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(57) ABSTRACT

The liquid crystal display device of this invention includes
a plurality of picture element regions each defined by a first
electrode provided on a face of a first substrate facing a
liquid crystal layer and a second electrode provided on a
second substrate so as to oppose the first electrode via the
liquid crystal layer sandwiched therebetween. In each of the
picture element regions, the first electrode has a plurality of
openings and a solid portion, the liquid crystal layer is in a
vertical orientation state when no voltage is applied between
the first electrode and the second electrode, and when a
voltage is applied between the first electrode and the second
electrode, a plurality of liquid crystal domains each in a
radially-inclined orientation state are respectively formed in
the plurality of openings and the solid portion by inclined
electrode fields generated at respective edge portions of the
openings of the first electrode.
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LIQUID CRYSTAL DISPLAY DEVICE

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a liquid crystal
display device, and more particularly, it relates to a liquid
crystal display device having a wide viewing angle charac-
teristic capable of producing a high quality display.

[0002] Recently, a thin and light liquid crystal display
device is used as a display device for a display of a personal
computer and a display unit of portable information terminal
equipment. Conventional twist nematic (TN) or super twist
nematic (STN) liquid crystal display devices have, however,
a disadvantage of a narrow viewing angle, and various
techniques have been developed for overcoming this disad-
vantage.

[0003] A typical technique to improve the viewing angle
characteristic of a TN or STN liquid crystal display device
is a method of additionally providing an optical compensa-
tor. Another technique is a lateral field method of applying,
through a liquid crystal layer, an electric field in a direction
horizontal to the substrate surface. Liquid crystal display
devices of the lateral field method are recently mass-pro-
duced and regarded as promising devices. A still another
technique is DAP (deformation of vertical aligned phase) in
which a nematic liquid crystal material with negative dielec-
tric anisotropy is used as a liquid crystal material and a
vertical alignment film is used as an alignment film. The
DAP is a kind of an ECB (electrically controlled birefrin-
gence) method, and the transmittance is controlled by uti-
lizing the birefringent property of the liquid crystal mol-
ecules.

[0004] Although the lateral field method is one of effective
methods for increasing the viewing angle, the production
margin is very small in the production process as compared
with that of a general TN liquid crystal display device, and
hence, there is a difficulty in stable production of this type
of liquid crystal display devices. This is because gap irregu-
larity between substrates and shift of the transmission axis of
a polarizing plate (polarization axis) from the orientation
axis of a liquid crystal molecule largely affect the luminance
and the contrast ratio of display. In order to stably produce
the liquid crystal display devices of the lateral field method
by highly precisely controlling these factors, the technique
should be further highly developed.

[0005] In order to produce an even display free from
display unevenness by a liquid crystal display device of the
DAP method, it is necessary to control orientation. For
controlling the orientation, an alignment treatment is carried
out by rubbing the surface of an alignment film. When the
surface of a vertical alignment film is subjected to a rubbing
treatment, however, rubbing streaks are easily caused in a
displayed image. Therefore, this treatment is not suitable to
mass-production.

[0006] On the other hand, for controlling the orientation
without the rubbing treatment, a method for controlling the
orientation direction of liquid crystal molecules by an
inclined electric field generated by forming a slit (opening)
in an electrode has been proposed (as described in, for
example, Japanese Laid-Open Patent Publication Nos.
6-301036 and 2000-47217). However, the present inventors
have found the following as a result of examination: The
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orientation state of a region of a liquid crystal layer corre-
sponding to the opening of the electrode is not specified in
the methods disclosed in these publications, and the conti-
nuity of the orientation of the liquid crystal molecules is not
sufficient. Therefore, it is difficult to obtain a stable orien-
tation state over an entire picture element, and hence, a
displayed image becomes disadvantageously uneven.

SUMMARY OF THE INVENTION

[0007] The present invention was devised to overcome the
aforementioned disadvantages, and an object of the inven-
tion is providing a liquid crystal display device having a
wide viewing angle characteristic and high display quality.

[0008] The liquid crystal display device of this invention
includes a first substrate; a second substrate; a liquid crystal
layer disposed between the first substrate and the second
substrate; and a plurality of picture element regions each
defined by a first electrode provided on a face of the first
substrate facing the liquid crystal layer and a second elec-
trode provided on the second substrate so as to oppose the
first electrode via the liquid crystal layer sandwiched ther-
ebetween, and the first electrode includes a plurality of
openings and a solid portion in each of the plurality of
picture element regions, the liquid crystal layer is in a
vertical orientation state in each of the plurality of picture
element regions when no voltage is applied between the first
electrode and the second electrode, and when a voltage is
applied between the first electrode and the second electrode,
a plurality of liquid crystal domains each in a radially-
inclined orientation state are formed in the plurality of
openings and the solid portion by inclined electric fields
generated at respective edge portions of the plurality of
openings of the first electrode, for producing a display by
changing orientation states of the plurality of liquid crystal
domains in accordance with the applied voltage. Owing to
this structure, the aforementioned object is achieved.

[0009] Preferably, at least some of the plurality of open-
ings have substantially the same shape and the same size,
and form at least one unit lattice arranged so as to have
rotational symmetry.

[0010] Preferably, each of the at least some of the plurality
of openings is in a rotationally symmetrical shape.

[0011] Each of the at least some of the plurality of open-
ings may be in a substantially circular shape.

[0012] Each region of the solid portion surrounded with
the at least some of the plurality of openings (a unit solid
portion) may be in a substantially circular shape.

[0013] Each region of the solid portion surrounded with
the at least some of the plurality of openings (a unit solid
portion) may be in a substantially rectangular shape with
substantially arc-shaped corners.

[0014] Preferably, in each of the plurality of picture ele-
ment regions, a total area of the plurality of openings of the
first electrode is smaller than an area of the solid portion of
the first electrode.

[0015] The liquid crystal display device may further
include a protrusion within each of the plurality of openings,
a cross-sectional shape of the protrusion taken along a plane
direction of the substrate may be the same as a shape of the
corresponding opening, and a side face of the protrusion
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may have an orientation-regulating force for orienting liquid
crystal molecules of the liquid crystal layer in the same
direction as an orientation-regulating direction obtained by
the inclined electric field.

[0016] Preferably, the plurality of liquid crystal domains
are in a spirally radially-inclined orientation state.

[0017] The liquid crystal display device may further
include a pair of polarizing plates respectively provided
outside of the first substrate and the second substrate and
disposed with polarizing axes thereof crossing each other
substantially perpendicularly, and in each of the plurality of
liquid crystal domains, assuming that a liquid crystal mol-
ecule included in the liquid crystal layer and positioned in a
12 o’clock direction on a display surface in regard to a center
of each of said plurality of liquid crystal domains is inclined
against the 12 o’clock direction on the display surface by an
angle 8, the polarization axis of one of the pair of polarizing
plates is preferably inclined in the same direction as incli-
nation of the liquid crystal molecule positioned in the 12
o’clock direction on the display surface by an angle exceed-
ing 0 degree and smaller than 26 against the 12 o’clock
direction on the display surface.

[0018] More preferably, the polarization axis of one of the
pair of polarizing plates is inclined by an angle exceeding 0
degree and equal to 0 or less. Alternatively, the polarization
axis of one of the pair of polarizing plates may be inclined
by an angle substantially the same as 6/2 or the polarization
axis of one of the pair of polarizing plates may be inclined
by an angle substantially the same as 6.

[0019] The solid portion may include a plurality of island
portions arranged in the form of an mxn matrix and a
plurality of branch portions for electrically connecting adja-
cent pairs of the plurality of island portions, and the number
of the plurality of branch portions may be smaller than (2
mn-m-n).

[0020] The first substrate can further include an active
element provided correspondingly to each of the plurality of
picture element regions, and the first electrode may corre-
spond to a picture element electrode provided in each of the
plurality of picture element regions to be switched by the
active element and the second electrode may correspond to
at least one counter electrode opposing the plurality of
picture element electrodes.

[0021] The other liquid crystal display device of this
invention includes a first substrate; a second substrate; a
liquid crystal layer disposed between the first substrate and
the second substrate; and a plurality of picture element
regions each defined by a first electrode provided on a face
of the first substrate facing the liquid crystal layer and a
second electrode provided on the second substrate so as to
oppose the first electrode via the liquid crystal layer sand-
wiched therebetween, and in each of the plurality of picture
element regions, the liquid crystal layer is in a vertical
orientation state when no voltage is applied between the first
electrode and the second electrode, and the first electrode
includes a plurality of openings disposed at least corners of
each of the plurality of picture element regions and a solid
portion. Owing to this structure, the aforementioned object
is achieved.

[0022] Preferably, a region of the solid portion surrounded
with at least some of the plurality of openings is in a
rotationally symmetrical shape.
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[0023] Alternatively, a region of the solid portion sur-
rounded with at least some of the plurality of openings may
be in a substantially circular shape.

[0024] Alternatively, a region of the solid portion sur-
rounded with at least some of the plurality of openings may
be in a substantially rectangular shape with substantially
arc-shaped corners.

[0025] The solid portion may include a plurality of island
portions arranged in the form of an mxn matrix and a
plurality of branch portions for electrically connecting adja-
cent pairs of the plurality of island portions, and the number
of the plurality of branch portions may be smaller than (2
mn-m-n).

[0026] The functions of the present invention are as fol-
lows:
[0027] In the present liquid crystal display device, one of

a pair of electrodes for applying a voltage through a liquid
crystal layer in a picture element region includes a plurality
of openings (where no conducting film is present in the
electrode) and a solid portion (a portion other than the
openings where a conducting film is present in the elec-
trode). The solid portion is typically formed from a con-
tinuous conducting film. The liquid crystal layer is in a
vertical orientation state when no voltage is applied, and
when a voltage is applied, a plurality of liquid crystal
domains each in a radially-inclined orientation state are
formed by inclined electric fields generated at the respective
edge portions of the openings of the electrode. Typically, the
liquid crystal layer is formed from a liquid crystal material
having negative dielectric anisotropy and is controlled in its
orientation by vertical alignment films sandwiching the
liquid crystal layer.

[0028] The liquid crystal domains formed by the inclined
electric fields are formed in regions corresponding to the
openings and the solid portion of the electrode, and a display
is produced by changing the orientation states of these liquid
crystal domains in accordance with the applied voltage.
Since each of the liquid crystal domains is oriented axially
symmetrically, the viewing angle dependency of display
quality can be reduced so as to attain a wide viewing angle
characteristic.

[0029] Furthermore, since the liquid crystal domains
formed correspondingly to the openings and the liquid
crystal domains formed correspondingly to the solid portion
are formed owing to the inclined electric fields generated at
the respective edge portions of the openings, these liquid
crystal domains are formed adjacently and alternately and
the orientations of liquid crystal molecules of the adjacent
liquid crystal domains are substantially continuous. Accord-
ingly, no disclination line is formed between a liquid crystal
domain formed correspondingly to an opening and a liquid
crystal domain formed correspondingly to a solid portion.
Therefore, degradation in the display quality due to a
disclination line can be avoided, and the orientation of the
liquid crystal molecules is highly stable.

[0030] In the present liquid crystal display device, the
liquid crystal molecules are placed in the radially-inclined
orientation state not only in a region corresponding to the
solid portion of the electrode but also in regions correspond-
ing to the openings. Therefore, as compared with the afore-
mentioned conventional liquid crystal display device, the
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continuity in the orientations of the liquid crystal molecules
is higher and the orientation state is more stable, so as to
realize even display free from unevenness. In particular, it is
necessary to allow the inclined electric field for controlling
the orientation of the liquid crystal molecules to work on a
large number of liquid crystal molecules in order to realize
a good response characteristic (namely, a high response
speed), and for this purpose, it is necessary to form a large
number of openings (edge portions). In the present liquid
crystal display device, liquid crystal domains that can be
placed in a stable radially-inclined orientation state can be
formed correspondingly to the openings, and hence, even
when a large number of openings are formed for improving
the response characteristic, the degradation of display qual-
ity (occurrence of unevenness) can be avoided.

[0031] When at least some of the plural openings have
substantially the same shape and the same size so as to form
at least one unit lattice rotationally symmetrically arranged,
the plurality of liquid crystal domains can be highly sym-
metrically arranged by using the unit lattice as a unit,
resulting in improving the viewing angle dependency of the
display quality. Furthermore, when the entire picture ele-
ment region is divided into unit lattices, the orientation of
the liquid crystal layer can be stabilized over the entire
picture element region. For example, the openings are
arranged so that the centers of the respective openings can
form a square lattice. In the case where one picture element
region is divided by opaque composing elements such as a
storage capacitance line, a unit lattice is disposed in each
region that makes contribution to the display.

[0032] When each of at least some of the plurality of
openings (typically, the openings together forming a unit
lattice) is in a rotationally symmetrical shape, the stability of
the radially-inclined orientation of the liquid crystal domain
formed correspondingly to the opening can be improved.
For example, the shape (seen from the substrate normal
direction) of each opening is a circle or a regular polygon
(such as a square). The opening may be in a shape not
rotationally symmetrical (such as an ellipse) depending upon
the shape (the ratio between width and length) of a picture
element. Furthermore, when a region of the solid portion
substantially surrounded with the openings (“a unit solid
portion” described below) is in a rotationally symmetrical
shape, the stability of the radially-inclined orientation of the
liquid crystal domain formed correspondingly to the solid
portion can be improved. For example, in the case where the
openings are disposed in a square lattice arrangement, the
opening may be in a substantially star-shape or cross-shape
and the solid portion may be in a substantially circular or
square shape. Needless to say, both the opening and the
portion of the solid portion surrounded with the openings
may be in a substantially square shape.

[0033] In order to stabilize the radially-inclined orienta-
tion of the liquid crystal domain formed correspondingly to
the opening of the electrode, the liquid crystal domain
formed correspondingly to the opening is preferably in a
substantially circular shape. Conversely speaking, the shape
of the opening is designed so as to form a substantially
circular liquid crystal domain correspondingly to the open-
ing.

[0034] Needless to say, in order to stabilize the radially-
inclined orientation of the liquid crystal domain formed
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correspondingly to the solid portion of the electrode, the
region of the solid portion substantially surrounded with the
openings is preferably in a substantially circular shape. One
liquid crystal domain formed in the solid portion made from
a continuous conducting film is formed correspondingly to
the region of the solid portion substantially surrounded with
the plural openings (unit solid portion). Accordingly, the
shapes and the arrangement of the openings are determined
so that the region of the solid portion (unit solid portion) can
be in a substantially circular shape.

[0035] In any of the aforementioned cases, the sum of the
areas of the openings formed in the electrode is preferably
smaller than the area of the solid portion in each of the
picture element regions. As the area of the solid portion is
larger, the area of the liquid crystal layer (defined on a plane
seen from the substrate normal direction) directly affected
by the electric fields generated by the electrodes is larger,
and hence, the optical characteristic (such as transmittance)
of the liquid crystal layer against voltage can be improved.

[0036] Tt is preferably determined whether the opening is
formed in a substantially circular shape or the unit solid
portion is formed in a substantially circular shape depending
upon the area of the solid portion is larger in which structure.
It is appropriately selected which structure is preferred
depending upon the pitch of picture elements. Typically, in
the case where the pitch exceeds approximately 25 um, the
openings are preferably formed so as to form substantially
circular unit solid portions, and in the case where the pitch
is smaller than approximately 25 um, the openings are
preferably formed in substantially circular shape.

[0037] When the region of the solid portion substantially
surrounded with the openings is formed in a substantially
rectangular shape with substantially arc-shaped corners, the
radially-inclined orientation can be stabilized and the trans-
mittance (effective aperture ratio) can be improved.

[0038] The orientation-regulating force caused by the
inclined electric field generated at the edge portion of the
opening of the electrode works merely under voltage appli-
cation. Therefore, when, for example, an external force is
applied to the liquid crystal panel under application of no
voltage or a comparatively low voltage, the radially-inclined
orientation of the liquid crystal domain sometimes may not
be kept. In order to overcome this problem, in one preferred
embodiment, the liquid crystal display device includes a
protrusion formed within the opening of the electrode and
having orientation-regulating force on the liquid crystal
molecules of the liquid crystal layer in the same direction as
the orientation-regulating direction of the inclined electric
field. The cross-sectional shape of the protrusion taken on a
plane direction of the substrate is the same as the opening,
and 1is preferably in a rotationally symmetrical shape simi-
larly to the shape of the opening.

