transparent dielectric layers 3234 and a counter electrode
placed to face the active matrix substrate.

[0397] In the active matrix substrate in this example, the
interlayer insulating film and the wall structure were formed
in the process described above under the following exposure
conditions.

[0398] The first exposure step for forming the uneven
shape and the wall structure on a positive photosensitive
resin film was executed under a low exposure condition (60
mJ/cm?) using the first photomask 3052. The second expo-
sure step for forming the depressions placed regularly
roughly in the center of liquid crystal domains of the pixels
for controlling the axis position, the contact holes and the
like was executed under a high exposure condition (300
mJ/cm?) using the second photomask 3062 (inner diameter/
width of depressions: 1.5 um, diameter of contact holes: 5
um).

[0399] Thereafter, the series of steps described above were
executed to obtain the active matrix substrate in this
example. The baking after the development was made at
200° C. for one hour. As a result, the wall structure having
a side slope tilt angle o of about 100 and a cross section of
a crater shape was obtained. The depressions had a finished
inner diameter of 2 um and a depth of 1.8 um, and the
thickness of the flat portion of the interlayer insulating film
in each pixel was 2.5 um.

[0400] In the color filter substrate, the transparent dielec-
tric layers were formed to give steps in the reflection
regions. Supports (diclectrics) for defining the thickness of
the liquid crystal layer were formed in the shading region
outside the pixels used for display.

[0401] The vertical alignment films were formed on the
active matrix substrate and the color filter substrate under
predetermined conditions (no rubbing was made). The two
substrates were then bonded together via a sealing resin, and
a liquid crystal material having negative dielectric anisot-
ropy (refractive index anisotropy An: 0.1, dielectric constant
anisotropy Ae: —=4.5) was injected and scaled in the space
between the substrates, to obtain a liquid crystal display
panel. In this example, the thickness dt of the liquid crystal
layer in the transmission regions was 4 um, and the thickness
dr thereof in the reflection regions was 2.1 um.

[0402] Optical films were then placed on both surfaces of
the liquid crystal display panel in the manner described
below, to obtain an LCD device.
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[0403] 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
negative 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
respectively placed), a phase plate having negative optical
anisotropy (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 optical 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.

[0404] A drive signal was applied to the thus-obtained
LCD device (4V was applied across the liquid crystal layer)
to evaluate the display characteristics.

[0405] The results of the visual angle—contrast charac-
teristics were substantially the same as those shown in FIG.
11. The viewing angle characteristics in the transparent
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.

[0406] As for the characteristics of the reflection display,
the reflectance evaluated with a spectral calorimeter
(CM2002 from Minolta Co., Ltd.) was about 8.3% (value in
terms of the aperture ratio of 100%) with respect to a
standard diffuse plate as the reference. The contrast value of
the reflection display was 20, which was high compared with
the case of the conventional LCD devices.

[0407] 1t was also found that the roughness in a grayscale
level (level 2 in the eight levels of grayscale) was improved.
The grayscale response time (the time required to change
from level 3 to level 5 in the eight levels of grayscale) was
30 msec. These characteristics were equal to or higher than
those of a conventional ECB mode LCD device using a
liquid crystal material having positive dielectric anisotropy.

[0408] The alignment distorted when the display panel
was pressed with a finger during application of 4V (white
display) was recovered immediately after the pressing was
stopped. Thus, the center axis was effectively fixed in the
depressions regularly formed roughly in the center of liquid
crystal domains in the pixels, and the alignment stability in
the axisymmetrically aligned domains was improved with
the wall structure formed to substantially surround each
pixel and also with the pixel electrode and the vertical
alignment film formed on the crater-shaped surface continu-
ous from the side faces of the wall structure surrounding the
pixel toward the center of the pixel.

[0409] In the case of having no crater-shaped cross sec-
tion, the contrast ratio failed to reach 300:1, or alignment
distortion with pressing occurred, in some cases, if the tilt
angle of the side face of the wall structure exceeded 45°.

EXAMPLE 2

[0410] Prototype samples (1 to 6) of transflective LCD
devices having the structure shown in FIG. 9 were fabri-
cated in substantially the same process as that described in
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Example 1. Table 1 below shows the shape factors of the
depressions and the panel characteristics for the samples.

[0411] Preferred conditions for the ratio of the maximum
inner diameter/width Dc (um) to the pixel shorter side pitch
Ps (um) (Dc/Ps) and the ratio of the depth h (um) of the
depressions to the thickness Id of the interlayer insulating
film (flat portion in each pixel) (h/Id) were examined.

[0412] As the liquid crystal panel characteristics, shown
are the evaluation results of the transmittance during appli-
cation of 4V under the reference backlight illumination
(2000 cd/m?) and the front contrast ratio and the shock
resistance during application of 4V.

[0413] In the transmittance, the set value and the lower-
limit allowance were 4.0% and 3.6%, respectively. In the
front contrast ratio, the set value and the lower-limit allow-
ance were 300 and 270, respectively. In the shock resistance
evaluation, the time required to recover the original align-
ment (return to the original alignment state) after pressing
the panel with a force of 1 kgf/cm® was evaluated. The mark
O represents the case that the normal alignment was
restored from faulty alignment within one minute, the mark
A represents the case that the normal alignment was restored
in the time exceeding one minute but within five minutes,
and the mark X represents the case that alignment distortion
remained after the lapse of ten minutes.

TABLE 1
Transmittance Shock
Dc/Ps h/Id (%) Front CR  resistance
Sample 1 0.1 0.4 42 315 A
Sample 2 0.1 0.6 4.0 305 O
Sample 3 0.38 0.6 3.7 270 O
Sample 4 0.43 0.6 3.3 260 O
Sample 5 0.1 0.75 36 270 O
Sample 6 0.1 0.85 34 245 O

[0414] As is found from the results of Table 1, with
increase of the maximum inner diameter/width De and depth
hof the depressions placed roughly in the center of the liquid
crystal domains in the pixels, the effective aperture ratio
decreases and thus the transmittance decreases. Also, since
the liquid crystal molecules existing near the side faces of
the depressions tilt, light leakage occurs easily and thus the
front CR tends to decrease. As for the shock resistance,
alignment was recovered from the failure due to pressing of
the panel with a force within five minutes in the examples
shown in Table 1. It was therefore confirmed that the
placement of the depressions in this embodiment gave a
great effect. The roughness of display was also improved.

COMPARATIVE EXAMPLE 1

[0415] An ECB mode homogeneously aligned liquid crys-
tal display panel having substantially the same construction
as the liquid crystal panels of the above examples was
fabricated. The liquid crystal display panel of Comparative
Example 1 has neither a wall structure nor openings/cuts of
the pixel electrodes. Also, in the liquid crystal display panel
of Comparative Example 1, horizontal alignment films were
formed in place of the vertical alignment films in the liquid
crystal panels of the examples, and a liquid crystal material
having positive diclectric anisotropy (An: 0.07, Ae: 8.5) was
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injected in the liquid crystal layer to form a homogeneously
aligned liquid crystal layer. The thickness dt of the liquid
crystal layer in the transmission regions was 4.3 um, and the
thickness dr thereof in the reflection regions was 2.3 um.

[0416] Optical films each formed of a plurality of optical
layers including a polarizing plate and a phase plate such as
a quarter wave plate were placed on both surfaces of the
liquid crystal display panel, to obtain an LCD device of
Comparative Example 1.

[0417] A drive signal was applied to the LCD device of
Comparative Example 1 (4V was applied across the liquid
crystal layer) to evaluate the display characteristics by the
same evaluation method as that described in the above
examples.

[0418] As the viewing angle characteristics in the trans-
mission 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 reflectance was about 9.3% (value in terms of the
aperture ratio of 100%) with respect to a standard diffuse
plate as the reference. The contrast value of the reflection
display was 8, and the display image was white-blurred and
low in contrast compared with the above examples of the
vertical alignment mode.

[0419] As described above, in the LCD devices in the third
aspect of the present invention, in which the vertical align-
ment mode is applied to transmission display and reflection
display, a good contrast ratio can be obtained both in the
transmission display and the reflection display, compared
with the conventional homogeneously aligned LCD devices
and the conventionally known technologies.