[0039] When the plurality of liquid crystal domains can be
placed in a spiral radially-inclined orientation state, the
orientation can be further stabilized, further even display
free from unevenness can be realized and the response speed
is increased. The spiral radially-inclined orientation state
can be realized by using a nematic liquid crystal material
having negative dielectric anisotropy including a chiral
agent. It depends upon the kind of chiral agent whether the
spiral direction is the clockwise direction or the counter-
clockwise direction.
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[0040] In the case where the liquid crystal display device
having the aforementioned structure further includes a pair
of polarizing plates provided on the outside of the first and
second substrates to have their polarization axes crossing
substantially perpendicularly, the display quality can be
further improved as follows:

[0041] Specifically, when a liquid crystal molecule posi-
tioned in the 12 o’clock direction on the display surface in
regard to the center of the liquid crystal domain is assumed
to be inclined against the 12 o’clock direction on the display
surface by an angle 0, the polarizing plates are arranged so
that the polarization axis of one of the polarizing plates is
inclined in the same direction as the incline direction of the
liquid crystal molecule against the 12 o’clock direction on
the display surface by an angle exceeding 0 degree and
smaller than 28. Thus, the light transmittance obtained when
the liquid crystal domain is in the spiral radially-inclined
orientation state can be improved, resulting in realizing
bright display. In particular, when the polarizing plates are
arranged so that the polarization axis of one polarizing plate
is inclined at an angle substantially the same as 0, the light
transmittance can be further increased, resulting in further
bright display. Furthermore, when the polarizing plates are
arranged so that the polarization axis of one polarizing plate
is inclined by an angle exceeding 0 degree and equal to 0 or
less, not only bright display can be realized but also occur-
rence of a tailing phenomenon (including a white tailing
phenomenon and a black tailing phenomenon) can be sup-
pressed, resulting in realizing display with high quality. In
particular, when the polarizing plates are arranged so that the
polarization axis of one polarizing plate is inclined at an
angle substantially the same as 6/2, the occurrence of the
white tailing phenomenon and the black tailing phenomenon
can be substantially avoided, resulting in realizing display
with further higher quality.

[0042] The solid portion of the electrode is composed of,
for example, a plurality of island portions and a plurality of
branch portions each for electrically connecting an adjacent
pair of the plurality of island portions. Since each branch
portion present between the adjacent island portions
degrades the orientation-regulating effect attained by the
inclined electric field, the degradation of the orientation-
regulating effect can be suppressed so as to improve the
response characteristic as the width of each branch portion
is smaller and the number of branch portions is smaller.

[0043] In the case where the plurality of island portions
are arranged in the form of an mxn matrix, if the branch
portions are provided between all the adjacent pairs of island
portions, the number of branch portions is (2 mn-m-n).
When the number of plurality of branch portions is smaller
than (2 mn-m-n), the degradation of the orientation-regu-
lating effect can be suppressed so as to improve the response
characteristic.

[0044] The liquid crystal display device of this invention
is, for example, an active matrix liquid crystal display device
equipped with a switching element such as a TFT in each
picture element region, and the electrode having the open-
ings corresponds to a picture element electrode connected to
the switching element and the other electrode corresponds to
at least one counter electrode opposing a plurality of picture
element electrodes. In this manner, merely by forming
openings in one of the pair of electrodes opposing each other
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via the liquid crystal layer sandwiched therebetween, stable
radially-inclined orientation can be realized. Specifically,
the present liquid crystal display device can be fabricated by
a known fabrication method merely by modifying a photo-
mask used in patterning a conducting film into a pattern of
picture element electrodes so as to form openings in a
desired shape in desired arrangement. Needless to say, a
plurality of openings may be formed in the counter elec-
trode.

[0045] 1In the other liquid crystal display device of this
invention, one of the pair of electrodes for applying a
voltage through the liquid crystal layer in a picture element
region includes a plurality of openings disposed at least at
corners of the picture element region and a solid portion.
Therefore, when a voltage is applied between the pair of
electrodes, inclined electric fields are generated at the edge
portions of the openings of the electrode. Accordingly,
owing to the inclined electric fields generated at the edge
portions of the plurality of openings disposed at least at the
corners, the liquid crystal layer is formed into liquid crystal
domains each in a radially-inclined orientation state under
voltage application, resulting in attaining a wide viewing
angle characteristic.

[0046] A unit solid portion (a region of the solid portion
substantially surrounded with the openings) present in a
given picture element region may be a plurality of unit solid
portions or a single unit solid portion surrounded with the
openings disposed at the corners. In the case where a unit
solid portion present in a given picture element region is a
single unit solid portion, the openings surrounding the unit
solid portion may be a plurality of openings disposed at the
corners or a substantially single opening continuously
formed from a plurality of openings disposed at the corners.

[0047] When the region of the solid portion substantially
surrounded with the openings (unit solid portion) is in a
rotationally symmetrical shape, the stability of the radially-
inclined orientation of the liquid crystal domain formed in
the solid portion can be improved. For example, the unit
solid portion may be in a substantially circular shape, a
substantially square shape or a substantially rectangular
shape.

[0048] When the unit solid portion is in a substantially
circular shape, the radially-inclined orientation of the liquid
crystal domain formed in the solid portion of the electrode
can be stabilized. Since a liquid crystal domain formed in the
solid portion made from a continuous conducting film is
formed correspondingly to the unit solid portion, the shape
and the arrangement of the openings are determined so that
the unit solid portion can be formed in a substantially
circular shape.

[0049] Furthermore, when the unit solid portion is in a
substantially rectangular shape with substantially arc-shaped
corners, the radially-inclined orientation can be stabilized
and the transmittance (effective aperture ratio) can be
improved.

[0050] The solid portion of the electrode is composed of,
for example, a plurality of island portions and a plurality of
branch portions each for electrically connecting an adjacent
pair of the plurality of island portions. Since each branch
portion present between the adjacent island portions
degrades the orientation-regulating effect attained by the
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inclined electric field, the degradation of the orientation-
regulating effect can be suppressed so as to improve the
response characteristic as the width of each branch portion
is smaller and the number of branch portions is smaller.

[0051] In the case where the plurality of island portions
are arranged in the form of an mxn matrix, if the branch
portions are provided between all the adjacent pairs of island
portions, the number of branch portions is (2 mn-m-n).
When the number of plurality of branch portions is smaller
than (2 mn-m-n), the degradation of the orientation-regu-
lating effect can be suppressed so as to improve the response
characteristic.

BRIEF DESCRIPTION OF THE DRAWINGS

[0052] FIG. 1A is a top view for schematically showing
the structure of one picture element region of a liquid crystal
display device 100 according to Embodiment 1 of the
invention, and FIG. 1B is a cross-sectional view thereof
taken along line 1B-1B' of FIG. 1A,

[0053] FIGS. 2A and 2B are diagrams for showing states
where a voltage is applied through a liquid crystal layer 30
of the liquid crystal display device 100 and specifically FIG.
2A schematically shows a state where orientation starts to
change (ON initial state) and FIG. 2B schematically shows
a stationary state;

[0054] FIGS. 3A, 3B, 3C and 3D are diagrams for sche-
matically showing the relationship between a line of electric
force and orientation of liquid crystal molecules;

[0055] FIGS. 4A, 4B and 4C are diagrams for schemati-
cally showing orientation states of liquid crystal molecules
seen from a substrate normal direction in the liquid crystal
display device 100 of Embodiment 1;

[0056] FIGS. 5A, 5B and 5C are diagrams for schemati-
cally showing examples of radially-inclined orientation of
liquid crystal molecules;

[0057] FIGS. 6A and 6B are top views for schematically
showing other picture element electrodes usable in the liquid
crystal display device of Embodiment 1;

[0058] FIGS. 7A and 7B are top views for schematically
showing still other picture element electrodes usable in the
liquid crystal display device of Embodiment 1,

[0059] FIGS. 8A and 8B are top views for schematically
showing still other picture element electrodes usable in the
liquid crystal display device of Embodiment 1,

[0060] FIG.9 is atop view for schematically showing still
another picture element electrode usable in the liquid crystal
display device of Embodiment 1;

[0061] FIGS. 10A and 10B are top views for schemati-
cally showing still other picture element electrodes usable in
the liquid crystal display device of Embodiment 1,

[0062] FIG. 11A is a diagram for schematically showing
a unit lattice of a pattern shown in FIG. 1A, FIG. 1A, FIG.
11B is a diagram for schematically showing a unit lattice of
a pattern shown in FIG. 9, and FIG. 11C is a graph for
showing the relationship between a pitch p and an area ratio
of a solid portion;

[0063] FIG. 12A is a diagram for schematically showing
a unit lattice of a picture element electrode having a unit
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solid portion formed in a substantially circular shape, FIGS.
12B and 12C are diagrams for schematically showing unit
lattices of picture element electrodes having unit solid
portions formed in a substantially square shape with sub-
stantially arc-shaped corners, and FIG. 12D is a diagram for
schematically showing a unit lattice of a picture element
electrode having a unit solid portion formed in a substan-
tially square shape;

[0064] FIG. 13A is a top view for schematically showing
the structure of one picture element region of a liquid crystal
display device 200 according to Embodiment 2 of the
invention, and FIG. 13B is a cross-sectional view thereof
taken along line 13B-13B' of FIG. 13A,

[0065] FIGS. 14A, 14B, 14C and 14D are schematic
diagrams for explaining the relationship between orientation
of a liquid crystal molecule 30a and the shape of a surface
with a vertical alignment property;

[0066] FIGS. 15A and 15B are diagrams for showing
states where a voltage is applied through a liquid crystal
layer 30 of the liquid crystal display device 200, and
specifically FIG. 15A schematically shows a state where
orientation starts to change (ON initial state) and FIG. 15B
schematically shows a stationary state;

[0067] FIGS. 16A, 16B and 16C are respectively sche-
matic cross-sectional views of liquid crystal display devices
200A, 200B and 200C of Embodiment 2 that are different in
the arrangement of an opening and a protrusion,

[0068] FIG. 17 is a cross-sectional view for schematically
showing the cross-sectional structure of the liquid crystal
display device 200 taken along line 17A-17A’ of FIG. 13A;

[0069] FIGS. 18A and 18B are diagrams for schemati-
cally showing the structure of one picture element region of
a liquid crystal display device 200 D according to Embodi-
ment 2, and specifically FIG. 18A is a top view thereof and
FIG. 18B is a cross-sectional view thereof taken along line
18B-18B' of FIG. 18A;

[0070] FIG. 19A is a diagram for schematically showing
an orientation state of liquid crystal molecules obtained
immediately after voltage application, and FIGS. 19B and
19C are top views for schematically showing orientation
sates of liquid crystal molecules in orientation stable time
(stationary state);

[0071] FIG. 20 is a graph in which the ordinate indicates
the transmittance in a white display state of a liquid crystal
display device according to an embodiment of the invention
and the abscissa indicates the angle of a polarization axis
against the 12 o’clock direction;

[0072] FIG. 21A is a diagram for schematically showing
arrangement of a polarizing plate and FIG. 21B is a diagram
for schematically showing shade regions SR in a liquid
crystal domain obtained when the polarizing plate is
arranged as shown in FIG. 21A;

[0073] FIG. 22A is a diagram for schematically showing
another arrangement of a polarizing plate and FIG. 22B is
a diagram for schematically showing shade regions SR in a

liquid crystal domain obtained when the polarizing plate is
arranged as shown in FIG. 22A;

[0074] FIG. 23 is a diagram for schematically showing a
white tailing phenomenon;
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[0075] FIG. 24 s a diagram for schematically showing the
state where the tailing phenomenon is prevented in a liquid
crystal display device of the invention;

[0076] FIG. 25A is a diagram for schematically showing
arrangement of a polarizing plate, FIG. 25B is a diagram for
schematically showing shade regions SR obtained immedi-
ately after voltage application when the polarizing plate is
arranged as shown in FIG. 25A, and FIG. 25C is a diagram
for schematically showing shade regions SR obtained in the
orientation stable time (stationary state) when the polarizing
plate is arranged as shown in FIG. 25A;

[0077] FIG. 26A is a diagram for schematically showing
arrangement of a polarizing plate, FIG. 26B is a diagram for
schematically showing shade regions SR obtained immedi-
ately after voltage application when the polarizing plate is
arranged as shown in FIG. 26A, and FIG. 26C is a diagram
for schematically showing shade regions SR obtained in the
orientation stable time (stationary state) when the polarizing
plate is arranged as shown in FIG. 264;

[0078] FIG. 27 is a graph for showing change with time
of the transmittance in accordance with change of a picture
element region from a black display state to a intermediate
gray scale display state obtained when the angle of the
polarization axis against the 12 o’clock direction is 0 degree,
approximately 13 degrees or approximately 20 degrees;

[0079] FIG. 28 is a diagram for schematically showing a
black tailing phenomenon;

[0080] FIG. 29 is a top view for schematically showing a
picture element electrode used in a liquid crystal display
device according to an embodiment of the invention,

[0081] FIG.30is a top view for schematically showing an
orientation state of liquid crystal molecules under voltage
application,

[0082] FIG. 31 is a cross-sectional view taken along line
31A-31A" or 31B-31B' of FIG. 30 for schematically show-
ing the orientation state of the liquid crystal molecules under
voltage application;

[0083] FIG. 32 is a top view for schematically showing an
orientation state of liquid crystal molecules under voltage
application,

[0084] FIG. 33 is a cross-sectional view taken along line
33A-33A" or 33B-33B' of FIG. 32 for schematically show-
ing the orientation state of the liquid crystal molecules under
voltage application;

[0085] FIG. 34 is a top view for schematically showing an
orientation state of liquid crystal molecules under voltage
application,

[0086] FIGS. 35A and 35B arc cross-sectional views
respectively taken along lines 35A-35A" and 35B-35B' of
FIG. 34 for schematically showing the orientation state of
the liquid crystal molecules under voltage application;

[0087] FIG. 36 is a top view for schematically showing an
orientation state of liquid crystal molecules under voltage
application,

[0088] FIG. 37A and 37B are cross-sectional views
respectively taken along lines 35A-35A" and 35B-35B' of
FIG. 34 for schematically showing the orientation state of
the liquid crystal molecules under voltage application;
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[0089] FIG. 38 is a top view for schematically showing an
orientation state of liquid crystal molecules under voltage
application,

[0090] FIGS. 39A and 39B are top views for schemati-
cally showing orientation states of liquid crystal molecules
under voltage application respectively obtained when a
branch portion of a picture element electrode has a com-
paratively small width and when the branch portion of the
picture element electrode has a comparatively large width;

[0091] FIG. 40 is a graph for schematically showing
change with time of transmittance under application of
voltage through a liquid crystal layer obtained when the
branch portion has a comparatively small width and when
the branch portion has a comparatively large width;

[0092] FIGS. 41A and 41B are top views for schemati-
cally showing liquid crystal molecules oriented in a direc-
tion parallel to a polarization axis in a second stable state
respectively obtained when a branch portion 14d has a
comparatively small width and when the branch portion 14d
has a comparatively large width;

[0093] FIG. 42 is a top view for schematically showing a
picture element electrode usable in a liquid crystal display
device according to an embodiment of the invention;

[0094] FIG. 43 is a top view for schematically showing
another picture element electrode usable in the liquid crystal
display device according to the embodiment of the inven-
tion;

[0095] FIG. 44 is a top view for schematically showing
still another picture element electrode usable in the liquid
crystal display device according to the embodiment of the
invention;

[0096] FIG. 45 is a top view for schematically showing
still another picture element electrode usable in the liquid
crystal display device according to the embodiment of the
invention; and

[0097] FIG. 46 is a top view for schematically showing
still another picture element electrode usable in the liquid
crystal display device according to the embodiment of the
invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0098] Preferred embodiments of the invention will now
be described with reference to the accompanying drawings.

[0099]

[0100] First, the electrode structure of a liquid crystal
display device of this invention and the function thereof will
be described. The liquid crystal display device of this
invention is suitably used in an active matrix liquid crystal
display device owing to its excellent display characteristic.
Active matrix liquid crystal display devices using thin film
transistors (TFTs) will be exemplified in the following
preferred embodiments, which does not limit the invention.
The invention is also applicable to an active matrix liquid
crystal display device using MIMs and a passive matrix
liquid crystal display device. Also, in the following embodi-
ments, transmission type liquid crystal display devices are
exemplified, which does not limit the invention. The inven-
tion is also applicable to a reflection type liquid crystal
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US 2002/0036740 Al

display device and a transmission/reflection type liquid
crystal display device described later.

[0101] Herein, a region of a liquid crystal display device
corresponding to a “picture element”, that is, a minimum
unit of display, is designated as a “picture element region”.
In a color liquid crystal display device, three picture ele-
ments of R, G and B together correspond to one pixel. In an
active matrix liquid crystal display device, one picture
element region is defined by a picture element electrode and
a counter electrode opposing the picture element electrode.
Alternatively, in a passive matrix liquid crystal display
device, each intersection region between column electrodes
in a stripe shape and row electrodes provided perpendicu-
larly to the column electrodes is defined as a picture element
region. In a structure employing a black matrix, strictly
speaking, a region corresponding to an opening of the black
matrix in the entire region to which a voltage is applied in
accordance with a state to be displayed corresponds to a
picture element region.

[0102] Now, the structure of one picture element region of
a liquid crystal display device 100 according to Embodiment
1 of the invention will be described with reference to FIGS.
1A and 1B. In the following description, a color filter and a
black matrix are omitted for simplification. Also, in the
drawings referred to in the following embodiments, like
reference numerals are used to refer to like elements having
substantially the same functions as those of the liquid crystal
display device 100 so as to omit the description. FIG. 1A is
a top view seen from the substrate normal direction and
FIG. 1B is a cross-sectional view taken along line 1B-1B' of
FIG. 1A. In FIG. 1B, no voltage is applied through a liquid
crystal layer.

[0103] The liquid crystal display device 100 includes an
active matrix substrate (hereinafter referred to as the TFT
substrate) 1004, a counter substrate (also designated as the
color filter substrate) 1005 and a liquid crystal layer 30
disposed between the TFT substrate 100a and the counter
substrate 100b. Liquid crystal molecules 30a of the liquid
crystal layer 30 have negative dielectric anisotropy, and
owing to vertical alignment films serving as vertical align-
ment layers (not shown) provided on the surfaces of the TFT
substrate 100a and the counter substrate 1005 facing the
liquid crystal layer 30, the liquid crystal molecules 30a are
oriented vertically to the surface of the vertical alignment
films as shown in FIG. 1B when no voltage is applied
through the liquid crystal layer 30. Such a state of the liquid
crystal layer 30 is designated as a vertical orientation state.
However, depending upon the kinds of the vertical align-
ment film and the liquid crystal material, the liquid crystal
molecules 30a of the liquid crystal layer 30 in the vertical
orientation state may be slightly inclined against the normal
line of the surface of the vertical alignment film (substrate
surface). In general, a state where a liquid crystal molecule
is oriented with the liquid crystal molecular axis (also
designated as the axial direction) inclined at an angle of
approximately 85 degrees or more against the surface of a
vertical alignment film is designated as the vertical orien-
tation state.

[0104] The TFT substrate 100a of the liquid crystal dis-
play device 100 includes a transparent substrate (such as a
glass substrate) 11 and a picture element electrode 14
formed thereon. The counter substrate 1005 includes a
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transparent substrate (such as a glass substrate) 21 and a
counter electrode 22 formed thereon. In accordance with a
voltage applied to each pair of picture element electrode 14
and counter electrode 22 opposing each other via the liquid
crystal layer 30 sandwiched therebetween, the orientation
state of the liquid crystal layer 30 in each picture element
region is changed. A display is produced by utilizing a
phenomenon that the polarizing state and the quantity of
light transmitting the liquid crystal layer 30 are changed in
accordance with the change of the orientation state of the
liquid crystal layer 30.

[0105] The picture element electrode 14 of the liquid
crystal display device 100 has a plurality of openings 14a
and a solid portion 14b. The opening 14a corresponds, in the
picture element electrode 14 formed from a conducting film
(such as an ITO film), to a portion where the conducting film
is removed, and the solid portion 14b corresponds to a
portion where the conducting film remains (a portion other
than the openings 14a). A plurality of openings 14a are
formed in each picture element electrode, and the solid
portion 14b is basically formed from a single continuous
conducting film.

[0106] The plural openings 14a are arranged so that their
centers form a square lattice, and a region of the solid
portion (hereinafter referred to as the unit solid portion) 145’
substantially surrounded with four openings 142 whose
centers are positioned on four lattice points forming one unit
lattice 1s in a substantially circular shape. Each opening 14a
is in a substantially star-shape with four quarter arc-shaped
edges having a four-fold rotation axis at its center. The unit
lattices are preferably formed up to the edges of the picture
¢lement electrode 14 in order to stabilize the orientation over
the entire picture element region. Accordingly, as shown in
the drawing, the edge of the picture element electrode is
preferably patterned into a shape corresponding to approxi-
mately a half of the opening 144 (at the side edge of the
picture clement electrode) or approximately a quarter of the
opening 14a (at the corner edge of the picture element
electrode).

[0107] The openings 14a positioned in the center part of
the picture element region have substantially the same shape
and the same size. The unit solid portions 145’ positioned in
the unit lattices formed by the openings 14a are in a
substantially circular shape and have substantially the same
shape and the same size. The unit solid portions 145’
adjacent to each other are connected to each other, so as to
work as the solid portion 14b functioning as a substantially
single conducting film.

[0108] When a voltage is applied between the picture
element electrode 14 having the aforementioned structure
and the counter electrode 22, a plurality of liquid crystal
domains each having radially-inclined orientation are
formed due to inclined electric fields generated at the edge
portions of the openings 14a. The liquid crystal domains are
formed in each region corresponding to each opening 14a
and each region corresponding to each unit solid portions
14)' within the unit lattice.

[0109] In this embodiment, the picture element electrode
14 in a square shape is exemplified, but the shape of the
picture element electrode 14 is not limited to the square. The
general shape of the picture element electrode 14 is approxi-
mate to a rectangle (including a square), and hence, the
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openings 14a can be regularly disposed in square lattice
arrangement. The effect of the invention can be attained
even when the picture element electrode 14 is in a shape
other than the rectangular shape as far as the openings 14a
are disposed regularly (for example, in the square lattice
arrangement as described above) so as to form the liquid
crystal domains over the entire picture element region.

[0110] The mechanism of formation of the liquid crystal
domains by the inclined electric fields will now be described
with reference to FIGS. 2A and 2B. FIGS. 2A and 2B show
the states attained by applying a voltage through the liquid
crystal layer 30 of FIG. 1B, and specifically, FIG. 2A
schematically shows the state where the orientation of the
liquid crystal molecules 30qa starts to change in accordance
with the voltage applied through the liquid crystal layer 30
(ON initial state) and FIG. 2B schematically shows the state
where the orientation of the liquid crystal molecules 30a
changed in accordance with the applied voltage attains the
stationary state. In FIGS. 2A and 2B, a line EQ denotes an
equipotential line.

[0111] When the picture element electrode 14 and the
counter electrode 22 have the same potential (which corre-
sponds to the state where no voltage is applied through the
liquid crystal layer 30), the liquid crystal molecules 30a
within the picture element region are oriented vertically to
the surfaces of the substrates 11 and 21 as shown in FIG. 1B.

[0112] When a voltage is applied, potential gradient
expressed by the equipotential line EQ (perpendicularly
crossing a line of electric force) of FIG. 2A is formed. The
equipotential line EQ is parallel to the surfaces of the solid
portion 14b and the counter electrode 22 within a region of
the liquid crystal layer 30 positioned between the solid
portion 14b of the picture element electrode 14 and the
counter electrode 22, and drops in a region corresponding to
the opening 14a of the picture clement electrode 14. There-
fore, the inclined electric field expressed by an inclined
portion of the equipotential line EQ is formed in a region of
the liquid crystal layer 30 on the edge portion EG of the
opening 14a (that is, the inside periphery of the opening 14a
including the boundary thereof).

[0113] To the liquid crystal molecules 30a having the
negative dielectric anisotropy, torque for orienting the axial
direction of the liquid crystal molecules 30a parallel to the
equipotential line EQ (vertical to the line of electric force)
is applied. Accordingly, the liquid crystal molecules 30a
disposed on the edge portions EG are inclined (rotated) in
the clockwise direction at the edge portion EG on the right
hand side in the drawing and in the counterclockwise
direction at the edge portion EG on the left hand side in the
drawing as shown with arrows in FIG. 2A, so as to orient
parallel to the equipotential line EQ.

[0114] Now, the change of the orientation of the liquid
crystal molecules 30z will be described in detail with
reference to FIGS. 3A, 3B, 3C and 3D.

[0115] When the electric field is generated in the liquid
crystal layer 30, torque for orienting the axial direction of
the liquid crystal molecule 30a parallel to the equipotential
line EQ is applied to the liquid crystal molecule 30a having
the negative dielectric anisotropy. As shown in FIG. 3A,
when an electric field expressed by an equipotential line EQ
vertical to the axial direction of a liquid crystal molecule 30a
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is generated, torque is applied to the liquid crystal molecule
30a for inclining it in the clockwise direction or in the
counterclockwise direction in the same probability. Accord-
ingly, in a region of the liquid crystal layer 30 disposed
between the parallel plate electrodes opposing each other,
the torque is applied in the clockwise direction to some
liquid crystal molecules 30z and in the counterclockwise
direction to other liquid crystal molecules 30a. As a result,
the orientation sometimes may not be smoothly changed in
accordance with a voltage applied through the liquid crystal
layer 30.

[0116] When the electric field inclined against the axial
direction of the liquid crystal molecules 30a as expressed by
the equipotential line EQ (inclined electric field) is gener-
ated at the edge portion EG of the opening 14a of the present
liquid crystal display device 100 as shown in FIG. 2A, a
liquid crystal molecule 30« is inclined, as shown in FIG. 3B,
in a direction for orienting parallel to the equipotential line
EQ with smaller inclination (in the counterclockwise direc-
tion in the drawing). Furthermore, a liquid crystal molecule
30a positioned in a region where an electric field expressed
by an equipotential line EQ vertical to the axial direction is
generated is inclined, as shown in FIG. 3C, in the same
direction as another liquid crystal molecule 30z positioned
on the inclined portion of the equipotential line EQ so as to
make continuous (match) their orientations. When an elec-
tric field expressed by an equipotential line EQ with con-
tinuous irregularities as shown in FIG. 3D is applied, liquid
crystal molecules 30a positioned on a flat portion of the
equipotential line EQ are oriented in a direction matching
with the orientation direction of other liquid crystal mol-
ecules 30a positioned on inclined portions of the equipo-
tential line EQ. Herein, “to be positioned on an equipotential
line EQ” means “to be positioned within an electric field
expressed by an equipotential line EQ”.

[0117] When the change of the orientation starting from
the liquid crystal molecules 30a positioned on the inclined
portion of the equipotential line EQ is proceeded as
described above and the stationary state is attained, the
orientation state as schematically shown in FIG. 2B is
obtained. The liquid crystal molecules 30a positioned in the
vicinity of the center of the opening 14a are substantially
equally affected by the orientations of the liquid crystal
molecules 30a positioned at the opposing edge portions EG
of the opening 144, and hence, they keep the orientation
state vertical to the equipotential line EQ. The liquid crystal
molecules 30a positioned in a region away from the center
of the opening 14« are inclined owing to the influence of the
orientation of the liquid crystal molecules 30a positioned at
the closer edge portion EG, so as to form inclined orientation
symmetrically about the center SA of the opening 14a.
When this orientation state is seen from the vertical direction
to the display surface of the liquid crystal display device 100
(in the vertical direction to the surfaces of the substrates 11
and 21), the axial directions of the liquid crystal molecules
30a are oriented radially about the center of the opening 14a
(not shown). This orientation state is herein designated as
“radially-inclined orientation”. Also, a region of the liquid
crystal layer in which the radially-inclined orientation is
obtained about one center is herein designated as a liquid
crystal domain.

[0118] Also in a region corresponding to the unit solid
portions 145" substantially surrounded with the openings



US 2002/0036740 Al

144, a liquid crystal domain where the liquid crystal mol-
ecules 30a are in the radially-inclined orientation state is
formed. The liquid crystal molecules 30a positioned in the
region corresponding to the unit solid portions 14b' are
affected by the orientations of the liquid crystal molecules
30a positioned at the edge portions EG of the openings 144,
so as to form the radially-inclined orientation symmetrical
about the center SA of the unit solid portions 14b' (corre-
sponding to the center of the unit lattice formed by the
openings 14a).

[0119] The radially-inclined orientation obtained in a lig-
uid crystal domain formed in the unit solid portions 145" and
the radially-inclined orientation obtained in the opening 14a
are continuous, and the liquid crystal molecules 30a posi-
tioned in these regions are oriented so as to match with the
orientation of the liquid crystal molecules 30a positioned at
the edge portions EG of the opening 14a. The liquid crystal
molecules 30a in the liquid crystal domain formed in the
opening 14a are oriented in the shape of a cone opening
upward (toward the substrate 100), and the liquid crystal
molecules 30a in the liquid crystal domain formed in the unit
solid portions 14b' are oriented in the shape of a cone
opening downward (toward the substrate 100g). In this
manner, the radially-inclined orientation obtained in the
liquid crystal domain formed in the opening 14a and the
radially-inclined orientation obtained in the liquid crystal
domain formed in the unit solid portions 145" are mutually
continuous. Therefore, a disclination line (orientation
defect) is never formed on the boundary thereof, resulting in
preventing the display quality from lowering due to the
occurrence of a disclination line.

[0120] In order to improve the viewing angle dependency
of the display quality of a liquid crystal display device in all
the azimuths, the existing probabilities of liquid crystal
molecules oriented in the respective azimuth directions in
each picture element region are preferably rotationally sym-
metrical and are more preferably axially symmetrical. In
other words, all the liquid crystal domains formed in the
entire picture element region are preferably rotationally
symmetrically arranged and more preferably axially sym-
metrically arranged. However, it is not necessary to attain
the rotation symmetry in the entire picture element region
but the liquid crystal layer of the picture element region is
formed as a collection of liquid crystal domains rotationally
symmetrically (or axially symmetrically) arranged (for
example, a plurality of liquid crystal domains disposed in the
square lattice arrangement). Accordingly, all the plurality of
openings 144 formed in the picture element region should
not be necessarily rotationally symmetrically arranged in the
entire picture element region as far as they are expressed as
a collection of openings rotationally symmetrically (or axi-
ally symmetrically) arranged (for example, a plurality of
openings disposed in the square lattice arrangement). Need-
less to say, the unit solid portions 145" each surrounded with
the plural openings 144 are similarly arranged. Furthermore,
since the shape of each liquid crystal domain is also pref-
erably rotationally symmetrical and more preferably axially
symmetrical, the shape of each of the openings 14¢ and the
unit solid portions 14b' is preferably rotationally symmetri-
cal and more preferably axially symmetrical.

[0121] In some cases, a sufficient voltage cannot be
applied through a portion of the liquid crystal layer 30 in the
vicinity of the center of the opening 144, so that the portion
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of the liquid crystal layer 30 in the vicinity of the center of
the opening 14a cannot make contribution to display. In
other words, even when the radially-inclined orientation in
the portion of the liquid crystal layer 30 in the vicinity of the
opening 14a is slightly disturbed (for example, when the
center axis is slightly shifted from the center of the opening
14a), the display quality may not be lowered. Accordingly,
at least the liquid crystal domains formed correspondingly to
the unit solid portions 145" should be rotationally symmetri-
cally or axially symmetrically arranged.

[0122] As described with reference to FIGS. 2A and 2B,
the picture element electrode 14 of the liquid crystal display
device 100 of this invention has a plurality of openings 144,
and the electric fields expressed by the equipotential line EQ
having the inclined portions are formed in the liquid crystal
layer 30 within the picture element region. The liquid crystal
molecules 30a disposed in the liquid crystal layer 30 and
having the negative dielectric anisotropy, which S are in the
vertical orientation state when no voltage is applied, are
changed in their orientation directions by being triggered by
the orientation change of the liquid crystal molecules 30a
positioned on the inclined portions of the equipotential line
EQ, so as to form the liquid crystal domains having the
stable radially-inclined orientation in the openings 14a and
the solid portion 14b. The display is produced by changing
the orientations of the liquid crystal molecules within the
liquid crystal domains in accordance with the voltage
applied through the liquid crystal layer.

[0123] The shape (seen from the substrate normal direc-
tion) and the arrangement of the openings 14a of the picture
element electrode 14 of the liquid crystal display device 100
of this embodiment will now be described.

[0124] The display characteristic of a liquid crystal display
device exhibits azimuth angle dependency derived from the
orientation state (optical anisotropy) of liquid crystal mol-
ecules. In order to reduce the azimuth angle dependency of
the display characteristic, the liquid crystal molecules are
preferably oriented in the respective azimuth angles in
equivalent probabilities. Furthermore, the liquid crystal mol-
ecules within each picture element region are preferably
oriented in the respective azimuth angles in equivalent
probabilities. Accordingly, the opening 14a preferably has
such a shape that the liquid crystal domains can be formed
so as to orient the liquid crystal molecules 30a in each
picture element region in the respective azimuth angles in
equivalent probabilities. Specifically, the shape of the open-
ing 14a is preferably rotationally symmetrical (preferably
with a rotation axis of two or more folds) having its center
(along the normal line) as a symmetry axis, and the plural
openings 14a are preferably arranged so as to be rotationally
symmetrical. Also, the shape of the unit solid portion 145’
substantially surrounded with the openings is preferably
rotationally symmetrical, and the unit solid portions 14b" are
preferably arranged so as to be rotationally symmetrical.

[0125] However, it is not necessary to arrange the open-
ings 14a and the unit solid portions 14b' so as to be
rotationally symmetrical all over the picture element region,
but when, for example, a square lattice (symmetrical with a
four-fold rotation axis) is used as a minimum unit so as to
form a picture element region from the combination of the
square lattices as is shown in FIG. 1A, the liquid crystal
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molecules can be oriented in all the azimuth angles in
substantially equivalent probabilities in the entire picture
element region.

[0126] The orientation state of the liquid crystal molecules
304 obtained when the rotationally symmetrical star-shaped
openings 144 and the substantially circular unit solid por-
tions 14b are disposed in the square lattice arrangement as
shown in FIG. 1A will now be described with reference to
FIGS. 4A, 4B and 4C.

[0127] FIGS. 4A, 4B and 4C schematically show the
orientation states of the liquid crystal molecules 30a seen
from the substrate normal direction. In a drawing for show-
ing the orientation state of the liquid crystal molecules 30a
seen from the substrate normal direction like FIGS. 4B and
4C, a black end of each liquid crystal molecule 30z drawn
in the shape of an ellipse means that the liquid crystal
molecule 30z is inclined so that the black end be closer to
the substrate where the picture element electrode 14 having
the openings 14a is formed than the other end. This also
applies to other drawings mentioned below. Herein, one unit
lattice (formed by the four openings 14a) within the picture
element region shown in FIG. 1A will be described. The
cross-sectional views of FIGS. 44, 4B and 4C taken along
their diagonals respectively correspond to FIGS. 1B, 2A and
2B, which are also referred to in the following description.

[0128] When the picture element electrode 14 and the
counter electrode 22 have the same potential, namely, when
no voltage is applied through the liquid crystal layer 30, the
liquid crystal molecules 30a controlled in their orientation
direction by the vertical alignment films (not shown) pro-
vided on the faces of the TFT substrate 100a and the counter
substrate 100b facing the liquid crystal layer 30 are in the
vertical orientation state as shown in FIG. 4A.