[0420] In addition, in the embodiments in the third aspect
of the present invention, the alignment regulating structure
for liquid crystal domains (the wall structure, openings
and/or cuts) is placed only on one substrate (in the illustrated
examples, the active matrix substrate). Moreover, the wall
structure can be formed integrally with the interlayer insu-
lating film and also formed in a series of steps combined
with the formation of fine projections and depressions in the
reflection portions and the formation of the contact holes.
This simplifies the fabrication process. With the alignment
regulating forces of the wall structure, the openings and/or
cuts, the directions in which liquid crystal molecules fall
during voltage application can be regulated in a non-rubbing
process. As exemplified in the embodiments in the third
aspect of the present invention, by providing the alignment
regulating structure for liquid crystal domains, a plurality of
liquid crystal domains each exhibiting axisymmetric align-
ment during voltage application are formed for each pixel,
and thus all-direction wide viewing angle characteristics can
be attained.

[0421] In the embodiment described above, axisymmetri-
cally aligned domains were formed for the LCD device
having a vertically aligned liquid crystal layer. The present
invention is also applicable to an MVA type LCD device as
that described in Japanese Laid-Open Patent Publication No.
11-242225, for example, by changing the shape and place-
ment of the depressions formed on the interlayer insulating
film.

[0422] Next, LCD devices of embodiments in the fourth
aspect of the present invention will be described with
reference to the relevant drawings.
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[0423] First, the mechanism of formation of radial tilt
alignment in an LCD device of the present invention will be
described with reference to FIGS. 31A, 31B, 32, 33A, 33B,
34A and 34B.

[0424] FIGS. 31A and 31B are views for demonstrating
the action of the alignment regulating force of first and
second openings 4014 and 4013 formed in a pixel electrode
4006, in which the aligned states of liquid crystal molecules
during non-voltage application (FIG. 31A) and during volt-
age application (FIG. 31B) are diagrammatically shown.
The state shown in FIG. 31B is for display of a grayscale
level. FIG. 32 is a diagrammatic view, observed in the
direction normal to the substrate plane (plan view), of the
aligned state of liquid crystal molecules in grayscale display,
representing part of one pixel.

[0425] The LCD device shown in FIGS. 31A and 31B
includes the pixel electrode 4006 having the first openings
4014 and the second openings 4013 and an alignment film
4012 formed in this order on a transparent substrate 4001.
The LCD device also includes a counter electrode 4019 and
an alignment film 4032 formed in this order on another
transparent substrate 4017. A liquid crystal layer 4020
interposed between the two substrates includes liquid crystal
molecules 4021 having negative dielectric anisotropy.

[0426] As shown in FIG. 31A, during non-voltage appli-
cation, the liquid crystal molecules 4021 are aligned roughly
vertical to the substrate surface with the alignment regulat-
ing force of the vertical alignment films 4012 and 4032.
Although omitted in FIG. 31A for simplification, the ver-
tical alignment film 4012 are depressed at portions located
above the first and second openings 4014 and 4013, and the
liquid crystal molecules 4021 existing near the depressions
of the vertical alignment film 4012 are aligned roughly
vertical to the side faces of the depressions. In the illustrated
example, as shown in FIG. 32, four second openings 4013
each composed of rectangular portions arranged in the shape
of a cross are provided, and one first opening 4014 in the
shape of a circle is provided roughly in the center of the four
second openings 4013. In other words, the four second
openings 4013 are arranged roughly point-symmetrically
with respect to the first opening 4014. A plurality of such
combinations, each composed of one first opening 4014 and
four second openings 4013, are formed in the pixel electrode
4006.

[0427] Asshown in FIG. 31B, during voltage application,
since the liquid crystal molecules 4021 having negative
dielectric anisotropy attempt to make their major axes
vertical to electric lines of force EF, the directions in which
the liquid crystal molecules 4021 fall are defined with a tilt
electric field generated around the first and second openings
4014 and 4013. With the cross-shaped second openings
4013 placed as shown in FIG. 32, an axisymmetrically
aligned (also called a “radially inclined alignment”) liquid
crystal domain is formed in the region substantially sur-
rounded with the four openings 4013. In the axisymmetri-
cally aligned liquid crystal domain, liquid crystal directors
point in all directions (directions in the substrate plane), and
thus, excellent viewing angle characteristics are obtained.
The first opening 4014 acts to fix/stabilize the center axis of
the radial tilt alignment.

[0428] The action of the first opening 4014 will be
described with reference to FIGS. 33A and 33B. FIGS. 33A
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and 33B are views diagrammatically illustrating the aligned
states of the liquid crystal molecules 4021 in grayscale
display observed when the first opening 4014 is provided in
the center of the region surrounded with the second openings
4013 (FIG. 33A) and when no first opening is provided but
only the second openings 4013 are formed.

[0429] Referring first to FIG. 33B, with a tilt electric field
generated around the second openings 4013, the liquid
crystal molecules 4021 existing near the four second open-
ings 4013 (only two second openings 4013 are shown in
FIG. 33B) first start to tilt. The tilting of the liquid crystal
molecules 4021 propagates from the vicinities of the four
second openings 4013 toward the center position (position at
which the first opening 4014 is formed in FIG. 32), resulting
in formation of a region in which the liquid crystal mol-
ecules 4021 remain aligned vertically (discontinuous region)
near the center position. Since the liquid crystal molecules
4021 have dielectric anisotropy, equipotential lines EQ
formed in the liquid crystal layer 4020 are distorted accord-
ing to the distribution of the alignment of the liquid crystal
molecules 4021. Specifically, the equipotential lines EQ
have a distortion (depression) in the region of the vertically
aligned liquid crystal molecules 4021. However, this depres-
sion in the equipotential lines EQ is unstable because the
depression is formed from the discontinuity of alignment
that occurs due to the competitiveness among the aligned
states of the liquid crystal molecules 4021 originating from
the tilt electric fields generated near the four second open-
ings 4013. The position at which the region of the vertically
aligned liquid crystal molecules 4021 is formed is not fixed.

[0430] On the contrary, as shown in FIG. 33A, with
placement of the first opening 4014 in the center of the
region surrounded with the four second openings 4013 (sce
FIG. 32), a tilt electric field is also generated near the first
opening 4014, allowing formation of the depression of the
equipotential lines EQ in the region corresponding to the
first opening 4014. Accordingly, the center axis of the
axisymmetric alignment is stabilized in or near the first
opening 4014.

[0431] The width EW of the rectangular portions of the
second openings 4013 should preferably be made greater
than the width EC of the first opening 4014. The reason for
this will be described with reference to FIGS. 34A and 34B.
The four straight lines intersecting one another at one center
in FIGS. 34A and 34B represent an extinction patiern
observed when a pixel in a grayscale display state is viewed
under crossed nicols. The intersection point of the four
straight lines represents the center of the axisymmetric
alignment.

[0432] When the width EW of the second openings 4013
is equal to the width EC of the first opening 4014 as shown
in FIG. 34B, the depth of a depression of the equipotential
lines formed with the second openings 4013 is about the
same as that of a depression of the equipotential lines formed
with the first opening 4014, and this results in formation of
the center of the axisymmetric alignment somewhere
between any of the second openings 4013 and the first
opening 4014. On the contrary, when the width EW of the
second openings 4013 is greater than the width EC of the
first opening 4014 as shown in FIG. 34A, the depth of a
depression of the equipotential lines formed with the second
openings 4013 is greater than that of a depression of the
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equipotential lines formed with the first opening 14, indi-
cating that the alignment regulating force of the second
openings 4013 wins superiority over that of the first opening
4014. This results in stable formation of the center of the
axisymmetric alignment at the first opening 4014 formed in
the center of the region surrounded with the four second
openings 4013.

[0433] The display characteristics of an LCD device have
viewing angle dependence due to the alignment of the liquid
crystal molecules. To reduce the viewing angle dependence
of the display characteristics, liquid crystal molecules in
each pixel are preferably aligned in all directions with equal
probabilities. In view of this, the first opening 4014 prefer-
ably has such a shape that gives the resultantly formed liquid
crystal domain an aligned state in which liquid crystal
molecules in each pixel region can be aligned in all direc-
tions with equal probabilities. The shape of the first opening
4014 preferably has rotation symmetry as viewed in the
direction normal to the substrate plane. Specifically, the
shape preferably has two or higher-fold rotation symmetry,
more preferably rotation symmetry as high as four or
higher-fold rotation symmetry (for example, square and
circular shapes). For the same reason, the second openings
4013 are preferably placed point-symmetrically with respect
to the first opening 4014.