[0129] When the electric field expressed by the equipo-
tential line EQ of FIG. 2A is generated by applying a
voltage through the liquid crystal layer 30, the torque is
applied to the liquid crystal molecules 30z having the
negative dielectric anisotropy so that their axial directions
can be parallel to the equipotential line EQ. As described
with reference to FIGS. 3A and 3B, in a liquid crystal
molecule 30« positioned in the electric field expressed by an
equipotential line EQ vertical to the molecular axis of the
liquid crystal molecule 30a, the direction for inclining
(rotating) the liquid crystal molecule 30z is not uniquely
determined (as shown in FIG. 3A), and hence, the orienta-
tion change (inclination or rotation) cannot be easily caused.
In contrast, in a liquid crystal molecule 30a positioned on an
equipotential line EQ inclined against the molecular axis of
the liquid crystal molecule 30q, the inclination (rotation)
direction is uniquely determined, and hence, the orientation
change is easily caused. Accordingly, as shown in FIG. 4B,
the liquid crystal molecules 30a start to incline from the
edge portions of the openings 14a where the molecular axes
of the liquid crystal molecules 30a are inclined against the
equipotential line EQ. Then, as described with reference to
FIG. 3C, the liquid crystal molecules 30a positioned around
the inclined liquid crystal molecules 30a at the edge portions
of the openings 14a are also inclined so as to match their
orientations. As a result, the axial directions of the liquid
crystal molecules 30a become stable in a state as shown in
FIG. 4C (in the radially-inclined orientation).

[0130] In this manner, when the opening 14a has the
rotationally symmetrical shape, the liquid crystal molecules
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30a within the picture element region are inclined from the
edge portions of the opening 14a toward the center of the
opening 14a by applying a voltage. Therefore, the liquid
crystal molecules 30a positioned in the vicinity of the center
of the opening 14a, where the orientation-regulating forces
for the liquid crystal molecules 30a working from the
respective edge portions are balanced, are kept to be verti-
cally oriented, with the liquid crystal molecules 30a posi-
tioned around continuously inclined radially around the
liquid crystal molecules 30a positioned in the vicinity of the
center of the opening 14a.

[0131] Also, the liquid crystal molecules 30a positioned in
the region corresponding to the substantially circular unit
solid portions 145" surrounded with the substantially star-
shaped four openings 14a disposed in the square lattice
arrangement are inclined so as to match their orientations
with the orientation of the liquid crystal molecules 30a
inclined owing to the inclined electric fields generated at the
edge portions of the opening 14a. The liquid crystal mol-
ecules 30a positioned in the vicinity of the center of the unit
solid portion 14b', where the orientation-regulating forces
for the liquid crystal molecules 30a working from the edge
portions are balanced, keep their vertical orientation to the
substrate surface, with the liquid crystal molecules 30a
positioned around continuously inclined radially around the
liquid crystal molecules 30a positioned in the vicinity of the
center of the unit solid portion 145",

[0132] When the liquid crystal domains in which the
liquid crystal molecules 30a are in the radially-inclined
orientation state are disposed in the square lattice arrange-
ment in the entire picture element region in this manner, the
existing probability of the axial directions of the liquid
crystal molecules 30z is rotationally symmetrical, and
hence, a high quality display free from unevenness can be
realized in all the viewing directions. In order to reduce the
viewing angle dependency of the liquid crystal domain with
the radially-inclined orientation, the liquid crystal domain is
preferably highly rotationally symmetrical (with a rotation
axis preferably of two or more folds and more preferably of
four or more folds). Furthermore, in order to reduce the
viewing angle dependency of the entire picture element
region, the plural liquid crystal domains formed in the
picture element region are preferably disposed in arrange-
ment (of, for example, a square lattice) expressed by a
combination of a unit (of, for example, a unit lattice) that is
highly rotationally symmetrical (with a rotation axis pref-
erably of two or more folds and more preferably of four or
more folds).

[0133] The radially-inclined orientation of the liquid erys-
tal molecules 30a is more stable when it is clockwise or
counterclockwise spiral radially-inclined orientation as
shown in FIGS. 5B and 5C than when it is simple radially-
inclined orientation as shown in FIG. 5A. In such spiral
orientation, the orientation directions of the liquid crystal
molecules 30a are not spirally changed along the thickness
direction of the liquid crystal layer 30 as in the general twist
orientation but the orientation directions of the liquid crystal
molecules 30a are minimally changed along the thickness
direction of the liquid crystal layer 30 when seen in a small
region. Specifically, in a cross-section taken in any position
along the thickness direction of the liquid crystal layer 30 (in
any cross-section on a plane parallel to the layer surface), the
orientation is the same as that of FIG. 5B or 5C and twist
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change along the thickness direction of the liquid crystal
layer 30 is minimally caused. However, in the entire liquid
crystal domain, the twist change is caused-to some extent.

[0134] When a chiral agent is added to the nematic liquid
crystal material having the negative dielectric anisotropy,
the liquid crystal molecules 30a attain the counterclockwise
or clockwise spiral radially-inclined orientation as shown in
FIG. 5B or 5C around the center of the opening 14a or the
unit solid portions 14b' under voltage application. The spiral
direction depends upon the kind of chiral agent to be used.
Accordingly, by placing the liquid crystal layer 30 within the
opening 14 in the spiral radially-inclined orientation state
under voltage application, the spiral direction of the radially
inclined liquid crystal molecules 30a around the liquid
crystal molecules 30a oriented vertically to the substrate
surface can be made the same in all the liquid crystal
domains, resulting in realizing even display free from
unevenness. Furthermore, since the spiral direction around
the liquid crystal molecules 30z oriented vertically to the
substrate surface is thus determined, the response speed in
applying a voltage through the liquid crystal layer 30 can be
improved.

[0135] When a chiral agent is added, the orientation of the
liquid crystal molecules 30a can be spirally changed along
the thickness direction of the liquid crystal layer 30 as in the
general twist orientation. In an orientation state where the
orientation of the liquid crystal molecules 30a is not spirally
changed along the thickness direction of the liquid crystal
layer 30, liquid crystal molecules 30z oriented vertically or
parallel to the polarization axis of a polarizing plate do not
cause a phase difference in incident light, and hence, inci-
dent light passing through a region in such an orientation
state makes no contribution to the transmittance. In contrast,
in the orientation state where the orientation of the liquid
crystal molecules 30a is spirally changed along the thickness
direction of the liquid crystal layer 30, also liquid crystal
molecules 30a oriented vertically or parallel to the polar-
ization axis of the polarizing plate cause a phase difference
in incident light, and the optical activity of the light can be
utilized. Accordingly, the incident light passing through a
region in such an orientation state can make contribution to
the transmittance, resulting in realizing a liquid crystal
display device capable of bright display.

[0136] Although the opening 14a is in the substantially
star-shape and the unit solid portions 145’ is in the substan-
tially circular shape and they are disposed in the square
lattice arrangement in FIG. 1A, the shapes and the arrange-
ment of the opening 144 and the unit solid portions 145" are
not limited to those shown in FIG. 1A.

[0137] FIGS. 6A and 6B are top views of picture element
electrodes 14A and 14B having openings 14a and unit solid
portions 145’ in different shapes.

[0138] The openings 14a and the unit solid portions 145'
of the picture element electrodes 14A and 14B shown in
FIGS. 6A and 6B are in the shapes slightly strained as
compared with the opening 144 and the unit solid portions
144" shown in FIG. 1A. The openings 14« and the unit solid
portions 145’ of the picture element electrodes 14A and 14B
have a two-fold rotation axis (not a four-fold rotation axis)
and are regularly arranged so as to form a rectangular unit
lattice. Each opening 14a is in a strained star-shape, and
each unit solid portions 14b'is in an elliptical shape (strained
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circular shape). Also when any of the picture element
electrodes 14A and 14B is used, a liquid crystal display
device with high display quality and a good viewing angle
characteristic can be obtained.

[0139] Furthermore, any of picture element electrodes
14C and 14D respectively shown in FIGS. 7A and 7B may
be used.

[0140] 1In cach of the picture element electrodes 14C and
14D, openings 14a each in substantially a cross-shape are
disposed in a square lattice arrangement so as to form a unit
solid portions 145" in substantially a square shape. Needless
to say, they may be strained and arranged to form a rectan-
gular unit lattice. Also when such unit solid portions 14" in
a substantially rectangular shape (including a square shape)
are thus regularly arranged, a liquid crystal display device
having high display quality and a good viewing angle
characteristic can be obtained.

[0141] However, the opening 14a and/or the unit solid
portion 14b' are preferably in a circular or elliptical shape as
compared with a rectangular shape because the radially-
inclined orientation can be stabilized when they are circular
or elliptical. This is probably because the edge portions of
the openings 14a are continuously (smoothly) changed when
they are circular or elliptical so that the orientation direc-
tions of the liquid crystal molecules 30a can be continuously
(smoothly) changed.

[0142] From the viewpoint of the aforementioned conti-
nuity of the orientation directions of the liquid crystal
molecules 30a, any of picture element electrodes 14E and
14F respectively shown in FIGS. 8A and 8B may be used.
The picture element electrode 14E of FIG. 8A is a modi-
fication of the picture element electrode 14 of FIG. 1A and
has an opening 14a formed from four arcs alone. The picture
element electrode 14F of FIG. 8B is a modification of the
picture element electrode 14D of FIG. 7B and has an
opening 14¢ having arc-shaped edges adjacent to unit solid
portions 145" The opening 14a and the unit solid portions
14b' of each of the picture element electrodes 14E and 14F
have a four-fold rotation axis and are disposed in the square
lattice arrangement (with a four-fold rotation axis). How-
ever, the opening 14a and the unit solid portions 14b' may
be strained to have a two-fold rotation axis and disposed in
rectangular lattice arrangement (with a two-fold rotation
axis) as shown in FIGS. 6A and 6B.

[0143] In the aforementioned examples, the opening 14a
is formed in the substantially star-shape or the substantially
cross-shape, and the unit solid portions 145' is formed in the
substantially circular shape, the substantially -elliptical
shape, the substantially square (rectangular) shape or the
substantially rectangular shape with round corners. In con-
trast, the relationship between the opening 144 and the unit
solid portions 14b' may be negatively/positively reversed.
For example, FIG. 9 shows a picture element electrode 14G
having a pattern obtained by negatively/positively reversing
the pattern of the opening 14a and the unit solid portion 14b
of the picture element electrode 14 of FIG. 1A. The picture
element electrode 14G having such a negatively/positively
reversed pattern can exhibit substantially the same function
as the picture element electrode 14 of FIG. 1. In the case
where the opening 14a and the unit solid portions 145" are
both in a substantially square shape as in picture element
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electrodes 14H and 141 respectively shown in FIGS. 10A
and 10B, a negatively/positively reversed pattern is the
same as the original pattern.

[0144] Also in the pattern of FIG. 9 obtained by nega-
tively/positive reversing the pattern of FIG. 1A, some
(approximately a half or a quarter) of the opening 14a are
preferably formed at the edge portions of the picture element
electrode 14 so as to form a rotationally symmetrical unit
solid portion 145'. Thus, the effect derived from the inclined
electric field can be obtained also at the edges of the picture
element region similarly to the center of the picture element
region, so as to realize stable radially-inclined orientation in
the entire picture element region.

[0145] Now, it will be described whether a negative pat-
tern or a positive pattern should be employed by exempli-
fying the picture element electrode 14 of FIG. 1A and the
picture element electrode 14G of FIG. 9 having the pattern
obtained by negatively/positively reversing the pattern of the
opening 144 and the unit solid portions 145' of the picture
element electrode 14.

[0146] In either of the negative and positive patterns, the
length of the edges of the opening 14« is the same. Accord-
ingly, there is no difference between these patterns in the
function to generate the inclined electric field. However, the
area ratio of the unit solid portions 145" (the ratio to the
entire area of the picture element electrode 14) may be
different in these patterns. Specifically, the patterns may be
different in the arca of a solid portion 14b (where the
conducting film actually exists) for generating the electric
field applied to the liquid crystal molecules of the liquid
crystal layer.

[0147] Avoltage applied to a liquid crystal domain formed
in the opening 144 is lower than a voltage applied to a liquid
crystal domain formed in the solid portion 14b. Therefore,
for example, in normally black mode display, the liquid
crystal domain formed in the opening 14a is darker. In other
words, as the area ratio of the opening 14a is higher, the
display luminescence tends to be lowered. Accordingly, the
area ratio of the solid portion 14b is preferably higher.

[0148] It depends upon the pitch (size) of the unit lattice
in which of the pattern of FIG. 1A and the pattern of FIG.
9 the area ratio of the solid portion 14b is higher.

[0149] FIG. 11A shows the unit lattice of the pattern of
FIG. 1A, and FIG. 11B shows the unit lattice (whereas
having the opening 14« as the center) of the pattern of FIG.
9. In FIG. 11A, portions for mutually connecting the adja-
cent unit solid portions 14b' (namely, branch portions
extending in the four directions from the circular portion) in
FIG. 1 are omitted. It is herein assumed that the length
(pitch) of one side of the square unit lattice is p and that the
length of space between the opening 14¢ or the unit solid
portions 145’ and the unit lattice (side space) is s.

[0150] A variety of picture element electrodes 14 respec-
tively having different pitches p and different side spaces s
are fabricated, so as to examine the stability of the radially-
inclined orientation and the like. As a result, it is first found
that, in order to generate an inclined electric field necessary
for attaining the radially-inclined orientation by using a
picture element electrode 14 having the pattern of FIG. 11A
(hereinafter referred to as the positive pattern), the side
space s should be approximately 2.75 um or more. On the
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other hand, with respect to a picture element electrode 14
having the pattern of FIG. 11B (hereinafter referred to as the
negative pattern), it is found that the side space s should be
approximately 2.25 um or more for generating the inclined
electric field for attaining the radially-inclined orientation.
With the side spaces s set to these lower limit values, the area
ratios of the solid portion 14b obtained by varying the value
of the pitch p are examined. The results are shown in Table
1 and FIG. 11C.

TABLE 1

Area ratio of solid portion (%)

Pitch p (m) Positive pattern Negative pattern
20 41.3 529
25 47.8 472
30 52.4 433
35 55.8 40.4
40 58.4 38.2
45 60.5 36.4
50 62.2 350
[0151] Asisunderstood from Table 1 and FIG. 11C, when

the pitch p is approximately 25 #m or more, the area ratio of
the solid portion 14b is higher in the positive pattern (shown
in FIG. 11A), and when the pitch p is smaller than approxi-
mately 25 um, the area ratio of the solid portion 14b is higher
in the negative pattern (shown in FIG. 11B). Accordingly,
from the viewpoint of the display luminescence and the
stability of orientation, the pattern to be employed is
changed depending upon whether the pitch p is larger than
or smaller than approximately 25 um. For example, in the
case where three or less unit lattices are formed in the lateral
direction of a picture element electrode 14 with a width of
75 um, the positive pattern as shown in FIG. 11A is
preferred, and in the case where four or more unit lattices are
formed, the negative pattern as shown in FIG. 11B is
preferred. In employing any of the patterns other than the
exemplified patterns of FIGS. 11A and 11B, a positive
pattern or a negative pattern is appropriately selected so as
to attain a higher area ratio of the solid portion 14b.

[0152] The number of unit lattices is obtained as follows:
The size of a unit lattice is calculated so that one, two or a
larger integral number of unit lattices can be arranged along
the width or length of the picture element electrode 14. The
area ratio of a solid portion is calculated with respect to each
size of the unit lattice, so as to select the unit lattice size for
maximizing the area ratio of the solid portion. However, the
orientation-regulating force obtained by the inclined electric
field is degraded and the stable radially-inclined orientation
is difficult to attain when the diameter of the unit solid
portions 145’ is smaller than 15 ym in employing a positive
pattern and when the diameter of the opening 144 is smaller
than 15 um in employing a negative pattern. The lower limit
values of these diameters are obtained when the liquid
crystal layer 30 has a thickness of approximately 3 um. In
the case where the liquid crystal layer 30 has a smaller
thickness, the stable radially-inclined orientation can be
attained even when the diameter of the unit solid portions
14b' or the opening 144 is smaller than the lower limit value.
In the case where the liquid crystal layer 30 has a larger
thickness, the lower limit value of the diameter of the unit
solid portions 145" or the opening 14a required for attaining
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the stable radially-inclined orientation is larger than the
aforementioned lower limit value.

[0153] As described in detail in Embodiment 2 below, the
stability of the radially-inclined orientation can be improved
by forming a protrusion within the opening 14a. The afore-
mentioned conditions are applied when no protrusion is
formed.

[0154] With respect to the positive pattern as shown in
FIG. 11A, a variety of picture element electrodes 14 respec-
tively having different shapes of the unit solid portions 145’
and different side spaces s are fabricated, so as to examine
the stability of the radially-inclined orientation and the
transmittance. Also, the orientation stability obtained by
changing the cell thickness (the thickness of the liquid
crystal layer 30) is also examined. In the examinations
described below, a liquid crystal display device of a nor-
mally black mode equipped with a 18.1-inch SXGA panel is
used.