[0434] The width EC of the first opening 4014 is prefer-
ably 4 um or less. If the width EC of the first opening 4014
is greater than 4 um, a deviation of about 4 um will be
produced in the center position of the axis of the axisym-
metrically aligned domain, and thus roughness of display
due to the deviation of the center axis will tend to be visually
recognized. Such roughness can be made less noticeable by
setting the width EC of the first opening 4014 at 4 um or less.

[0435] In the illustrated example, the second openings
4013 were formed to provide regions free from the electrode
film inside the pixel electrode 4096. Alternatively, such
regions may be provided in the form of cuts formed in the
periphery of the pixel electrode 4006. Since a tilt electric
field is also generated in the periphery of the pixel electrode
4006, outer edges of an axisymmetrically aligned domain
can be defined by placing such cuts. For example, as shown
in FIG. 35A, cuts 4013 may be formed at positions roughly
bisecting the pixel electrode 4006 in the length direction.
Two axisymmetrically aligned domains are formed in the
pixel shown in FIG. 35A with tilt electric fields generated
at the pair of cuts 4013 and at the edges of the pixel electrode
4006. In FIG. 35A, the first opening 4014 is omitted for
simplification.

[0436] Next, referring to FIGS. 35A to 35C, a case of
further providing a wall structure 4015 as an alignment
regulating structure will be described. FIGS. 35A and 35B
are plan views illustrating examples of placement of the wall
structure 4015 (40154, 4013b) adopted for the case that the
pair of rectangular cuts 4013 are formed near the center of
the pixel electrode 4006. Note that the following description
will also apply for the case of forming the second openings
4013 in the pixel electrode 4006 in place of the cuts 4013 in
the illustrated example (see FIG. 32, for example).

[0437] As shown in FIG. 35C, the wall structure 4015 has
sloped side faces (wall faces). With the alignment regulating
force (anchoring effect) of the side slopes (precisely, a
vertical alignment film formed on the side slopes), the
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directions in which liquid crystal molecules in the vertically
aligned liquid crystal layer tilt with an electric field are
defined. Therefore, with the formation of the wall structure
4015 together with the cuts 4013 as illustrated, the alignment
regulating force with the tilt electric field generated near the
cuts 4013 during voltage application and the alignment
regulating force of the wall structure 4015 cooperatively
define the directions in which liquid crystal molecules tilt,
and thus the axisymmetric alignment can be further stabi-
lized. Moreover, while the alignment regulating force with
the tilt electric field is weak when the voltage is low, the
alignment regulating force of the wall structure 4015 is
voltage-independent. The wall structure 4015 therefore
exerts its alignment regulating force even in a grayscale
display state and thus stably defines the directions of tilt of
liquid crystal molecules. As a result, the display quality in
grayscale display can be improved.

[0438] The wall structure 4015 is preferably formed to
have first wall portions located in the rectangular portions of
the cuts 4013, to thereby allow the liquid crystal molecules
to tilt in the same direction as the direction of the tilt electric
field generated around the cuts 4013. For example, the wall
structure 4015b may be formed only in the cuts 4013 as
shown in the right part of FIG. 35A, or the wall structure
40154 may extend to connect the portions of the wall
structure formed in the cuts 4013 as shown in the left part of
FIG. 35A. In other words, the wall structure 4015 may be
placed like a dotted line or a solid line as viewed in the
direction normal to the substrate plane.

[0439] A preferred example of placement of the wall
structure 4015 in the rectangular cuts 4013 to extend along
the length of the cuts 4013 will be described with reference
to FIGS. 35B and 35C.

[0440] The width EW of the rectangular cuts 4013 (cut
width EW) (FIG. 35B) and the width WW of the wall
structure 4015 should preferably satisty the relationship 0.6
EW<WW<09 EW. If 0.6 EW>WW, the alignment regulat-
ing force of the wall structure 4015 will exert a reduced
effect on the liquid crystal domains in the electrode regions,
and this will make it difficult to stabilize the liquid crystal
domains in the pixel electrode regions. If WW>0.9 EW,
failing to place the wall structure 4015 inside the cuts 4013
(misalignment) may occur due to an alignment error in the
fabrication process. In such a case, light leakage may occur
in the black display state because liquid crystal molecules
existing near the side faces of the wall structure 4015 are
tilted from their vertically aligned state.

[0441] The cut width EW should preferably satisfy the
relationship 1.8 di<EW<2.5 dt with the thickness dt of the
liquid crystal layer in the transmission region. To ensure
stable alignment for each pixel with a tilt electric field
generated during voltage application, the cut width EW
should be made large with respect to the thickness dt of the
liquid crystal layer, so that the equipotential lines are suf-
ficiently distorted in the region free from an electrode film,
to thereby prevent continuation of the aligned state over the
pixel.

[0442] 1If the cut width EW is made excessively large, the
display portion in one pixel becomes small and thus the
region in which the display state changes upon voltage
application is disadvantageously reduced. When the thick-
ness dt of the liquid crystal layer is made small, the electric
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field, that is, the unit V/um becomes large, and thus the
change amount of the electric field per unit thickness
increases. This provides substantially the same effect as that
obtained by increasing the cut width EW. That is to say, to
ensure formation of good axisymmetrically aligned domains
for each pixel with a given cell thickness (thickness of the
liquid crystal layer) and also to increase the effective aper-
ture ratio (ratio of the area substantially contributable to
display to the pixel area) as much as possible, the cut width
EW and the thickness dt of the liquid crystal layer in the
transmission region preferably satisfy the relationship 1.8
di<EW<2.5 dt. if 1.8 dt=EW, the electric field per unit
thickness is weak, failing to stabilize the axisymmetric
alignment of liquid crystal molecules in the pixel and
resulting in variations in the center position of the axisym-
metric alignment among a plurality of pixels in some cases.
If EW>2.5 dt, the cuts 4013 are excessively large with
respect to the proper thickness of the liquid crystal layer,
resulting in reduction of the effective aperture ratio.

[0443] The height WH of the wall structure 4015 should
preferably satisfy the relationship 0.25 dt<WH<0.4 dt with
the thickness dt of the liquid crystal layer in the transmission
region. If WH<0.25 dt, the alignment regulating force of the
wall structure 4015 is weak, failing to obtain a stable aligned
state. If WH>0.4 dt, the wall structure 4015 placed regularly
on the pixel electrode may block smooth injection of a liquid
crystal material into the space between the substrate (active
matrix substrate) 4001 and the substrate (counter substrate)
4017, causing longer time to be taken to inject the liquid
crystal material. This also increases the possibility of having
regions incomplete in injection. In particular, in a transflec-
tive LCD device, in which the thickness dr of the liquid
crystal layer in the reflection region (see FIGS. 36A and
36B or FIGS. 38A and 38B, for example) is set at roughly
a half of the thickness dt of the liquid crystal layer in the
transmission region for optimum optical design, injection of
a liquid crystal material into the reflection region may hardly
be allowed. In view of the above, the relationship 0.25
dt<WH<0.4 dt should preferably be satisfied.

[0444] 1In the example described above, the wall structure
4015 was placed to correspond to the cuts 4013. Alterna-
tively, as shown in FIG. 35B, the wall structure 4015 may
be placed to extend in the region surrounding the pixel
electrode 4006. The region surrounding the pixel electrode
4006 is a shading region non-contributable to display in
which a TFT, gate and source signal lines, for example, are
formed, or a black matrix is formed on the counter substrate.
Therefore, the wall structure 4015 formed in this region is
free from affecting display.