[0155] First, picture element electrodes 14 including unit
solid portions 14b' respectively in the shapes as shown in
FIGS. 12A, 12B, 12C and 12D are evaluated for their
orientation stability with the pitch p set to 42.5 um, the side
space s set to 4.25 um, 3.50 ym or 2.75 um and the cell
thickness set to 3.70 um or 4.15 um. In the 18.1-inch SXGA
panel, the unit lattices can be most efficiently arranged
(without wasting any area of the picture element region)
when the pitch p is 42.5 um.

[0156] FIG. 12A is a diagram for schematically showing
the unit lattice of a picture element electrode 14 having a
unit solid portions 14b' in a substantially circular shape,
FIGS. 12B and 12C are diagrams for schematically show-
ing the unit lattices of picture element electrodes 14 each
having a unit solid portions 145" in a substantially square
shape with substantially arc-shaped corners, and FIG. 12D
is a diagram for schematically showing the unit lattice of a
picture element electrode 14 including a unit solid portions
14}' in a substantially square shape. The unit solid portions
of FIGS. 12B and 12C are different from each other in the
ratio between a radius r of curvature approximately express-
ing the shape of the substantially arc-shaped corner and a
length L of one side of the unit solid portion, which is 1:3
in FIG. 12B and 1:4 in FIG. 12C. In FIGS. 12A, 12B, 12C
and 12D, the portions mutually connecting the adjacent unit
solid portions 145" in FIG. 1 (the branch portions extending
toward the four directions from the circular portion) are
omitted.

[0157] The degree of the orientation stability can be
evaluated by, for example, examining the presence of a
residual image in displaying a dynamic image. In displaying
a dynamic image in which a black box is moving with a
intermediate gray scale background, the degree of the ori-
entation stability tends to affect the display. When the degree
of the orientation stability is comparatively low, a white
tailing residual image may occur. This white tailing residual
image may be caused when a nematic liquid crystal material
including a chiral agent is used as the liquid crystal material.
The cause of the occurrence of the white tailing residual
image will be described later.

[0158] Table 2 shows the results of visual evaluation of the
degree of occurrence of the white tailing residual image
obtained with the aforementioned various parameters varied.
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In Table 2, the shapes of the unit solid portions 145
respectively shown in FIGS. 12A, 12B, 12C and 12D are
designated as a circle, a barrel A, a barrel B and a square.
Also, in Table 2, © denotes that the tailing residual image
is not observed, O denotes that the tailing residual image is
minimally observed and A A denotes that the tailing residual
image is observed.

TABLE 2
Side space s (um) 4.25 3.50 2.75
Cell thickness (#m) 370 415 370 415 370 415
Circle O] O] ® ® ® )
Barrel A ®© © a A A A
Barrel B ®© © a A A A
Square © A A A A A
[0159] As shown in Table 2, with respect to the shape of

the unit solid portion 14b', the orientation stability is higher
in the order of the circle, the barrel A, the barrel B and the
square. This is because the continuity in the orientation
direction of the liquid crystal molecules 30a in the radially-
inclined orientation state is higher as the shape of the unit
solid portions 145" is more approximate to a circle. Also as
shown in Table 2, the orientation stability is higher as the
side space s is larger. This is because the effect to control the
orientation by the inclined electric field is more remarkably
exhibited as the side space s is larger. Furthermore, the
orientation stability is higher as the cell thickness is smaller.
This is because the effect to control the orientation by the
inclined electric field is more remarkably exhibited as the
cell thickness is smaller.

[0160] In order to evaluate the orientation stability, the
degree of occurrence of unevenness through pressure (pres-
sure residual image) is also evaluated. As a result, it is
confirmed that the orientation stability is higher as the cell
thickness is smaller. The pressure residual image is evalu-
ated by examining the degree at which orientation turbu-
lence caused by applying a stress to the panel surface of the
liquid crystal display device remains as display unevenness
after removing the stress.

[0161] Next, the transmittance is evaluated with the vari-
ous parameters varied as in the evaluation of the orientation
stability. Table 3 shows the results of the transmittance
measured in white display (under application of a voltage of
6.0 V through the liquid crystal layer) in a liquid crystal
display device with a cell thickness of 3.70 um. Table 3
shows transmittance ratios calculated by assuming that the
transmittance of a liquid crystal display device using a
picture element electrode 14 including a unit solid portion
140" in the shape of the barrel B and having a side space s
of 425 um is 1. Also, a parenthesized numerical value in
Table 3 is an actually measured value of the transmittance
(namely, the front transmittance obtained by assuming that
the light intensity of a backlight source in white display is
100).

TABLE 3
Side space s (um) 4.25 3.50 2.75
Circle 0.885 0.917 0.940
(3.06) (3.17) (3.25)
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TABLE 3-continued

Barrel A 0.953 0.989 1.024
(3.29) (3.42) (3.54)
Barrel B 1.000 1.031
(3.45) (3.56)
Square 1.028
(3.55)
[0162] As shown in Table 3, with respect to the shape of

the unit solid portion 145, the transmittance is higher in the
order of the square, the barrel B, the barrel A and the circle.
This is because, when the side space s is the same, the area
ratio of the solid portion 145 is higher as the shape of the unit
solid portions 14b' is more approximate to a square, and
hence, the area (defined on a plane seen from the substrate
normal direction) of a portion of the liquid crystal layer
directly affected by the electric fields generated by the
electrodes is larger, resulting in increasing the effective
aperture ratio. Also as shown in Table 3, the transmittance is
higher as the side space s is smaller. This is because as the
side space s is smaller, the area ratio of the solid portion 14bh
is higher, and hence, the effective aperture ratio is higher.

[0163] As described above, the orientation stability is
higher as the shape of the unit solid portions 145" is more
approximate to a circle and as the side space s is larger. Also,
the orientation stability is higher as the cell thickness is
smaller.

[0164] Furthermore, since the effective aperture ratio is
higher as the area ratio of the solid portion 14b is higher, the
transmittance is higher as the shape of the unit solid portions
14b' is more approximate to a square (or a rectangle) and as
the side space s is smaller.

[0165] Accordingly, in consideration of desired orienta-
tion stability and transmittance, the shape of the unit solid
portion 14b', the side space s and the cell thickness are
determined.

[0166] When the unit solid portions 145" is in a substan-
tially square shape with substantially arc-shaped corners as
shown in FIGS. 12B and 12C, both the orientation stability
and the transmittance can be comparatively high. Needless
to say, the aforementioned effect can be attained when the
unit solid portions 14b'is in a substantially rectangular shape
with substantially arc-shaped corners. The corner of the unit
solid portions 14b' formed from a conducting film may not
be in an arc-shape precisely due to the restriction in fabri-
cation process but may be in an obtuse-angled polygonal
shape (a shape formed from a plurality of angles exceeding
90 degrees). The corner may be formed not only in the shape
of a quarter arc or a regular polygonal shape (for example,
apart of a regular polygon) but also in the shape of a slightly
strained arc (such as a part of an ellipse) or a strained
polygonal shape. Alternatively, the corner may be in a shape
obtained by combining a curve and an obtuse angle. The
substantially arc-shaped corner herein includes corners in
any of the aforementioned shapes. For the same reason in the
production process, also in the unit solid portion 14b, in the
substantially circular shape as shown in FIG. 12A, the shape
may not be a precise circle but may be a polygonal shape or
a slightly strained circle.

[0167] In the liquid crystal display devices whose orien-
tation stability and transmittance are listed in Tables 2 and
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3, both the orientation stability and the transmittance can be
comparatively high in using a picture element electrode 14
including a unit solid portion in the shape of the barrel B and
having a side space s of 4.25 um.

[0168] The structure of the liquid crystal display device of
Embodiment 1 is substantially the same as that of a con-
ventional vertical alignment type liquid crystal display
device except that the picture element electrode 14 is an
electrode having the openings 14a, and the present liquid
crystal display device can be fabricated by any of the known
fabrication methods.

[0169] In order to vertically orient the liquid crystal mol-
ecules having the negative dielectric anisotropy, the vertical
alignment layers (not shown) are typically formed on the
faces of the picture element electrode 14 and the counter
electrode 22 facing the liquid crystal layer 30.

[0170] As the liquid crystal material, a nematic liquid
crystal material having the negative dielectric anisotropy is
used. Also, a liquid crystal display device of a guest-host
mode may be fabricated by adding a dichroic pigment. A
liquid crystal display device of a guest-host mode does not
require a polarizing plate.

[0171] Embodiment 2

[0172] The structure of one picture element region of a
liquid crystal display device 200 according to Embodiment
2 of the invention will now be described with reference to
FIGS. 13A and 13B. In all the drawings referred to below,
like reference numerals are used to refer to like elements
having substantially the same functions as those of the liquid
crystal display device 100 so as to omit the description. FIG.
13A is a top view seen from the substrate normal direction,
and FIG. 13B is a cross-sectional view taken along line
13B-13B' of FIG. 13A. FIG. 13B shows a state where no
voltage is applied through the liquid crystal layer.

[0173] Asshown in FIGS. 13A and 13B, the liquid crystal
display device 200 is different from the liquid crystal display
device 100 of Embodiment 1 shown in FIGS. 1A and 1B in
a TFT substrate 200a including a protrusion 40 within each
opening 14a of the picture element electrode 14. On the
protrusion 40, a vertical alignment film (not shown) is
provided.

[0174] The cross-sectional structure of the protrusion 40
taken along a plane direction of the substrate 11 is the same
as the shape of the opening 14a as is shown in FIG. 13A,
and is herein a substantially star-shape. The adjacent pros-
trusions 40 are mutually connected, so as to completely
surround the unit solid portions 145’ substantially circularly.
The cross-sectional structure of the prostrusions 40 taken
vertically to the plane direction of the substrate 11 is in a
trapezoidal shape as shown in FIG. 13B. Specifically, the
protrusion has a top face 40¢ parallel to the substrate surface
and side faces 40s inclined at a taper angle 8 (<90°) against
the substrate face. Since the vertical alignment film (not
shown) is formed so as to cover the protrusion 40, the side
face 40s of the prostrusions 40 has orientation-regulating
force for orienting the liquid crystal molecules 30a of the
liquid crystal layer 30 in the same direction as the orienta-
tion-regulating direction of the inclined electric field, so as
to stabilize the radially-inclined orientation.

[0175] This function of the prostrusions 40 will now be

described with reference to FIGS. 14A, 14B, 14C, 14D, 15A
and 15B.
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[0176] First, the relationship between the orientation of a
liquid crystal molecule 30a and the shape of a face having
a vertical alignment property will be described with refer-
ence to FIGS. 14A, 14B, 14C and 14D.

[0177] As shown in FIG. 14A, a liquid crystal molecule
30a positioned on a horizontal face is oriented vertically to
the face by the orientation-regulating force of the face
having the vertical alignment property (typically, a surface
of a vertical alignment film). When an electric field
expressed by an equipotential line EQ vertical to the axial
direction of the liquid crystal molecule 30z is applied to this
vertically oriented liquid crystal molecule 30a, torque is
applied to the liquid crystal molecule 30 for inclining it in
the clockwise direction or in the counterclockwise direction
in equivalent probabilities. Accordingly, in the liquid crystal
layer 30 disposed between parallel plate type electrodes
opposing each other, the torque is applied in the clockwise
direction to some liquid crystal molecules 30z and in the
counterclockwise direction to other liquid crystal molecules
30a. As a result, the change to the orientation state in
accordance with the voltage applied through the liquid
crystal layer 30 sometimes may not be smoothly caused.

[0178] As shown in FIG. 14B, when the electric field
expressed by a horizontal equipotential line EQ is applied to
a liquid crystal molecules 30a oriented vertically to an
inclined face, the liquid crystal molecule 30z is inclined in
a direction for orienting parallel to the equipotential line EQ
with smaller inclination (in the clockwise direction in the
drawing). Furthermore, as shown in FIG. 14C, a liquid
crystal molecule 30a oriented vertically to the horizontal
face is inclined in the same direction (the clockwise direc-
tion) as another liquid crystal molecule 30z positioned on
the inclined face so as to make continuous (match) their
orientations.

[0179] As shown in FIG. 14D, on an irregular face whose
cross-section is in a continuous trapezoidal shape, liquid
crystal molecules 30a positioned on the top or lower hori-
zontal faces are oriented so as to match with the orientation
directions of liquid crystal molecules 30a positioned on the
inclined faces.

[0180] In the liquid crystal display device of this embodi-
ment, the radially-inclined orientation is stabilized by mak-
ing the orientation-regulating direction obtained by such a
face shape (protrusion) accord with the orientation-regulat-
ing direction obtained by the inclined electric field.

[0181] FIGS. 15A and 15B show states obtained by
applying a voltage through the liquid crystal layer 30 of
FIG. 13B, and specifically, FIG. 15A schematically shows
the state where the orientation of the liquid crystal molecules
30a starts to change in accordance with the voltage applied
through the liquid crystal layer 30 (the ON initial state) and
FIG. 15B schematically shows the state where the orienta-
tion of the liquid crystal molecules 30a changed in accor-
dance with the applied voltage attains the stationary state. In
FIGS. 15A and 15B, a line EQ denotes an equipotential
line.

[0182] When the picture element electrode 14 and the
counter electrode 22 have the same potential (namely, when
no voltage is applied through the liquid crystal layer 30), the
liquid crystal molecules 30a¢ within the picture element
region are oriented vertically to the faces of the substrates 11
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and 21 as shown in FIG. 13B. At this point, a liquid crystal
molecule 304 in contact with the vertical alignment film (not
shown) formed on the side face 40s of the prostrusions 40 is
oriented vertically to the side face 40s, and a liquid crystal
molecule 30a in the vicinity of the side face 40s is oriented
to be inclined as shown in the drawing due to the interaction
(property as an elastic substance) with the liquid crystal
molecules 30a around.

[0183] When a voltage is applied through the liquid crystal
layer 30, potential gradient expressed by the equipotential
line EQ of FIG. 15A is formed. The equipotential line EQ
is parallel to the faces of the solid portion 14b and the
counter electrode 22 within a region of the liquid crystal
layer 30 positioned between the solid portion 14b of the
picture element electrode 14 and the counter electrode 22
and drops in a region corresponding to the opening 14a of
the picture element electrode 14, and an inclined electric
field expressed by an inclined portion of the equipotential
line EQ is formed in a region of the liquid crystal layer 30
at the edge portion of the opening 14a (the inside periphery
of the opening 14a including the boundary).

[0184] Owing to this inclined electric field, a liquid crystal
molecule 30a positioned on the edge portion EG is inclined
(rotated) in the clockwise direction at the edge portion EG
on the right hand side in the drawing and in the counter-
clockwise direction at the edge portion EG on the left hand
side in the drawing as described above, so as to orient
parallel to the equipotential line EQ. The orientation-regu-
lating direction by this inclined electric field accords with
the orientation-regulating direction obtained by the side face
40s positioned at each edge portion EG.

[0185] As described above, when the change of the ori-
entation starting from the liquid crystal molecules 30a
positioned on the inclined portions of the equipotential line
EQ is proceeded to attain the stationary state, the orientation
state schematically shown in FIG. 15B is obtained. The
liquid crystal molecules 30a positioned in the vicinity of the
center of the opening 14, namely, in the vicinity of the top
face 40t of the protrusion 40, are affected substantially
equally by the orientations of the liquid crystal molecules
30a positioned at the opposing edge portions EG of the
opening 14a, and hence keep the orientation vertical to the
equipotential line EQ. The liquid crystal molecules 30a
positioned away from the center of the opening 144 (namely,
the top face 40¢ of the protrusion 40) are inclined due to the
influence of the orientation of the liquid crystal molecules
30a positioned at the closer edge portion EG, so as to form
the inclined orientation symmetrical about the center SA of
the opening 14« (the top face 40r of the protrusion 40). Also,
in a region corresponding to the unit solid portion 144",
substantially surrounded by the openings 14a and the pro-
trusion 40, the inclined orientation symmetrical about the
center SA of the unit solid portions 145" is formed.

[0186] In this manner, also in the liquid crystal display
device 200 of Embodiment 2, liquid crystal domains having
the radially-inclined orientation are formed correspondingly
to the openings 144 and the unit solid portions 145" in the
same manner as in the liquid crystal display device 100 of
Embodiment 1. Since the prostrusions 40 is formed so as to
completely surround the unit solid portions 14b' substan-
tially circularly, a liquid crystal domain is formed corre-
spondingly to the substantially circular region surrounded by
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the protrusion 40. Furthermore, the side face of the protru-
sion 40 formed within the opening 14a works to incline the
liquid crystal molecules 30a positioned in the vicinity of the
edge portion EG of the opening 144 in the same direction as
the orientation direction caused by the inclined electric field,
resulting in stabilizing the radially-inclined orientation.

[0187] Naturally, the orientation-regulating force obtained
by the inclined electric field works merely under application
of voltage and depends upon the magnitude of the electric
field (i.e., the magnitude of the applied voltage). Accord-
ingly, when the electric field has small magnitude (namely,
when the applied voltage is low), the orientation-regulating
force by the inclined electric field is weak, and hence, the
radially-inclined orientation may be destroyed due to float-
ing of the liquid crystal material when an external force is
applied to the liquid crystal panel. Once the radially-inclined
orientation is destroyed, the radially-inclined orientation
cannot be restored until a voltage sufficiently high for
generating the inclined electric field exhibiting sufficiently
strong orientation-regulating force is applied. In contrast, the
orientation-regulating force by the side face 40s of the
prostrusions 40 works regardless of the applied voltage and
is very strong as is known as an anchoring effect of an
alignment film. Accordingly, even when the radially-in-
clined orientation is once destroyed due to the floating of the
liquid crystal material, the liquid crystal molecules 30a
positioned in the vicinity of the side face 40s of the pros-
trusions 40 keep their orientation directions the same as
those in the radially-inclined orientation. Therefore, the
radially-inclined orientation can be easily restored when the
floating of the liquid crystal material is stopped.