[0445] The wall structure 4015 may be formed to substan-
tially surround a region including each liquid crystal domain
(this region is also called a “sub-pixel”). If the wall structure
4015 is not formed for each sub-pixel, the center position of
the axisymmetric alignment of the liquid crystal domain will
not be maintained stably and may vary among the plurality
of pixels because the alignment regulating force of the cuts
4013 is not sufficient when the voltage is low. In particular,
in a transflective LCD device, cuts (or second openings)
should preferably be formed at least between the transmis-
sion region and the reflection region. In addition, the wall
structure 4015 should preferably be formed. If the wall
structure 4015 is not formed between the transmission
region and the reflection region, the alignment regulating
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force on the side of a region having the wall structure 4015
is stronger than that on the side of the other region, resulting
in that the center position of the axisymmetric alignment
may be deviated from the center of the sub-pixel region in
the transmission region or the reflection region.

[0446] The LCD device of an embodiment in the fourth
aspect of the present invention has the construction shown in
FIG. 9, for example. As the liquid crystal panel 1050, one
having the same construction as that of an LCD device 4200
to be described later with reference to FIG. 38A and 38B is
used.

[0447] (Transmissive LCD Device)

[0448] A transmissive LCD device 4100 of an embodi-
ment in the fourth aspect of the present invention will be
described with reference to FIGS. 36A and 36B. FIGS. 36A
and 36B diagrammatically show one pixel of the transmis-
sive LCD device 4100, in which FIG. 36A is a plan view
and FIG. 36B is a cross-sectional view taken along line
36B-36B' in FIG. 36A.

[0449] The LCD device 4100 includes a transparent sub-
strate (for example, a glass substrate) 4110, a transparent
substrate 41105 placed to face the transparent substrate
41104, and a vertically aligned liquid crystal layer 4120
interposed between the transparent substrates 4110a and
4110b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 4110z and 4110) facing the
liquid crystal layer 4120. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
4120 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 4120
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0450] The LCD device 4100 further includes pixel elec-
trodes 4111 formed on the transparent substrate 4110g and a
counter electrode 4131 formed on the transparent substrate
41105. Each pixel electrode 4111, the counter electrode 4131
and the liquid crystal layer 4120 interposed between these
electrodes define a pixel. In the illustrated example, both the
pixel electrodes 4111 and the counter electrode 4131 are
formed of a transparent conductive layer (for example, an
ITO layer). Typically, color filters 4130 (the entire of the
plurality of color filters may also be called a color filter layer
4130) provided for the respective pixels, as well as a black
matrix (shading layer) 4132 formed in the gaps between the
adjacent color filters 4130, are formed on the surface of the
transparent substrate 41105 facing the liquid crystal layer
4120, and the counter electrode 4131 is formed on the color
filters 4130 and the black matrix 4132. Alternatively, the
color filters 4130 and the black matrix 4132 may be formed
on the counter electrode 4131 (on the surface thereof facing
the liquid crystal layer 4120).

[0451] The pixel electrode 4111 has four cuts 4113 formed
at predetermined positions, which are in the form of two
pairs of cuts 4113 dividing the pixel electrode 4111 into three
roughly equal parts. A first opening 4114 is formed roughly
in the center of each of the three regions nearly separated
from one another with the two pairs of cuts 4113.

[0452] When a predetermined voltage is applied across the
liquid crystal layer, three liquid crystal domains each having
axisymmetric alignment are formed in the three regions
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nearly separated with the two pairs of cuts (four cuts) 4113,
with the center axes of the axisymmetric alignment of the
three liquid crystal domains being fixed/stabilized with the
respective first openings 4114.

[0453] Supports 4133 for defining the thickness dt of the
liquid crystal layer 4120 (also called the cell gap) are
preferably formed in the shading region, to suppress/prevent
degradation in display quality that may otherwise occur due
to existence of the supports 4133. The supports 4133 can be
formed by photolithography using a photosensitive resin, for
example, and may be formed on either the transparent
substrate 4110a or 41105.

[0454] On the surface of the transparent substrate 4110a
facing the liquid crystal layer 120, provided are active
elements 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 4110q, together with the circuit elements and the
pixel electrodes 4111, the supports 4133, the alignment film
and the like described above formed on the transparent
substrate 4110a, are collectively called an active matrix
substrate in some cases. Likewise, the transparent substrate
41105, together with the color filter layer 4130, the black
matrix 4132, the counter electrode 4131, the alignment film
and the like formed on the transparent substrate 41105, are
collectively called a counter substrate or a color filter
substrate in some cases.

[0455] Although omitted in the above description, the
LCD device 4100 further includes a pair of polarizing plates
placed to face each other via the transparent substrates
41104 and 4110b. The polarizing plates are typically placed
so that their transmission axes are orthogonal to each other.
The LCD device 4100 may further include a biaxial optical
anisotropic medium layer and/or a uniaxial optical anisotro-
pic medium layer as described above.

[0456] Another transmissive LCD device 4200 of this
embodiment of the present invention will be described with
reference to FIGS. 37A and 37B.

[0457] The LCD device 4200 includes pixel electrodes
4211 formed on a transparent substrate 4210 and a counter
electrode 4231 formed on a transparent substrate 4210b.
Each pixel electrode 4211, the counter electrode 4231 and a
liquid crystal layer 4220 interposed between these electrodes
define a pixel. In the illustrated example, both the pixel
electrodes 4211 and the counter electrode 4231 are formed
of a transparent conductive layer (for example, an 1TO
layer). Typically, color filters 4230 (the entire of the plurality
of color filters may also be called a color filter layer 4230)
provided for the respective pixels, as well as a black matrix
(shading layer) 4232 formed in the gaps between the adja-
cent color filters 4230, that is, between the adjacent pixels
are formed on the surface of the transparent substrate 42105
facing the liquid crystal layer 4220, and the counter elec-
trode 4231 is formed on the color filters 4230 and the black
matrix 4232. Alternatively, the color filters 4230 and the
black matrix 4232 may be formed on the counter electrode
4231.

[0458] The pixel electrode 4211 has two cuts 4213 formed
at predetermined positions, which are in the form of one pair
of cuts 4213 dividing the pixel electrode 4211 into roughly
equal two parts. A first opening 4214 is formed roughly in
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the center of each of the two regions nearly separated from
each other with the pair of cuts 4213. Also, a wall structure
4215 is provided on the surface of the transparent substrate
4210a facing the liquid crystal layer 4220. The wall struc-
ture 4215 includes a wall portion surrounding the pixel
electrode 4211, wall portions extending in the rectangular
cuts 4213 along the length of the cuts, and a wall portion
extending to connect the wall portions in the cuts 4213.

[0459] When a predetermined voltage is applied across the
liquid crystal layer, two liquid crystal domains each having
axisymmetric alignment are formed in the regions sur-
rounded with the wall structure 4215. Although the wall
structure 4215 is formed as a continuous wall in the illus-
trated example, it may otherwise be composed of a plurality
of separate walls. The wall structure 4215, which serves to
define the boundaries of the liquid crystal domains, 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.

[0460] Supports 4233 for defining the thickness dt of the
liquid crystal layer 4220 (also called the cell gap) are
preferably formed in the shading region, to suppress/prevent
degradation in display quality that may otherwise occur due
to existence of the supports. Although the supports 4233 are
formed on the wall structure 4215 provided in the shading
region in the illustrated example, the supports 4233 may be
formed on either the transparent substrate 4210a or 4210b.
In the case of forming the supports 4233 on the wall
structure 4215, setting is made so that the sum of the height
of the wall structure 4215 and the height of the supports
4233 is equal to the thickness dt of the liquid crystal layer
4220. If the supports 4233 are formed in a region having no
wall structure 4215, setting is made so that the height of the
supports 4233 is equal to the thickness dt of the liquid crystal
layer 4220.

[0461] (Transflective LCD Device)

[0462] Next, a transflective LCD device 4300 of an
embodiment in the fourth aspect of the present invention
will be described with reference to FIGS. 38A and 38B.
FIGS. 38A and 38B diagrammatically show one pixel of the
transflective LCD device 4300, in which FIG. 38A is a plan
view and FIG. 38B is a cross-sectional view taken along line
38B-38B' in FIG. 38A.