[0188] In this manner, the liquid crystal display device 200
of Embodiment 2 has not only the same characteristic as that
of the liquid crystal display device 100 of Embodiment 1 but
also a characteristic of high resistance against an external
force. Accordingly, the liquid crystal display device 200 is
suitably used in a PC or PDA generally used as portable
equipment to which an external force is frequently applied.

[0189] When the prostrusions 40 is formed from a dielec-
tric substance with high transparency, the prostrusions 40
can advantageously increase the contribution to display of a
liquid crystal domain formed correspondingly to the opening
144. On the other hand, when the prostrusions 40 is formed
from an opaque dielectric substance, light leakage derived
from retardation of the liquid crystal molecules 30a oriented
to be inclined owing to the side face 40s of the protrusion 40
can be advantageously prevented. It can be determined
depending upon the application of the liquid crystal display
device which type of dielectric substance is used. In either
case, when the dielectric substance is a photosensitive resin,
a step of patterning the dielectric substance in accordance
with the pattern of the openings 14a can be advantageously
simplified. In order to attain sufficient orientation-regulating
force, the height of the prostrusions 40 is preferably within
a range between approximately 0.5 yum and approximately 2
um when the liquid crystal layer 30 has a thickness of
approximately 3 um. In general, the height of the prostru-
sions 40 is preferably in a range between approximately Y
through approximately %3 of the thickness of the liquid
crystal layer 30.

[0190] As described above, the liquid crystal display
device 200 includes the prostrusions 40 within the opening
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14a of the picture element electrode 14, and the side face 40s
of the prostrusions 40 has the orientation-regulating force
for orienting the liquid crystal molecules 30a of the liquid
crystal layer 30 in the same direction as the orientation-
regulating direction obtained by the inclined electric field.
Preferable conditions for the side face 40s to attain the
orientation-regulating force in the same direction as the
orientation-regulating direction of the inclined electric field
will now be described with reference to FIGS. 16A, 16B and
16C.

[0191] FIGS. 16A, 16B and 16C are schematic cross-
sectional views of liquid crystal display devices 200A, 200B
and 200C, respectively, all of which correspond to FIG.
15A. All of the liquid crystal display devices 2004, 200B
and 200C have the protrusions within the openings 40a and
are different from the liquid crystal display device 200 in the
positional relationship between the entire prostrusions 40 as
a single structure and the opening 14a.

[0192] In the aforementioned liquid crystal display device
200, the entire prostrusions 40 as a single structure is formed
within the opening 14a and the bottom of the prostrusions 40
is smaller than the opening 144 as shown in FIG. 15A. In the
liquid crystal display device 200A of FIG. 16A, the bottom
of the protrusion 40A accords with the opening 144, and in
the liquid crystal display device 200B of FIG. 16B, the
protrusion 40B has a bottom larger than the opening 14a so
that the protrusion 40B covers a part of the solid portion
(conducting film) 14b around the opening 144a. In each of the
protrusions 40, 40A and 40B, the solid portion 14b is not
formed on the side face 40s. As a result, the equipotential
line EQ is substantially flat on the solid portion 14H and
drops in the opening 14a as shown in the respective draw-
ings. Accordingly, the side face 40s of each of the protru-
sions 40A and 40B of the liquid crystal display devices 200A
and 200B can exhibit the orientation-regulating force in the
same direction as the orientation-regulating direction of the
inclined electric field similarly to the prostrusions 40 of the
liquid crystal display device 200, so as to stabilize the
radially-inclined orientation.

[0193] In contrast, the bottom of the protrusion 40C of the
liquid crystal display device 200C of FIG. 16C is larger than
the opening 144, and a part of the solid portion 14b around
the opening 14a is formed on the side face 40s of the
protrusion 40C. Owing to the solid portion 14b formed on
the side face 40s, a crest is formed in the equipotential line
EQ. The crest of the equipotential line EQ has a gradient
reverse to that of the equipotential line EQ dropping in the
opening 14a, which means that an inclined electric field is
generated in the reverse direction to the inclined electric
field for orienting the liquid crystal molecules 30a to be
radially inclined. Accordingly, in order to attain the side face
40s exhibiting the orientation-regulating force in the same
direction as the orientation-regulating direction of the
inclined electric field, it is preferred that the solid portion
(conducting film) 14b is not formed on the side face 40s.

[0194] Next, the cross-sectional structure of the protrusion
40 taken along line 17A-17A' of FIG. 13A will be described
with reference to FIG. 17.

[0195] Since the prostrusions 40 of FIG. 13A is formed so
as to completely surround the unit solid portions 145’
substantially circularly as described above, the portions for
mutually connecting the adjacent unit solid portions 145’
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(the branch portions extending in the four directions from
the circular portion) are formed on the prostrusions 40 as
shown in FIG. 17. Accordingly, there is a risk of discon-
nection caused on the prostrusions 40 in depositing the
conducting film for forming the solid portion 14b of the
picture element electrode 14, or peeling may be highly
probably caused in a subsequent step of the fabrication
process.

[0196] Therefore, as in a liquid crystal display device
200D shown in FIGS. 18A and 18B, an independent
protrusion 40D is formed to be completely contained within
the opening 14a. Thus, the conducting film for forming the
solid portion 14b is formed on the flat surface of the
substrate 11 and hence, the risk of disconnection and peeling
can be avoided. Although the protrusion 40D is not formed
so as to completely surround the unit solid portions 145’
substantially circularly, a liquid crystal domain in the sub-
stantially circular shape is formed correspondingly to the
unit solid portion 145", so as to stabilize the radially-inclined
orientation similarly to the aforementioned liquid crystal
display device.

[0197] The effect to stabilize the radially-inclined orien-
tation by forming the prostrusions 40 in the opening 14a is
exhibited not only in the opening 142 having the aforemen-
tioned pattern but also in the opening 14a having any of the
patterns described in Embodiment 1, and the same effect can
be attained in employing any of the patterns. In order to
sufficiently exhibit the effect to stabilize the radially-inclined
orientation against an external force by the protrusion 40 the
pattern (scen from the substrate normal direction) of the
prostrusions 40 preferably has a shape for surrounding a
region of the liquid crystal layer 30 as large as possible.
Accordingly, the effect to stabilize the orientation by the
prostrusions 40 can be more remarkably exhibited in a
positive pattern, for example, having a circular unit solid
portions 145" than in a negative pattern having a circular
opening 14a.

[0198]

[0199] In the so-called vertical alignment type liquid crys-
tal display device including a liquid crystal layer in which
liquid crystal molecules having the negative dielectric
anisotropy are vertically oriented under application of no
voltage, a display can be produced in a variety of display
modes. For example, not only a birefringence mode for
producing a display by controlling the birefringence of the
liquid crystal layer with an electric field but also an optical
rotating mode and a combination of the optical rotating
mode and the birefringence mode can be employed as the
display mode. When a pair of polarizing plates are provided
on the outside of the pair of substrates (for example, the TFT
substrate and the counter substrate) in each of the liquid
crystal display devices described in Embodiments 1 and 2,
a liquid crystal display device of the birefringence mode can
be obtained. Also, a phase compensating device (typically, a
phase plate) may be provided if necessary. Furthermore, a
liquid crystal display device capable of bright display can be
obtained by using substantially circularly polarized light.

[0200] In the liquid crystal display device in which the
liquid crystal domains are placed in the spiral radially-
inclined orientation state as shown in FIGS. 5B and 5C, the
display quality can be further improved by optimizing the
positions of the polarizing plates. Now, preferred positions

(Arrangement of Polarizing Plate and Phase Plate)
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of the polarizing plates will be described. Herein, the
description will be given by exemplifying a liquid crystal
display device for producing a display in the normally black
mode in which a pair of polarizing plates are provided on the
outside of a pair of substrates (for example, a TFT substrate
and a counter substrate) so as to have their polarization axes
substantially perpendicularly to each other. The spiral radi-
ally-inclined orientation state is realized by using, for
example, a nematic liquid crystal material having the nega-
tive dielectric anisotropy including a chiral agent. In the
following description, the “spirally radially-inclined orien-
tation” is sometimes simply referred to as “spiral orienta-
tion”.

[0201] First, the orientation states of liquid crystal mol-
ecules obtained when liquid crystal domains are in the spiral
orientation state will be described with reference to FIGS.
19A, 19B and 19C. FIG. 19A is a diagram for schematically
showing the orientation state of the liquid crystal molecules
obtained immediately after applying a voltage through the
liquid crystal layer, and FIGS. 19B and 19C are diagrams
for schematically showing the orientation state of the liquid
crystal molecules obtained in the orientation stable time
(stationary state).

[0202] Immediately after applying a voltage through the
liquid crystal layer, the liquid crystal molecules 30a are
placed in a simple radially-inclined orientation state in a
plurality of liquid crystal domains as shown in FIG. 19A.
When the orientation is further proceeded thereafter, the
liquid crystal molecules 30a are inclined in predetermined
directions on the plane of the liquid crystal layer, and in the
orientation stable time (stationary state), the liquid crystal
molecules 30a are in the clockwise or counterclockwise
spiral orientation as shown in FIG. 19B or 19C.

[0203] At this point, when the liquid crystal molecules 30a
are inclined in the counterclockwise direction, the liquid
crystal domain is in the clockwise spiral orientation state as
shown in FIG. 19B, and when the liquid crystal molecules
30q are inclined in the clockwise direction, the liquid crystal
domain is in the counterclockwise spiral orientation state as
shown in FIG. 19C. The direction of the spiral orientation
depends upon, for example, the kind of chiral agent added to
the liquid crystal material.

[0204] The degree of inclination of the liquid crystal
molecules 30a on the plane is regulated, as shown in FIGS.
19B and 19C, by an angle 6 against the 12 o’clock direction
on the display surface (that is, the upper direction of the
display surface and also simply referred to as the 12 o’clock
direction) of a liquid crystal molecule 304’ positioned in the
12 o’clock direction on the display surface in regard to the
center of each of the plural liquid crystal domains. The
center of the liquid crystal domain typically substantially
accords with the center of the opening or the solid portion.

[0205] The liquid crystal molecule 304" disposed in the
aforementioned position may actually be inclined at an angle
different from the angle 6. Herein, the inclination angles of
liquid crystal molecules 30a' disposed in the aforementioned
position against the 12 o’clock direction on the display
surface and the existing probabilities of the liquid crystal
molecules 30a' are examined, so as to define the inclination
angle of the liquid crystal molecule 30a" with the highest
probability as the angle 6. Typically, the inclination angle of
a liquid crystal molecule 304" positioned in the vicinity of
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the center in the thickness direction of the liquid crystal layer
substantially accords with the angle 0. The angle of a liquid
crystal molecule 304’ against the 12 o’clock direction is,
strictly speaking, an angle between the azimuth direction of
the orientation direction of the liquid crystal molecule 30a'
and the 12 o’clock direction.

[0206] 1In the liquid crystal display device in which the
liquid crystal domains are in the spiral orientation state as
described above, the light transmittance obtained when the
liquid crystal domains are in the spiral orientation state can
be improved when a pair of polarizing plates are disposed so
that the polarization axis of one polarizing plate can be
inclined in the same direction as the inclination of the
aforementioned liquid crystal molecule by an angle exceed-
ing O degree but smaller than 2 6 against the 12 o’clock
direction. Thus, bright display can be obtained. Now, this
will be described in more detail by using examples.

[0207] First, with reference to FIG. 20, description will be
given on the change of transmittance obtained by changing
the inclination angle of the polarization axis against the 12
o’clock direction by rotating the pair of polarizing plates
kept in a crossed Nicols state about the liquid crystal panel
in white display state, namely, in the state where the liquid
crystal domains are in the spiral radially-inclined orientation
state under application of a predetermined voltage through
the liquid crystal layer. FIG. 20 is a graph having the
ordinate indicating the transmittance in the white display
state of a liquid crystal display device including a liquid
crystal layer (with a thickness of 3.8 um ) formed from a
liquid crystal material with a chiral pitch of 16 #gm and the
abscissa indicating the angle of the polarization axis against
the 12 o’clock direction. In this case, the transmittance
obtained when the angle of the polarization axis against the
12 o’clock direction is 0 degree is assumed as 100%. Also,
the liquid crystal molecules of the liquid crystal layer
included in this liquid crystal display device are in the
clockwise spiral orientation state as shown in FIG. 19B in
the orientation stable time, and the liquid crystal molecule
positioned in the 12 o’clock direction is inclined in the
counterclockwise direction by approximately 13 degrees
against the 12 o’clock direction (namely, 6~13°). In draw-
ings referred to in the following description, this liquid
crystal display device (namely, the liquid crystal display
device in which the liquid crystal molecules are in the
clockwise spiral orientation state in the orientation stable
time and the liquid crystal molecule positioned in the 12
o’clock direction is inclined in the counterclockwise direc-
tion by approximately 13 degrees against the 12 o’clock
direction) is shown unless otherwise mentioned.

[0208] As shown in FIG. 20, the transmittance is
increased as the polarization axis is inclined in the counter-
clockwise direction against the 12 o’clock direction and is
the maximum when the angle of the polarization axis against
the 12 o’clock direction is approximately 13 degrees
(namely, 6). When the polarization axis is further inclined,
the transmittance is lowered, and when the angle of the
polarization axis against the 12 o’clock direction is approxi-
mately 26 degrees (namely, 2 6), the transmittance becomes
equal to that obtained when the angle is 0 degree. When the
angle exceeds 26 degrees, the transmittance becomes lower
than that obtained when the angle is 0 degree.

[0209] The light transmittance is changed as described
above because the area of shade regions of the liquid crystal
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domain changes in accordance with the inclination angle of
the polarization axis against the 12 o’clock direction. The
shade region corresponds to a region defined by liquid
crystal molecules oriented vertically or parallel to the polar-
ization axis, and the liquid crystal layer in the shade region
minimally causes a phase difference in incident light.
Accordingly, the incident light passing through the shade
region makes little contribution to the transmittance. There-
fore, the transmittance obtained when the liquid crystal
domain is in the spiral orientation state depends upon the
area of the shade region. The transmittance is lower as the
area of the shade region is larger, and the transmittance is
higher as the area of the shade region is smaller.

[0210] The change of the shade region in accordance with
the inclination angle of the polarization axis will now be
described with reference to FIGS. 21A, 21B, 22A and 22B.
FIGS. 21A and 21B are diagrams for schematically show-
ing shade regions SR of a liquid crystal domain obtained
when the polarization axis is parallel to the 12 o’clock
direction, and FIGS. 22A and 22B are diagrams for sche-
matically showing shade regions SR obtained when the
polarization axis is inclined by approximately 13 degrees
against the 12 o’clock direction.

[0211] When the polarization axis is parallel to the 12
o’clock direction as shown in FIG. 21A, the shade regions
SR are observed in directions shifted in the clockwise
direction respectively from the 12 o’clock direction, the 3
o’clock direction, the 6 o’clock direction and the 9 o’clock
direction in regard to the center of the liquid crystal domain.
In contrast, when the polarization axis is inclined by
approximately 13 degrees against the 12 o’clock direction as
shown in FIG. 22A, the shade regions SR are observed in
the 12 o’clock direction, the 3 o’clock direction, the 6
o’clock direction and the 9 o’clock direction in regard to the
center of the liquid crystal domain.

[0212] When the area of the shade regions SR obtained
when the polarization axis is parallel to the 12 o’clock
direction as shown in FIG. 21B is assumed to be S1 and the
area of the shade regions SR obtained when the polarization
axis is inclined by approximately 13 degrees (namely, 6)
against the 12 o’clock direction is assumed to be S2, the area
S1 is larger than the area S2 (S1>S2). This is because the
existing probability of liquid crystal molecules oriented
vertically or parallel to the polarization axis is lower in the
case where the polarization axis is inclined by approxi-
mately 13 degrees against the 12 o’clock direction than in
the case where the polarization axis is parallel to the 12
o’clock direction.

[0213] In this manner, assuming that the liquid crystal
molecule positioned in the 12 o’clock direction in regard to
the center of the liquid crystal domain is inclined from the
12 o’clock direction by the angle 6, the polarizing plates are
disposed so that the polarization axis of one of the polarizing
plates can be inclined from the 12 o’clock direction by the
angle exceeding 0 degree and smaller than 2 6 in the same
direction as the inclination direction of the liquid crystal
molecule. Thus, the existing probability of the liquid crystal
molecules oriented vertically or parallel to the polarization
axis is lower than in the case where the polarization axis is
parallel to the 12 o’clock direction. Accordingly, the light
transmittance obtained when the liquid crystal domain is in
the spiral radially-inclined orientation state can be improved
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by disposing the polarizing plates in the aforementioned
manner, resulting in realizing bright display.