[0463] The LCD device 4300 includes a transparent sub-
strate (for example, a glass substrate) 4310a, a transparent
substrate 43105 placed to face the transparent substrate
4310a, and a vertically aligned liquid crystal layer 4320
interposed between the transparent substrates 4310a and
4310b. Vertical alignment films (not shown) are formed on
the surfaces of the substrates 4310a and 4310b facing the
liquid crystal layer 4320. During non-voltage application,
therefore, liquid crystal molecules in the liquid crystal layer
4320 are aligned roughly vertical to the surfaces of the
vertical alignment films. The liquid crystal layer 4320
includes a nematic liquid crystal material having negative
dielectric anisotropy and also includes a chiral agent as
required.

[0464] The LCD device 4300 further includes pixel elec-
trodes 4311 formed on the transparent substrate 4310g and
a counter electrode 4331 formed on the transparent substrate
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4310b. Each pixel electrode 4311, the counter electrode
4331 and the liquid crystal layer 4320 interposed between
these electrodes define a pixel. Circuit elements such as
TFTs are formed on the transparent substrate 4310q. Herein,
the transparent substrate 4310z and the components formed
thereon are collectively called an active matrix substrate
43104 in some cases.

[0465] Typically, color filters 4330 (the entire of the
plurality of color filters may also be referred to as a color
filter layer 4330) provided for the respective pixels, as well
as a black matrix (shading layer) 4332 provided in the gaps
between the adjacent color filters 4330, are formed on the
surface of the transparent substrate 43105 facing the liquid
crystal layer 4320, and the counter electrode 4331 is formed
on the color filters 4330 and the black matrix 4332. Alter-
natively, the color filters 4230 and the black matrix 4232
may be formed on the counter electrode 4331 (on the surface
thereof facing the liquid crystal layer 4320). Herein, the
transparent substrate 43106 and the components formed
thereon are collectively called a counter substrate (color
filter substrate) 4310 in some cases.

[0466] Each pixel electrode 4311 includes a transparent
electrode 4311a formed of a transparent conductive layer
(for example, an ITO layer) and a reflective electrode 43115
formed of a metal layer (for example, an Al layer, an
Al-including alloy layer, and a multilayer film including any
of these layers). Having such a pixel electrode, each pixel
includes a transmission region A defined by the transparent
electrode 4311¢ and a reflection region B defined by the
reflective electrode 43115, to provide display in the trans-
mission mode and display in the reflection mode, respec-
tively.

[0467] The pixel electrode 4311 has four cuts 4313 formed
at predetermined positions, which are in the form of two
pairs of cuts 4313 dividing the pixel electrode 4311 into
three roughly equal parts. A first opening 4314 is formed
roughly in the center of each of the three regions nearly
separated from one another with the two pairs of cuts 4313.

[0468] A wall structure 4315 is formed on the surface of
the transparent substrate 4310z facing the liquid crystal
layer 4320. The wall structure 4315 includes a wall portion
surrounding each pixel electrode 4311, wall portions extend-
ing in the rectangular cuts 4313 along the length of the cuts,
and a wall portion extending to connect the wall portions in
the cuts 4313. Therefore, the pixel electrode 4311, which is
surrounded with the wall structure 43135, is also divided into
three regions with the wall structure 4315.

[0469] When a predetermined voltage is applied across the
liquid crystal layer, three liquid crystal domains (two in the
transmission region A and one in the reflection region B)
each having axisymmetric alignment are formed in the three
regions divided with the two pairs of cuts (four cuts) 4313
and the wall structure 4315. The cuts 4313 and the wall
structure 4315 act to define the outer edges of the liquid
crystal domains, and the centers of the axisymmetric align-
ment of the three liquid crystal domains are fixed/stabilized
with the corresponding first openings 4314.

[0470] Although the wall structure 4315 is formed as a
continuous wall in the illustrated example, it may otherwise
be composed of a plurality of separate walls. The wall
structure 4315, which serves to define the boundaries of the
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liquid crystal domains, should preferably have a length of
some extent. For example, when the wall structure is com-
posed of a plurality of walls, each wall is preferably longer
than the gap between the adjacent walls.

[0471] In the example illustrated in FIGS. 38A and 38B,
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.

[0472] Supports 4333 for defining the thickness of the
liquid crystal layer 4320 (also called the cell gap) are
preferably formed in the shading region, to suppress/prevent
degradation in display quality that may otherwise occur due
to existence of the supports. The supports 4333 can be
formed by photolithography using a photosensitive resin, for
example. Although the supports 4333 are formed on the wall
structure 4315 provided in the shading region in the illus-
trated example, the supports 4333 may be formed on either
the transparent substrate 4310a or 4310b. In the case of
forming the supports 4333 on the wall structure 4315, setting
is made so that the sum of the height of the wall structure
4315 and the height of the supports 4333 is equal to the
thickness dt of the liquid crystal layer 4320. If the supports
4333 arc formed in a region having no wall structure 4315,
setting is made so that the height of the supports 333 is equal
to the thickness dt of the liquid crystal layer 320.

[0473] A preferred construction specific to the transflec-
tive LCD device 300 permitting both the transmission-mode
display and the reflection-mode display will be described.

[0474] While light used for display passes through the
liquid crystal layer 320 once in the transmission-mode
display, it passes through the liquid crystal layer 320 twice
in the reflection-mode display. Accordingly, as diagrammati-
cally shown in FIG. 38B, the thickness dt of the liquid
crystal layer 320 in the transmission region A is preferably
set roughly double the thickness dr of the liquid crystal layer
320 in the reflection region B. By setting in this way, the
retardation given to the light by the liquid crystal layer 4320
can be 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 dt is
satisfied. Naturally, dt=dr may be satisfied depending on the
use.

[0475] 1In the LCD device 4300, a transparent dielectric
layer 4334 is provided on the glass substrate 43105 only in
the reflection region B to make the thickness of the liquid
crystal layer 4320 in the reflection region B smaller than that
in the transmission region A. This construction eliminates
the necessity of providing a step by forming an insulating
film and the like under the reflective electrode 43115, and
thus has an advantage of simplifying the fabrication of the
active matrix substrate 4310a. If the reflective electrode
43115 is formed on such an insulting film provided to give
a step for adjusting the thickness of the liquid crystal layer
4320, light used for transmission display will be shaded with
the reflective electrode covering a slope (tapered face) of the
insulating film, or light reflected from the reflective elec-
trode formed on a slope of the insulating film will repeat
internal reflection, failing to be effectively used even for
reflection display. By adopting the construction described
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above, occurrence of such problems is prevented, and thus
the light use efficiency can be improved.

[0476] If the transparent dielectric layer 4334 is provided
with a function of scattering light (diffuse reflection func-
tion), white display close to good paper white can be
realized without the necessity of providing the reflective
electrode 4311) with the diffuse reflection function. Such
white display close to paper white can also be realized by
making the surface of the reflective electrode 43115 uneven,
and in this case, no light scattering function is necessary for
the transparent dielectric layer 4334. However, the uneven
surface may fail to stabilize the position of the center axis of
the axisymmetric alignment depending on the shape of the
uneven surface. On the contrary, by combining the trans-
parent dielectric layer 4334 having the light scattering
function and the reflective electrode 43115 having a flat
surface, the position of the center axis can be stabilized with
the first opening 4314 formed in the reflective electrode
43115 more reliably. Note that in the case of making the
surface of the reflective electrode 43115 uneven to provide
the reflective electrode 4311b 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.

[0477] While light used for display passes through the
color filter layer 4330 once in the transmission mode, it
passes through the color filter layer 4330 twice in the
reflection mode. Accordingly, if the color filter layer 4330
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 problem, the optical density of the 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.

[0478] Hereinafter, display characteristics of prototyped
LCD devices will be described specifically.

EXAMPLE 3

[0479] Pixel electrodes (ITO layer, transparent electrodes)
4006 as shown in FIG. 39A were formed on an active matrix
substrate having signal lines and TFTs. First openings 4014
had the shape of a perfect circle having a width (inner
diameter) EC of 3 um, and rectangular cuts 4013 had a width
EW of 8 um. The space between the adjacent pixel elec-
trodes 4006 was also set at 8 gum. Each of the first openings
4014 was placed roughly in the center of a region (sub-pixel)
nearly-separated from one another with the cuts 4013.
Supports for defining the cell thickness were placed at
positions in the region surrounding the pixel electrodes
4006. The height of the supports was set at 3.6 ym.