[0214] Furthermore, when the polarizing plates are dis-
posed so that the polarization axis of one polarizing plate can
be inclined at substantially the same angle as the angle 6 as
shown in FIG. 22A, the shade regions SR are positioned in
the 12 o’clock direction, the 3 o’clock direction, the 6
o’clock direction and the 9 o’clock direction in regard to the
center of the liquid crystal domain as shown in FIG. 22B. As
a result, the existing probability of the liquid crystal mol-
ecules oriented vertically or parallel to the polarization axis
can be further lowered. Therefore, when the polarizing
plates are thus disposed, the light transmittance can be
further increased, resulting in realizing further bright dis-
play.

[0215] In the above description, the preferable arrange-
ment of the polarizing plates is described from the viewpoint
of the improvement in the transmittance. Furthermore, when
the pair of polarizing plates are arranged so that the polar-
ization axis of one of the polarizing plates can be inclined in
the same direction as the inclination of the aforementioned
liquid crystal molecule by an angle exceeding 0 degree and
smaller than 0 against the 12 o’clock direction, not only
bright display can be realized but also occurrence of a white
tailing phenomenon (a phenomenon in which a white tailing
residual image is observed) and a black tailing phenomenon
(a phenomenon in which a black tailing residual image is
observed) described below can be suppressed, resulting in
realizing display with high quality.

[0216] The white tailing phenomenon may occur, for
example, in the case where an image of a black box moving
with a intermediate gray scale background is displayed in a
liquid crystal display device. FIG. 23 is a diagram for
schematically showing the white tailing phenomenon. When
an image where a black box is moving in the rightward
direction with a intermediate gray scale background as
shown in FIG. 23 is displayed, a region with higher lumi-
nescence than the intermediate gray scale is formed on the
left hand side of the black box so as to be observed as a white
tailing residual image.

[0217] The white tailing phenomenon comparatively eas-
ily occurs when, for example, the polarization axis is parallel
to the 12 o’clock direction. In contrast, for example, in the
liquid crystal display device whose transmittance change is
shown in FIG. 20, when the polarizing plates are arranged
so that the polarization axis can be inclined by approxi-
mately 13 degrees against the 12 o’clock direction, the white
tailing phenomenon can be prevented from occurring in
displaying the image where the black box is moving in the
rightward direction with the intermediate gray scale back-
ground as shown in FIG. 24.

[0218] The reason will be described with reference to
FIGS. 25A, 25B, 25C, 26A, 26B and 26C. FIGS. 25A, 258
and 25C are diagrams for schematically showing shade
regions SR in a liquid crystal domain obtained when the
polarization axis of the polarizing plate is parallel to the 12
o’clock direction. FIG. 25A shows the polarization axis of
the polarizing plate, FIG. 25B shows the shade regions SR
obtained immediately after applying a voltage through the
liquid crystal layer, and FIG. 25C shows the shade regions
SR obtained in the orientation stable time (stationary state).
FIGS. 26A, 26B and 26C are diagrams for schematically
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showing shade regions SR obtained in a liquid crystal
domain when the polarization axis of the polarizing plate is
inclined by approximately 13 degrees against the 12 o’clock
direction. FIG. 26A shows the polarization axis of the
polarizing plate, FIG. 26B shows the shade regions SR
obtained immediately after applying a voltage through the
liquid crystal layer and FIG. 26C shows the shade regions
SR obtained in the orientation stable time (stationary state).

[0219] First, the case where the polarization axis of one of
the pair of the polarizing plates is parallel to the 12 o’clock
direction as shown in FIG. 25A will be described. When the
polarizing plates are thus arranged, the shade regions SR are
observed in the 12 o’clock direction, the 3 o’clock direction,
the 6 o’clock direction and the 9 o’clock direction in regard
to the center of the liquid crystal domain as shown in FIG.
25B. Also, in the orientation stable time, the shade regions
are observed in directions shifted in the clockwise direction
respectively from the 12 o’clock direction, the 3 o’clock
direction, the 6 o’clock direction and the 9 o’clock direction
in regard to the center of the liquid crystal domain as shown
in FIG. 25C.

[0220] When the area of the shade regions SR obtained
immediately after voltage application shown in FIG. 25B is
assumed to be S1' and the area of the shade regions SR
obtained in the orientation stable time shown in FIG. 25C
is assumed to be S1, the area S1 is larger than the area S1',
and the transmittance is higher immediately after the voltage
application than in the orientation stable time. Therefore,
when the image in which the black box is moving in the
rightward direction with the intermediate gray scale back-
ground is displayed as shown in FIG. 23, in picture element
regions where the black box has just passed, namely, picture
element regions that are being changed from the black
display state to the intermediate gray scale display state, the
transmittance is transiently higher than that obtained in the
intermediate gray scale state (the transmittance obtained in
the orientation stable time). As a result, this transiently high
transmittance is observed as a white tailing residual image.

[0221] In contrast, when the polarizing plates are disposed
so that the polarization axis of one polarizing plate be
inclined by approximately 13 degrees against the 12 o’clock
direction as shown in FIG. 26A, the shade regions SR are
observed in directions shifted in the counterclockwise direc-
tion respectively from the 12 o’clock direction, the 3 o’clock
direction, the 6 o’clock direction and the 9 o’clock direction
in regard to the center of the liquid crystal domain as shown
in FIG. 26B in the simple radially-inclined orientation state
attained immediately after the voltage application. Alterna-
tively, in the orientation stable time, the shade regions SR
are observed in the 12 o’clock direction, the 3 o’clock
direction, the 6 o’clock direction and the 9 o’clock direction
in regard to the center of the liquid crystal domain as shown
in FIG. 26C.

[0222] When the area of the shade regions SR obtained
immediately after the voltage application shown in FIG.
26B is assumed to be S2' and the area of the shade regions
SR obtained in the orientation stable time shown in FIG.
26C is assumed to be S2, the area S2 is smaller than the arca
S2', and the transmittance is higher in the orientation stable
time than immediately after the voltage application. Fur-
thermore, when the polarizing plates are thus arranged, the
transmittance is the highest in the orientation stable time.
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Therefore, when the image where the black box is moving
in the rightward direction with the intermediate gray scale
background is displayed as shown in FIG. 24, in picture
element regions where the black box has just passed,
namely, picture element regions that are being changed from
the black display state to the intermediate gray scale display
state, the transmittance never becomes transiently higher
than the transmittance of the intermediate gray scale state
(the transmittance obtained in the orientation stable time).
As a result, the occurrence of the white tailing phenomenon
can be definitely prevented in the liquid crystal display
device in which the polarizing plates are thus arranged.

[0223] FIG. 27 shows change with time of the transmit-
tance obtained by changing a given picture element region
from the black display state to the intermediate gray scale
display state when the polarization axis is parallel to the 12
o’clock direction and when the polarization axis is inclined
by approximately 13 degrees against the 12 o’clock direc-
tion. In this graph, the transmittance obtained in the inter-
mediate gray scale display state is assumed to be 1.00 and
the time when a voltage is applied through the liquid crystal
layer of this picture element region is assumed to be 0 sec.

[0224] In the case where the polarization axis is parallel to
the 12 o’clock direction, the transmittance largely exceeds
1.00 immediately after the voltage application and becomes
predetermined transmittance (the transmittance of the inter-
mediate gray scale display state) thereafter as shown with a
solid line in FIG. 27. Therefore, when the polarizing plates
are thus arranged, the white tailing phenomenon may occur.

[0225] In contrast, in the case where the polarization axis
is inclined by approximately 13 degrees against the 12
o’clock direction, the transmittance never largely exceeds
1.00 immediately after the voltage application as shown
with a dashed line in FIG. 27. Therefore, the occurrence of
the white tailing phenomenon can be definitely prevented
when the polarizing plates are thus arranged.

[0226] In the above description, the case where the polar-
ization axis is inclined by approximately 13 degrees
(namely, the angle ) against the 12 o’clock direction is
described as an example of the arrangement of the polarizing
plates for preventing the occurrence of the white tailing
phenomenon. When the polarizing plates are thus arranged,
the transmittance is the highest in the orientation stable time
as described above, and hence, the occurrence of the white
tailing phenomenon can be definitely prevented.

[0227] However, the arrangement for preventing the
occurrence of the white tailing phenomenon is not limited to
the aforementioned arrangement for attaining the highest
transmittance in the orientation stable time. Alternatively,
the occurrence of the white tailing phenomenon can be
suppressed when the polarizing plates are arranged so that a
difference between transient highest transmittance and the
transmittance obtained in the orientation stable time can be
smaller than that in the case where the polarization axis is
parallel to the 12 o’clock direction.

[0228] For example, when the polarization axis is inclined
in the same direction as the inclination direction of the liquid
crystal molecule by an angle exceeding 0 degree and equal
to 0 or less against the 12 o’clock direction, the occurrence
of the white tailing phenomenon can be suppressed, result-
ing in realizing display with high quality. Also, when the
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polarization axis is inclined within the aforementioned
range, not only the occurrence of the white tailing phenom-
enon can be suppressed but also the transmittance obtained
in the orientation stable time can be increased, resulting in
realizing bright display. Within the aforementioned range, as
the inclination angle of the polarization axis is larger, the
white tailing phenomenon can be further suppressed. When
the polarization axis is inclined by an angle substantially
equal to /2, the occurrence of the white tailing phenomenon
can be substantially avoided.

[0229] The arrangement for suppressing the occurrence of
the white tailing phenomenon is not limited to the afore-
mentioned arrangement, and depending upon the arrange-
ment of the polarizing plates, the change of the transmittance
caused in changing a picture element region from the black
display state to the intermediate gray scale display state is
too slow to cause a black tailing phenomenon.

[0230] The black tailing phenomenon occurs, similarly to
the white tailing phenomenon, for example, in displaying an
image where a black box is moving with the intermediate
gray scale background in a liquid crystal display device.
FIG. 28 is a diagram for schematically showing the black
tailing phenomenon. As shown in FIG. 28, when the image
where the black box is moving in the rightward direction
with the intermediate gray scale background is displayed, a
region with higher luminescence than the black display state
but lower luminescence than the intermediate gray scale
display state is formed on the left hand side of the black box,
so as to be observed as a black tailing residual image.

[0231] The black tailing phenomenon comparatively eas-
ily occurs when the polarization axis of the polarizing plate
is inclined at an angle exceeding 0 against the 12 o’clock
direction. For example, when the polarization axis is
inclined by approximately 20 degrees against the 12 o’clock
direction, the change of the transmittance from the black
display state to the intermediate gray scale display state is
too slow as schematically shown with a two-dot chain line
in FIG. 27. Therefore, in displaying the image where the
black box is moving as described above, picture element
regions where the black box has just passed cannot rapidly
attain the intermediate gray scale display state, which may
result in the black tailing phenomenon.

[0232] For example, when the polarization axis is inclined
in the same direction as the inclination direction of the liquid
crystal molecule by an angle exceeding O degree and smaller
than 0 against the 12 o’clock direction, the occurrence of the
black tailing phenomenon can be suppressed, resulting in
realizing display with high quality. Also, when the polar-
ization axis is inclined within the aforementioned range, not
only the occurrence of the black tailing phenomenon is
suppressed but also the transmittance obtained in the orien-
tation stable time can be increased, resulting in realizing
bright display. When the inclination angle of the polarization
axis is the angle exceeding 0 degree and equal to 0 or less
against the 12 o’clock direction and in the same direction as
the inclination direction of the liquid crystal molecule, the
black tailing phenomenon can be further suppressed as the
inclination angle of the polarization axis is smaller. When
the polarization axis is inclined by an angle substantially the
same as 0/2, the occurrence of the black tailing phenomenon
can be substantially avoided.

[0233] The occurrence of the white tailing phenomenon
and the black tailing phenomenon can be suppressed by
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optimizing the arrangement of the polarizing plates as
described above. From the viewpoint of suppressing the
occurrence of the tailing phenomenon and improvement of
the transmittance, the pair of polarizing plates are preferably
arranged so that the polarization axis of one polarizing plate
can be inclined in the same direction as the inclination
direction of the liquid crystal molecule by the angle exceed-
ing O degree and equal to O or less. When the polarizing
plates are thus arranged, bright display can be realized and
the occurrence of the tailing phenomenon (including the
white tailing phenomenon and the black tailing phenom-
enon) can be suppressed, resulting in realizing display with
high quality. Furthermore, when the polarizing plates are
arranged so that the polarization axis of one polarizing plate
is inclined by an angle substantially the same as 0,2, the
occurrence of the white tailing phenomenon and the black
tailing phenomenon can be substantially avoided, resulting
in realizing display with higher quality.

[0234] The spiral orientation of the liquid crystal domain
can be obtained by using a liquid crystal material including
a chiral agent as described above. At this point, there are
cases where the orientation of the liquid crystal molecules is
spirally changed along the thickness direction of the liquid
crystal layer in accordance with the amount of chiral agent
to be added and where such spiral orientation change is
minimally caused. In either case, the display quality can be
improved by optimizing the arrangement of the polarizing
plates as described above.

[0235] (Width and Number of Branch Portions)

[0236] As described above, the picture element electrode
14 of the liquid crystal display device 100 or 200 of this
invention includes a plurality of openings 144 and a solid
portion 14b. A unit solid portions 145" disposed within a unit
lattice formed by the openings 14a is typically electrically
connected to an adjacent unit solid portion 145'. Portions for
electrically connecting the adjacent unit solid portions 145/,
for example, branch portions extending toward four direc-
tions from the circular portion as shown in FIG. 1A natu-
rally receive the same potential as another portion of the unit
solid portion, and hence, these branch portions also affect the
orientation-regulating effect obtained by the inclined electric
field.

[0237] As shown in FIG. 29, the solid portion 14b typi-
cally includes a plurality of island portions 14¢ and a
plurality of branch portions 144 for electrically connecting
adjacent pairs of the island portions 14c¢. Herein, the island
portion 14c corresponds to a portion of the conducting film
positioned within a unit lattice excluding the branch portions
144.

[0238] Liquid crystal molecules of a region of the liquid
crystal layer 30 positioned on the island portion 14¢ are
controlled in their orientation by the inclined electric field
generated on a boundary between the island portion 14¢ and
the opening 14a (namely, the edge portion of the opening
144). In order to realize a stable orientation state and a good
response characteristic, the inclined electric field for con-
trolling the orientation of the liquid crystal molecules 30a
should be made to work on a large number of liquid crystal
molecules 30a, and for this purpose, the boundaries between
the island portions 14¢ and the openings 14a are preferably
formed in a large number.

[0239] When the branch portions 14d are present between
the island portions 14¢ as shown in FIG. 29, the number of
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boundaries between the island portions 14¢ and the openings
144 is reduced owing to the branch portions 144, and hence,
the number of edge portions where the inclined electric
fields for controlling the orientation of the liquid crystal
molecules 30a disposed on the island portions 14¢ is
reduced. In other words, the branch portion 14d present
between the island portions 14¢ degrades the orientation-
regulating effect derived from the inclined electric field.
Accordingly, as the width of each branch portion 144 is
smaller or as the number of branch portions 14d is smaller,
the degradation of the orientation-regulating effect can be
further suppressed so as to improve the response character-
istic.

[0240] Also, since the inclined electric field is generated
on the boundary between the branch portion 144 and the
opening 144, the liquid crystal molecules 30a positioned on
the branch portion 144 are controlled in their orientation.
The orientation of the liquid crystal molecules 30a posi-
tioned on the branch portion 144 also affects the orientation
state of liquid crystal molecules 30a positioned on the island
portion 14c, resulting in affecting the response characteris-
tic. This will now be described in more detail.

[0241] First, with reference to FIGS. 30 and 31, the
orientation state of a region of the liquid crystal layer 30
positioned on the island portion 14¢ will be described. FIG.
30 is a schematic top view of the orientation state of the
liquid crystal molecules 30a under voltage application, and
FIG. 31 is a cross-sectional view thereof taken along line
31A-31A"or 31B-31B' of FIG. 30. In a liquid crystal display
device shown in these drawings, the island portion 14c is
formed in a barrel shape (a square with arc-shaped corners),
a liquid crystal material including a chiral agent is used, and
the liquid crystal layer 30 is in a spiral radially-inclined
orientation state. Also in this liquid crystal display device, a
bowl-shaped protrusion (a protrusion having one spherical
face) 24 for fixing the center of the radially-inclined orien-
tation in the vicinity of the center of the unit solid portions
145" and improving the orientation stability is formed on the
counter electrode 22 provided on the counter substrate 1005
as shown in FIG. 31, but the following description does not
differ even when such a protrusion 24 is not provided.

[0242] As shown in FIG. 30, when a voltage is applied
through the liquid crystal layer 30, the orientation directions
of the liquid crystal molecules 30a are regulated by the
inclined electric fields respectively generated on the bound-
aries between the openings 14 and the island portions 14¢
(the edge portions of the openings 14a), so that the region of
the liquid crystal layer 30 positioned on each island portion
14c is placed in the spiral radially-inclined orientation state.

[0243] 1In a cross-section taken along a direction where no
branch portion 144 exists as in the cross-section taken along
line 31A-31A' or 31B-31B' of FIG. 30, orientation-regulat-
ing force for inclining all the liquid crystal molecules 30a
from the edge portions of the opening 14a toward the center
of the island portion 14¢ works as shown in FIG. 31. In the
case where the island portion 14c is formed in a circular
shape, the strength of the orientation-regulating force is the
same in any cross-sections taken along directions where no
branch portion 144 exists. However, in the case where the
island portion 14c¢ is in the barrel shape as shown in FIG. 30,
the strength of the orientation-regulating force depends upon
the distance between the center of the island portion 14¢ and
the edge portion.
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[0244] 1In this manner, the region of the liquid crystal layer
30 positioned on the island portion 14c is stably placed in the
spiral radially-inclined orientation state having its orienta-
tion center in the vicinity of the center of the island portion
14c under the voltage application. This state is herein
designated as a first stable state for simplifying the following
description.