[0480] A vertical alignment agent was applied to the
thus-fabricated active matrix substrate and a counter sub-
strate (color filter substrate) having a color filter layer and an
electrode layer, and sintered, to form vertical alignment
films on these substrates. The active matrix substrate and the
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counter substrate were then bonded together, and a liquid
crystal material having negative dielectric anisotropy (An=
0.101, Ae=-5.0) was injected and sealed in the space
between the substrates, to obtain an LCD element. Optical
films were placed on the outer surfaces of the substrates of
the LCD element, to thereby obtain an LCD device.

[0481] 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
negative 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
respectively placed), a phase plate having negative optical
anisotropy (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 (a quarter of visible light (560
am)).

[0482] The phase plates having negative optical anisot-
ropy (phase plates 2 and 3) had a phase difference of 135 nm
in the direction of the optical axis (vertical to the film plane)
and the direction parallel to the film plane. The two polar-
izing plates were placed so that the absorption axes thereof
were orthogonal to each other.

[0483] A drive signal was applied to the thus-obtained
LCD device (4V was applied across the liquid crystal layer)
to evaluate the display characteristics. It was found that the
LCD device of Example 3 had good voltage-transmittance
characteristics as shown in FIG. 40. The results of the visual
angle—contrast characteristics in transmission display were
substantially the same as those shown in FIG. 11. It was
found from the results that the viewing angle characteristics
in transmission display were roughly symmetric in all direc-
tions, the range CR>10 (within the bold lines) was as large
as up to £80°, and the transmission contrast was as high as
300:1 or more at the front. As for the response speed in
grayscale display, the response time was 40 msec in
response from 6 to 7 grayscale level (low voltage close to
black) in the eight levels of grayscale, which causes prac-
tically no problem.

EXAMPLE 4

[0484] Transparent electrodes (ITO pattern) 4006a and
reflective electrodes (Al pattern) 40065 as shown in FIG.
39B were formed on an active matrix substrate. The trans-
parent electrodes 40064 define transmission regions, and the
reflection regions 4006b define reflection regions. The width
(inner diameter) of a first opening 4014 was 3 um, and the
width of cuts or rectangular portions of second openings
4013 was 8 um. The space between the adjacent pixel
electrodes 4006 was set at 8 um, and the width of a wall
structure 4015 was 6 um. Supports for defining the cell gap
thickness were placed at positions in the regions surrounding
the pixel electrodes 4006. The height of the supports was set
at 3.6 um.

[0485] As a counter substrate (color filter substrate) to face
the active matrix substrate, after formation of a color filter
layer, a layer having a thickness of about 1.8 um was formed
in the reflection region to give a step, and then an ITO
electrode layer was formed. A vertical alignment agent was
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applied to the thus-fabricated active matrix substrate and
counter substrate, and sintered at 180° C. for 1.5 hours, to
form vertical alignment films on the substrates. The resultant
substrates were bonded together, and a liquid crystal mate-
rial having negative dielectric anisotropy was injected and
sealed in the space between the substrates, to obtain an LCD
element. Since the step of 1.8 um was formed on the color
filter substrate and the supports had a height of 3.6 um, the
thicknesses of the liquid crystal layer in the transmission
layer and in the reflection region were 3.6 um and 1.8 um,
respectively. Films were then placed on the outer surfaces of
the resultant substrates of the LCD element according to the
optical film setting, as in Example 3, to obtain an LCD
device. The resultant LCD device had good voltage-trans-
mittance characteristics and voltage-reflectance characteris-
tics as shown in FIG. 41. The transmission region exhibited
roughly as good display characteristics as those obtained in
Example 3. The reflection region had a reflectance of about
8.5% (value in terms of the aperture ratio of 100%) with
respect to a standard diffuse plate as the reference, and a
contrast of 20.

EXAMPLE 5

[0486] Pixel electrodes (ITO electrodes) 4006 as those in
Example 3 were formed on an active matrix substrate as
shown in FIG. 42. A wall structure 4015 was also formed in
addition to cuts 4013 and first openings 4014. The first
openings 4014 had the shape of a perfect circle having a
width (inner diameter) EC of 3 ym, and the rectangular cuts
4013 had a width EW of 8 um. The space between the
adjacent pixel electrodes 4006 was also set at 8 um. The
width of the wall structure 4015 was 6 um. Supports for
defining the cell thickness were placed at positions (in the
shading portion) different from the positions of the wall
structure 4015. The height of the supports was set at 4.0 um.
The same steps as those in Example 3 were then followed,
to fabricate an LCD device.

[0487] The viewing angle characteristics of the LCD
device of this example were symmetric in all directions as in
Example 3, and the range CR>10 was as large as up to a
polar angle of 80°. As for the response characteristics, the
response time was 25 msec in response from 6 to 7 grayscale
level (low voltage close to black) in the eight levels of
grayscale. The response was therefore slightly higher than
that in Example 3 having no such a wall structure, because
the wall structure 4015 exerted alignment regulating force
even in grayscale display in which the alignment regulating
force with the electric line of force was low.

COMPARATIVE EXAMPLE 2

[0488] Pixel electrodes (ITO layer, transparent electrodes)
4006 as shown in FIG. 43 were formed on an active matrix
substrate. First openings 4014 had the shape of a perfect
circle having a width (inner diameter) EC of 8 um, and
rectangular cuts 4013 had a width EW of 6 um. The space
between the adjacent pixel electrodes 4006 was set at 8 um
as in Example 3. The same steps as those in Example 3 were
then followed, to fabricate an LCD device. Films were
formed according to the optical film setting as in Example 3,
to obtain an LCD device.

[0489] A predetermined drive signal was applied to the
thus-obtained LCD device. Ask a result, although no prob-
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lem arose in the view from the front, roughness (display
unevenness) was observed in the view at a wide viewing
angle when the display was uniform over the entire screen
(in solid screen display). In observation of the aligned state
of pixels with a polarizing microscope under crossed nicols,
the position of the center axis of the axisymmetric alignment
was deviated from the position at which the first opening
4014 was formed (the center of the sub-pixel) in white to
bright gray displays, and the position varied with the pixels.
The reason is as follows. The depression of equipotential
lines caused by the first opening 4014 is deeper than the
depression of equipotential lines caused by the cuts 4013.
Therefore, the ends (boundary) of the axisymmetrically
aligned domain are determined based on the first opening
4014 placed in the center of the sub-pixel, and thus the
position of the center axis of the axisymmetric alignment is
deviated from the center of the sub-pixel.

REFERENCE EXAMPLE 1

[0490] Pixel electrodes (ITO layer, transparent electrodes)
4006 as shown in FIG. 44 were formed on an active matrix
substrate. First openings 4014 had the shape of a perfect
circle having a width (inner diameter) EC of 3 um, and
rectangular cuts 4013 had a width EW of 8 um. The space
between the adjacent pixel electrodes 4006 was set at 8 um
as in Example 3. Unlike Example 3, the first openings 4014
were formed at positions deviated from the center of the
sub-pixels separated from one another with the cuts 4013.
The same steps as those in Example 3 were then followed for
the resultant active matrix substrate, to fabricate an LCD
device.

[0491] A predetermined drive voltage signal was applied
to the thus-obtained L.CD device. As a result of evaluation
of the viewing angle characteristics, the contrast ratio was
high only in given directions, not in all directions, as shown
in FIG. 45. The reason is that there were formed axisym-
metrically aligned domains having their center axes located
in the first openings 4014 formed at positions deviated from
the centers of the sub-pixels. Good viewing angle charac-
teristics are therefore exhibited only in given directions. In
some uses of LCD devices, good viewing angle character-
istics may be required, but it is generally preferred to
provide viewing angle characteristics symmetric in all direc-
tions as in Example 3.

[0492] As described above, according to the present
invention, it is possible to provide an LCD device that can
sufficiently stabilize the alignment of liquid crystal mol-
ecules with a comparatively simple construction having an
alignment regulating structure for the axisymmetric align-
ment only on one substrate of the device, and can provide
display quality equal to or higher than that conventionally
obtained.

[0493] As described above, according to the present
invention, 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.

[0494] While the present invention has been described in
preferred embodiments, it will be apparent to those skilled
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in the art that the disclosed invention may be modified in
numerous ways and may assume many embodiments other
than that specifically set out and described above. Accord-
ingly, it is intended by the appended claims to cover all
modifications of the invention that fall within the true spirit
and scope of the invention.

[0495] This non-provisional application claims priority
under 35 USC §119(a) on Patent Applications No. 2003-
409400 filed in Japan on Dec. 8, 2003, No. 2003-409401
filed in Japan on Dec. 8, 2003, No. 2004-053745 filed in
Japan on Feb. 27, 2004, and No. 2004-091227 filed in Japan
on Mar. 26, 2004 the entire contents of which are hereby
incorporated by reference.

What is claimed is:

1. A liquid crystal display device comprising a first
substrate, a second substrate placed to face the first sub-
strate, and a liquid crystal layer interposed between the first
substrate and the second substrate,

wherein the liquid crystal display 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 electrode and the second electrode,

the second electrode has at least one opening formed at a
predetermined position in the pixel, the first substrate
has a shading region in gaps between the plurality of
pixels, and a wall structure is placed regularly on the
surface of the first substrate facing the liquid crystal
layer in the shading region, and

the liquid crystal layer has at least one liquid crystal
domain having axisymmetric alignment formed when
at least a predetermined voltage is applied, and the
center axis of the axisymmetric alignment of the at least
one liquid crystal domain is formed in or near the at
least one opening.

2. The liquid crystal display device of claim 1, wherein
when a voltage giving a relative transmittance of 10% is
applied across the liquid crystal layer interposed between the
first electrode and the second electrode, the potential at the
at least one opening in the second electrode is lower than a
threshold voltage of the liquid crystal layer.

3. The liquid crystal display device of claim 1, wherein
the size Wh of the at least one opening satisfies the condition
2 yum=Wh=20 um.

4. The liquid crystal display device of claim 1, wherein
the first electrode has at least one cut.

5. The liquid crystal display device of claim 1, wherein a
support for defining the thickness of the liquid crystal layer
is formed in the shading region located in gaps between the
plurality of pixels.

6. The liquid crystal display device of claim 1, wherein
the first electrode includes a transparent electrode defining a
transmission region and a reflective electrode defining a
reflection region, and the thickness dt of the liquid crystal
layer in the transmission region and the thickness dr of the
liquid crystal layer in the reflection region satisfy the rela-
tionship 0.3 dt<dr<0.7 dt.

7. The liquid crystal display device of claim 1, wherein
the first electrode includes a transparent electrode defining a
transmission region and a reflective electrode defining a
reflection region, the at least one liquid crystal domain
includes a liquid crystal domain formed in the transmission
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region, the at least one opening includes an opening corre-
sponding to the center axis of the liquid crystal domain
formed in the transmission region, and

the first electrode has a plurality of cuts formed point-
symmetrically with respect to the opening.

8. The liquid crystal display device of claim 6, wherein a
transparent dielectric layer is selectively formed on the
second substrate in the reflection region.

9. The liquid crystal display device of claim 8, wherein
the transparent dielectric layer has a function of scattering
light.

10. The liquid crystal display device of claim 6, further
comprising a color filter layer formed on the second sub-
strate, wherein the optical density of the color filter layer in
the reflection region is lower than that in the transmission
region.

11. The liquid crystal display device of claim 1, further
comprising: 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.

12. The liquid crystal display device of claim 1, further
comprising: 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.

13. A liquid crystal display device comprising a first
substrate, a second substrate placed to face the first sub-
strate, and a liquid crystal layer interposed between the first
substrate and the second substrate,

wherein the liquid crystal display 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 electrode and the second electrode,

the first substrate has a shading region in gaps between the
plurality of pixels, and a wall structure is placed
regularly on the surface of the first substrate facing the
liquid crystal layer in the shading region,

the first electrode has at least one first opening formed at
a predetermined position in the pixel,

the second electrode has at least one second opening
formed at a predetermined position in the pixel, and

the liquid crystal layer has at least one liquid crystal
domain having axisymmetric alignment formed when
at least a predetermined voltage is applied, and the
center axis of the axisymmetric alignment of the at least
one liquid crystal domain is formed in or near at least
one of the at least one first opening and the at least one
second opening.

14. The liquid crystal display device of claim 13, wherein
one end of the center axis of axisymmetric alignment of the
at least one liquid crystal domain is in or near the at least one
first opening, and the other end is in or near the at least one
second opening.
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15. The liquid crystal display device of claim 13, wherein
the at least one first opening and the at least one second
opening are placed to at least overlap each other via the
liquid crystal layer.

16. The liquid crystal display device of claim 13, wherein
when a voltage giving a relative transmittance of 10% is
applied across the liquid crystal layer interposed between the
first electrode and the second electrode, the potential at at
least one of the at least one first opening and the at least one
second opening is lower than a threshold voltage of the
liquid crystal layer.

17. The liquid crystal display device of claim 16, wherein
when a voltage giving a relative transmittance of 10% is
applied across the liquid crystal layer interposed between the
first electrode and the second electrode, the potentials at the
at least one first opening and the at least one second opening
are lower than the threshold voltage of the liquid crystal
layer.

18. The liquid crystal display device of claim 13, wherein
the size Wh' of the at least one first opening and the at least
one second opening satisfies the condition 1 um<Wh'«<18
um.

19. The liquid crystal display device of claim 13, wherein
the first electrode has at least one cut.

20. The liquid crystal display device of claim 13, wherein
asupport for defining the thickness of the liquid crystal layer
is formed in the shading region located in gaps between the
plurality of pixels.

21. The liquid crystal display device of claim 13, wherein
the first electrode includes a transparent electrode defining a
transmission region and a reflective electrode defining a
reflection region, and the thickness dt of the liquid crystal
layer in the transmission region and the thickness dr of the
liquid crystal layer in the reflection region satisfy the rela-
tionship 0.3 dt<dr<0.7 dt.

22. The liquid crystal display device of claim 13, wherein
the first electrode includes a transparent electrode defining a
transmission region and a reflective electrode defining a
reflection region, the at least one liquid crystal domain
includes a liquid crystal domain formed in the transmission
region, the at least one first opening and/or the at least one
second opening include an opening corresponding to the
center axis of the liquid crystal domain formed in the
transmission region, and the first electrode has a plurality of
cuts formed point-symmetrically with respect to the open-
ing.

23. The liquid crystal display device of claim 21, wherein
a transparent dielectric layer is selectively formed on the
second substrate in the reflection region.

24. The liquid crystal display device of claim 23, wherein
the transparent dielectric layer has a function of scattering
light.

25. The liquid crystal display device of claim 21, further
comprising a color filter layer formed on the second sub-
strate, wherein the optical density of the color filter layer in
the reflection region is lower than that in the transmission
region.

26. The liquid crystal display device of claim 13, further
comprising: 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.
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27. The liquid crystal display device of claim 13, further
comprising: 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.

28. A liquid crystal display device comprising a first
substrate, a second substrate placed to face the first sub-
strate, and a liquid crystal layer interposed between the first
substrate and the second substrate,

wherein the liquid crystal display device has a plurality of
pixels each including a first electrode formed on the
first substrate, an interlayer insulating film formed
between the first substrate and the first electrode, a
second electrode formed on the second substrate, and
the liquid crystal layer interposed between the first
electrode and the second electrode,

the interlayer insulating film has at least one depression
formed at a predetermined position, and the liquid
crystal layer has at least one liquid crystal domain
including liquid crystal molecules tilted in directions
defined with the at least one depression formed when at
least a predetermined voltage is applied.

29. The liquid crystal display device of claim 28, wherein
the first electrode has at least one opening, and the at least
one opening includes an opening formed at a position
corresponding to the at least one depression.

30. The liquid crystal display device of claim 28, wherein
the plurality of pixels are arranged in a matrix, and the
maximum inner diameter/width Dc of the at least one
depression satisfies the relationship Dc<0.35-Ps where Ps is
the pitch of the pixels in the shorter side direction.

31. The liquid crystal display device of claim 28, wherein
the thickness Id of the interlayer insulating film and the
depth h of the at least one depression satisfy the relationship
h<0.81d.

32. The liquid crystal display device of claim 28, wherein
the first electrode further has at least one cut.

33. The liquid crystal display device of claim 28, further
including a wall structure formed integrally with the inter-
layer insulating film, and the wall structure is regularly
placed around each of the plurality of pixels.

34. The liquid crystal display device of claim 33, wherein
a shading region is provided to surround each of the plurality
of pixels, and the wall structure is placed regularly in the
shading region.

35. The liquid crystal display device of claim 28, wherein
the liquid crystal layer is a vertically aligned liquid crystal
layer, the at least one liquid crystal domain formed when at
least a predetermined voltage is applied across the liquid
crystal layer includes a liquid crystal domain having axi-
symmetric alignment, and the center axis of the axisymmet-
ric alignment is formed in or near the at least one depression.

36. The liquid crystal display device of claim 28, wherein
the second electrode has at least one other opening formed
at a predetermined position in the pixel, and

the liquid crystal layer is a vertically aligned liquid crystal
layer, the at least one liquid crystal domain formed
when at least a predetermined voltage is applied across
the liquid crystal layer includes a liquid crystal domain
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having axisymmetric alignment, and the center axis of
the axisymmetric alignment is formed in or near the at
least one other opening.

37. The liquid crystal display device of claim 28, further
comprising a switching element formed on the first sub-
strate, the switching element being electrically connected to
the first electrode, wherein at least part of the switching
element is covered with the interlayer insulating film.

38. The liquid crystal display device of claim 28, wherein
the first electrode includes a transparent electrode defining a
transmission region and a reflective electrode defining a
reflection region.

39. The liquid crystal display device of claim 38, wherein
the at least one liquid crystal domain includes a liquid crystal
domain having axisymmetric alignment formed in the trans-
mission region, and the center axis of the axisymmetric
alignment is formed in or near the at least one depression.

40. The liquid crystal display device of claim 38, wherein
the interlayer insulating film has a first region having a
substantially flat surface and a second region having an
uneven surface, the transparent electrode is formed in the
first region, and the reflective electrode is formed in the
second region.

41. The liquid crystal display device of claim 28, further
comprising: 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/or the second substrate and
the pair of polarizing plates.

42. The liquid crystal display device of claim 28, further
comprising: 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.

43. A fabrication method for a liquid crystal display
device comprising a first substrate, a second substrate placed
to face the first substrate, and a liquid crystal layer inter-
posed between the first substrate and the second substrate,
the liquid crystal device comprising a plurality of pixels
each comprising a first electrode formed on the first sub-
strate, a circuit element electrically connected to the first
electrode, an interlayer insulating film formed between the
first substrate and the first electrode, a second electrode
formed on the second substrate, and the liquid crystal layer
formed between the first electrode and the second electrode,

the method comprising the steps of:
forming the circuit element on the first substrate;

forming a positive photosensitive resin film covering the
circuit element;

exposing the photosensitive resin film to light to form
predetermined regions having different exposures;

forming the interlayer insulating film having a contact
hole exposing part of the circuit element and also
having at least one depression, by developing the
light-exposed photosensitive resin film; and

forming the first electrode on the interlayer insulating
film.

44. The fabrication method of claim 43, wherein the step

of forming the interlayer insulating film includes the step of
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forming a first region having a substantially flat surface and
a second region having an uneven surface, and

the step of forming the first electrode includes the steps of:
forming a transparent electrode on the interlayer insu-
lating film in the first region; and forming a reflective
electrode on the interlayer insulating film in the second
region.

45. The fabrication method of claim 44, wherein the step
of exposing the photosensitive resin film to light includes: a
first exposure step of forming a region to become the second
region and the remaining region using a first photomask; and
a second exposure step of forming a region to become the
contact hole and a region to become the at least one
depression in the remaining region using a second photo-
mask.

46. The fabrication method of claim 45, wherein the liquid
crystal display device further comprises a wall structure
integrally formed with the interlayer insulating film to be
regularly placed around each of the plurality of pixels, and

the first exposure step is a step of forming a region to
become the second region and a region to become the
wall structure.

47. The fabrication method of claim 43, wherein the step
of forming the first electrode and/or the second electrode
includes the steps of forming a conductive film and pattern-
ing the conductive film, and

the step of patterning the conductive film includes the step
of forming a plurality of openings and/or cuts at
predetermined positions of the first electrode and/or the
second electrode.

48. A liquid crystal display device comprising a first
substrate, a second substrate placed to face the first sub-
strate, and a vertically aligned liquid crystal layer interposed
between the first substrate and the second substrate,

wherein the liquid crystal display 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 electrode and the second ¢lectrode,

the liquid crystal layer has at least one liquid crystal
domain having axisymmetric alignment formed when
at least a predetermined voltage is applied,

the first electrode has at least one first opening formed at
a position corresponding to about the center of the
axisymmetric alignment of the at least one liquid
crystal domain and at least one cut or second opening
provided at a position corresponding to part of the
periphery of the at least one liquid crystal domain, and

the at least one cut or second opening includes a rectan-
gular portion, and the width EW of the rectangular
portion of the at least one cut or second opening is
greater than the width EC of the at least one first
opening.

49. The liquid crystal display device of claim 48, wherein
the liquid crystal layer has two or more liquid crystal
domains each having axisymmetric alignment formed when
at least a predetermined voltage is applied, and two or more
first openings are formed at positions corresponding to about
the center of the axisymmetric alignment of the two or more
liquid crystal domains.
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50. The liquid crystal display device of claim 48, wherein
the first electrode is a pixel electrode provided for each of
the plurality of pixels, and the width EW of the at least one
cut or second opening is equal to or greater than the space
between the adjacent pixel electrodes.

51. The liquid crystal display device of claim 48, wherein
the shape of the at least one first opening has rotation
symmetry as viewed in the direction normal to the substrate
plane.

52. The liquid crystal display device of claim 48, wherein
the at least one cut or second opening comprises a plurality
of cuts or second openings formed at predetermined posi-
tions, and comprises cuts or second openings arranged
point-symmetrically with respect to the at least one first
opening.

53. The liquid crystal display device of claim 48, further
comprising a wall structure provided regularly on the sur-
face of the first substrate facing the liquid crystal layer, and
the wall structure includes a first wall portion formed in the
rectangular portion of the at least one cut or second opening.

54. The liquid crystal display device of claim 53, wherein
the wall structure includes a second wall portion extending
from the first wall portion.

55. The liquid crystal display device of claim 53, wherein
the wall structure includes a third wall portion provided in
a region surrounding the first electrode.

56. The liquid crystal display device of claim 48, wherein
the first electrode includes a transparent electrode defining a
transmission region and a reflective electrode defining a
reflection region, and the thickness dt of the liquid crystal
layer in the transmission region is greater than the thickness
dr of the liquid crystal layer in the reflection region.

57. The liquid crystal display device of claim 56, wherein
the second substrate has a transparent dielectric layer in the
reflection region.

58. The liquid crystal display device of claim 56, wherein
the liquid crystal layer has two or more liquid crystal
domains having axisymmetric alignment formed when at
least a predetermined voltage is applied,

the two or more liquid crystal domains include a liquid
crystal domain formed in the transmission region and a
liquid crystal domain formed in the reflection region,
and

the at least one first opening comprises two or more
openings formed at positions corresponding to about
the center of the axisymmetric alignment of the two or
more liquid crystal domains.

59. The liquid crystal display device of claim 48, wherein
at least one of the first substrate and the second substrate has
a support for defining the thickness of the liquid crystal
layer.

60. The liquid crystal display device of claim 48, wherein
the first substrate further includes an active element pro-
vided for each of the plurality of pixels, the first electrode is
a pixel electrode provided for each of the pixel electrodes
and connected to the active element.

61. The liquid crystal display device of claim 48, further
comprising: 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
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plates and/or between the second substrate and the other least one uniaxial optical anisotropic medium layer placed
polarizing plate. between the first substrate and one of the pair of polarizing
plates and/or between the second substrate and the other

62. The liquid crystal display device of claim 48, further i
polarizing plate.

comprising: a pair of polarizing plates placed to face each
other via the first substrate and the second substrate; and at * % % % %
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