[0245] Next, with reference to FIGS. 32 and 33, the
orientation state of a region of the liquid crystal layer 30
positioned on the opening 14a will be described. FIG. 32 is
a schematic top view of the orientation state of the liquid
crystal molecules 30a under voltage application, and FIG.

33 is a cross-sectional view thereof taken along line 33A-
33A' or 33B-33B' of FIG. 32.

[0246] In a cross-section along a direction where no
branch portion 144 exists as in the cross-section taken along
line 33A-33A' or 33B-33B' of FIG. 32, orientation-regulat-
ing force for inclining all the liquid crystal molecules 30a
from the edge portions of the opening 14a toward the center
of the opening 14a works as shown in FIG. 33. However,
the liquid crystal molecules 30a of the region of the liquid
crystal layer 30 positioned on the opening 14a are not
directly affected by the electric fields generated by the
electrodes, and hence, they are inclined at an angle smaller
than the inclination angle of the liquid crystal molecules 30a
positioned on the island portion 14c.

[0247] In this manner, the region of the liquid crystal layer
30 positioned on the opening 14a are stably placed in the
radially-inclined orientation state having its orientation cen-
ter in the vicinity of the opening 14a under the voltage
application.

[0248] Subsequently, with reference to FIGS. 34, 35A and
35B, the orientation state of a region of the liquid crystal
layer 30 positioned on the branch portion 14d will be
described. FIG. 34 is a schematic top view of the orientation
state of the liquid crystal molecules 30a under voltage
application, FIG. 35A is a cross-sectional view thereof
taken along line 35A-35A of FIG. 34, and FIG. 35B is a
cross-sectional view thereof taken along line 35B-35B' of
FIG. 34.

[0249] In a cross-section taken along a direction crossing
the boundary between the branch portion 14d and the
opening 14a as in the cross-section taken along line 35A-
35A' of FIG. 34, the orientation directions of the liquid
crystal molecules 30a are regulated by the inclined electric
field generated on the boundary between the branch portion
144 and the opening 144 as shown in FIG. 35A. On the other
hand, in a cross-section taken along a direction crossing the
branch portion 14d and the island portion 14¢ as in the
cross-section taken along line 35B-35B of FIG. 34, the
liquid crystal molecules 30« are inclined so as to match with
the orientation state of the region of the liquid crystal layer
30 positioned on the adjacent island portion 14¢ as shown in
FIG. 35B.

[0250] Accordingly, the liquid crystal molecules 30a of
the region of the liquid crystal layer 30 positioned on the
branch portion 14d are oriented, as shown in FIG. 36, so as
to match with the orientation of the liquid crystal molecules
30a positioned on the adjacent island portion 14¢ and the
orientation of the liquid crystal molecules 30a positioned on
the opening 144 (correspondingly to the aforementioned first
stable state). In FIG. 36, liquid crystal molecules 30z having
orientation axes along the vertical direction on the display
surface (the 12 o’clock direction and the 6 o’clock direction)
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and the horizontal direction on the display surface (the 3
o’clock direction and the 9 o’clock direction) are shown.

[0251] The orientation-regulating force obtained in the
section taken along line 35B-35B' (that is, very weak ori-
entation-regulating force working for keeping continuity in
the orientations of surrounding liquid crystal molecules) is
much weaker than the orientation-regulating force of the
inclined electric field generated at the edge portion of the
opening 14a. Furthermore, the inclination direction of the
liquid crystal molecule 30a obtained by the aforementioned
orientation-regulating force is reverse (namely, the liquid
crystal molecules 30a are oriented in the shape of a cone
opening downward (toward the substrate 100a)) to the
inclination direction of the liquid crystal molecules 30a
obtained by the inclined electric field generated on the
boundary between the branch portion 14d and the opening
144 (namely, the liquid crystal molecules 30z are oriented in
the shape of a cone opening upward (toward the substrate
1005)). Therefore, balance of the orientation-regulating
forces working on the liquid crystal molecules 30a posi-
tioned on the branch portion 14d can be easily lost.

[0252] Accordingly, the liquid crystal molecules 30a ver-
tically oriented (namely, the liquid crystal molecules 30a
positioned at the orientation center) in the cross-section
along the direction crossing the boundary between the
branch portion 14d and the opening 14a (corresponding to
the cross-section taken along line 35A-35A" of FIG. 34) tend
to move toward the boundary between the branch portion
14d and the opening 14a as shown in FIGS. 37A and 37B.

[0253] Owing to the influence of such a shift of the
orientation of the liquid crystal molecules 30a positioned on
the branch portion 144 (namely, the positional shift of the
vertically oriented liquid crystal molecules 30 ), the spiral
orientation of the region of the liquid crystal layer 30
positioned on the island portion 14c is changed from the first
stable state shown in FIG. 36 to a second stable state shown
in FIG. 38. This affects the response characteristic of the
liquid crystal display device, so that it can take compara-
tively long time to stabilize the orientation to attain the
stationary state.

[0254] The orientation state of the liquid crystal molecules
30a positioned on the branch portion 144 that affects the
response characteristic as described above largely depends
upon the presence (number) and the width of the branch
portions 14d. When cach branch portion 144 has a com-
paratively large width as shown in FIG. 39B, the balance of
the orientation-regulating forces working on the liquid crys-
tal molecules positioned on the branch portion 14d can be
easily lost, so as to largely affect the orientation stable state
of the liquid crystal molecules 304 positioned on the island
portion 14c. In contrast, when each branch portion 14d has
a comparatively small width as shown in FIG. 39A, the
orientation-regulating forces are well balanced on the liquid
crystal molecules 30a positioned on the branch portion 144,
so that the orientation state of the liquid crystal molecules
30a positioned on the island portion 14¢ can also be stabi-
lized comparatively early, resulting in improving the
response characteristic of the liquid crystal display device.

[0255] The influence of the width of the branch portion
144 on the response characteristic will be more specifically
described with reference to FIG. 40. FIG. 40 is a graph for
schematically showing change with time of transmittance
attained by applying a voltage through the liquid crystal
layer 30 when the branch portion 14d has a comparatively
small width (of, for example, 5.5 um) and when the branch
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portion 14d has a comparatively large width (of, for
example, 7.5 um). In this case, a pair of polarizing plates are
provided so as to have their polarization axes respectively in
parallel to the 12 o’clock direction and the 3 o’clock
direction.

[0256] As described with reference to FIG. 27, in the case
where the polarization axis of the polarizing plate is in
parallel to the 12 o’clock direction, the transmittance once
becomes the maximum (maximum transmittance Ip of FIG.
40) immediately after the voltage application and becomes
substantially constant thereafter. The liquid crystal layer 30
is once placed in the simple radially-inclined orientation
state immediately after the voltage application and is
changed to the spiral radially-inclined orientation state, and
at this point, the orientation passes through the first stable
state shown in FIG. 36 and then attains the second stable
state shown in FIG. 38.

[0257] As shown in FIG. 40, time Ta necessary for
attaining the second stable state when the branch portion 14d
has a comparatively small width is shorter than time Tb
necessary for attaining the second stable state when the
branch portion 14d has a comparatively large width
(Ta<Tb). Thus, as the branch portion 14d has a smaller
width, a better response characteristic can be attained (the
response speed is faster).

[0258] Also, transmittance Ia attained in the second stable
state when the branch portion 144 has a comparatively small
width is higher than transmittance Ib attained in the second
stable state when the branch portion 144 has a comparatively
large width (Ia>Ib).

[0259] The reason will be described with reference to
FIGS. 41A and 41B. FIGS. 41A and 41B are diagrams for
schematically showing liquid crystal molecules 30a oriented
in a direction parallel to the polarization axes in the second
stable state, and specifically, FIG. 41A shows the orientation
obtained when the branch portion 14d has a comparatively
small width and FIG. 41B shows the orientation obtained
when the branch portion 144 has a comparative large width.
In FIGS. 41A and 41B, arrows denote the directions of the
polarization axes of the pair of polarizing plates, and in this
case, the polarization axes of the polarizing plates are
respectively in parallel to the 12 o’clock direction and the 3
o’clock direction.

[0260] In the case where the polarizing plates are thus
arranged, a region where the liquid crystal molecules 30a
oriented in the direction parallel to the polarization axes of
the polarizing plates exit corresponds to a shade region for
transmitting substantially no light.

[0261] In the case where the branch portion 14d has a
comparatively small width, the liquid crystal molecules 30a
oriented in the directions parallel to the polarization axes are
present substantially along the 12 o’clock direction, the 3
o’clock direction, the 6 o’clock direction and the 9 o’clock
direction as shown in FIG. 41A. Therefore, the shade
regions are observed substantially along the polarization
axes. In contrast, in the case where the branch portion 14d
has a comparatively large width, the liquid crystal molecules
30a oriented in the directions parallel to the polarization
axes are present also in positions shifted from the 12 o’clock
direction, the 3 o’clock direction, the 6 o’clock direction and
the 9 o’clock direction as shown in FIG. 41B. Therefore, the
positions where the shade regions are observed are different
from those shown in FIG. 41A.

[0262] The area of the shade regions is the minimum when
they are observed along the polarization axes. Therefore, the
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area of the shade regions is smaller in the case where the
branch portion 14d has a comparatively small width as
shown in FIG, 41A than in the case where the branch
portion 14d has a comparatively large width as shown in
FIG. 41B. Accordingly, the transmittance attained in the
second stable state is higher in the case where the branch
portion 14d has a comparatively small width.

[0263] As described above, the transmittance Ia attained in
the second stable state when the branch portion 14d has a
comparatively small width is higher than the transmittance
Ib attained in the second stable state when the branch portion
144 has a comparatively large width. Therefore, change Ala
of the transmittance between immediately after the voltage
application and the second stable state obtained when the
branch portion 14d has a comparatively small width is
smaller than change AIb of the transmittance between
immediately after the voltage application and the second
stable state obtained when the branch portion 144 has a
comparatively large width (Ala<AIb). Accordingly, the
white tailing phenomenon as shown in FIG. 23 is less
observed when the branch portion 144 has a comparatively
small width than when the branch portion 14d has a com-
paratively large width, and hence, a good response charac-
teristic can be attained.

[0264] As described above, as each branch portion 144 has
a smaller width, the response characteristic is further
improved. Also by comparatively reducing the number of
branch portions 14d, the response characteristic can be
improved.

[0265] In the picture element electrode 14 of the liquid
crystal display device of this invention, all the adjacent pairs
of island portions 14¢ may be mutually connected by the
branch portions 14d as shown in FIG. 42. However, the
response characteristic can be improved by appropriately
omitting the branch portions 14d. The picture element
clectrode 14 is connected to a switching element, for
example, through a contact hole 19 formed in a shade region
18 of FIG. 42, and the respective island portions 14c¢ are
mutually electrically connected through the branch portions
14d so as to function as substantially one conducting film.
The shade region 18 corresponds to, for example, a region
on a storage capacitance line on the TFT substrate and is a
region which light from a backlight does not pass through
and makes no contribution to the display.

[0266] Specifically, when the number of branch portions
14d provided to each island portion 14c¢ is, for example, two
or less as shown in FIGS. 43 and 44, a good response
characteristic can be attained.

[0267] Abranch portion 144 positioned in a region making
no contribution to the display such as the shade region 18
minimally affects the response characteristic. Therefore, as
shown in FIG. 45, the number of branch portions 14d
provided to each island portion 14¢ in a region making
contribution to the display may be two or less

[0268] Needless to say, the structure of the solid portion
14b is not limited to those described above. When the branch
portions 144 are partly omitted as compared with the struc-
ture of FIG. 42 and the island portions 14¢ have redundancy
as shown in FIG. 46, a liquid crystal display device having
a good response characteristic that can be fabricated at a
high ratio of acceptable products can be obtained.

[0269] When the number of branch portions 14d is
reduced as compared with the case where all the adjacent
pairs of island portions 14¢ are connected through the
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branch portions 14d as shown in FIG. 42, the response
characteristic can be improved. The number of branch
portions 14d, namely, how many branch portions 144 are
omitted, can be determined in accordance with a desired
response characteristic.

[0270] For example, in the case where the plural island
portions 14¢ are arranged in the form of an mxn matrix
(wherein m and n are natural numbers of 2 or more), if all
the adjacent island portions 14¢ are connected through the
branch portions 144, the number of branch portions 144 is
(2 mn-m-n). Accordingly, in the case where the island
portions 14c¢ are arranged in the form of the mxn matrix, the
response characteristic can be improved when the number of
branch portions is smaller than (2 mn-m-n).

[0271] When the width and the number of branch portions
14d are optimized as described above, a good response
characteristic can be attained.

[0272] The application of the invention is not limited to
the exemplified liquid crystal display devices. When one of
a pair of electrodes for applying a voltage through a liquid
crystal layer in a picture element region is formed to-have a
plurality of openings disposed at least at the corners of the
picture element region and a solid portion, a liquid crystal
display device with a wide viewing angle characteristic can
be realized. When the electrode is formed in the aforemen-
tioned manner, inclined electric fields are generated at the
edge portions of the openings of the electrode when a
voltage is applied. Accordingly, owing to the inclined elec-
tric fields generated at the edge portions of the plural
openings disposed at least at the corners, liquid crystal
domains that are in the radially-inclined orientation state are
formed in the liquid crystal layer under voltage application,
resulting in obtaining a wide viewing angle characteristic.

[0273] A unit solid portion (a region of the solid portion
substantially surrounded with the openings) present in a
given picture element region may be plural in number or a
single unit solid portion surrounded with the openings
disposed at the comers. In the case where the unit solid
portion present in a given picture element region is single,
the openings surrounding the unit solid portion may be a
plurality of openings disposed at the corners or a substan-
tially single opening continuously formed from a plurality of
openings disposed at the corners.

[0274] When the region of the solid portion substantially
surrounded with the openings (unit solid portion) is rota-
tionally symmetrical, the stability of the radially-inclined
orientation of the liquid crystal domain formed in the solid
portion can be improved. For example, the unit solid portion
may be in the shape of a substantially circle, a substantially
square or a substantially rectangle.

[0275] When the unit solid portion is in a substantially
circular shape, the radially-inclined orientation of the liquid
crystal domain formed in the solid portion of the electrode
can be stabilized. Since a liquid crystal domain formed in the
solid portion made from a continuous conducting film is
formed correspondingly to the unit solid portion, the shape
and the arrangement of the openings are determined so that
the unit solid portion can be in the substantially circular
shape. Also, when the unit solid portion is in a substantially
rectangular shape with substantially arc-shaped corners, the
orientation stability and the transmittance (effective aperture
ratio) can be comparatively increased.

[0276] According to the present invention, the liquid crys-
tal domains having the radially-inclined orientation formed
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correspondingly to the openings formed in the picture ele-
ment electrode can also make contribution to the display,
and hence, the display quality of a conventional liquid
crystal display device with a wide viewing angle character-
istic can be further improved.

[0277] Moreover, when a protrusion is formed within the
opening of the picture element electrode, the stability of the
radially-inclined orientation is improved. Accordingly, it is
possible to provide a liquid crystal display device with high
reliability in which even when the radially-inclined orien-
tation is destroyed by an external force, the radially-inclined
orientation can be easily restored.

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

a first substrate;
a second substrate;

a liquid crystal layer disposed between the first substrate
and the second substrate; and

a plurality of picture element regions each defined by a
first electrode provided on a face of the first substrate
facing the liquid crystal layer and a second electrode
provided on the second substrate so as to oppose the
first electrode via the liquid crystal layer sandwiched
therebetween,

wherein the first electrode includes a plurality of openings
and a solid portion in each of the plurality of picture
element regions,

the liquid crystal layer is in a vertical orientation state in
each of the plurality of picture element regions when no
voltage is applied between the first electrode and the
second electrode, and

when a voltage is applied between the first electrode and
the second electrode, a plurality of liquid crystal
domains each in a radially-inclined orientation state are
formed in the plurality of openings and the solid
portion by inclined electric fields generated at respec-
tive edge portions of the plurality of openings of the
first electrode, for producing a display by changing
orientation states of the plurality of liquid crystal
domains in accordance with the applied voltage.

2. The liquid crystal display device of claim 1,

wherein at least some of the plurality of openings have
substantially the same shape and the same size, and
form at least one unit lattice arranged so as to have
rotational symmetry.

3. The liquid crystal display device of claim 2,

wherein each of the at least some of the plurality of
openings is in a rotationally symmetrical shape.

4. The liquid crystal display device of claim 2,

wherein each the of at least some of the plurality of
openings is in a substantially circular shape.

5. The liquid crystal display device of claim 2,

wherein each region of the solid portion surrounded with
the at least some of the plurality of openings is in a
substantially circular shape.
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6. The liquid crystal display device of claim 2,

wherein each region of the solid portion surrounded with
the at least some of the plurality of openings is in a
substantially rectangular shape with substantially arc-
shaped corners.

7. The liquid crystal display device of claim 1,

wherein, in each of the plurality of picture element
regions, a total area of the plurality of openings of the
first electrode is smaller than an area of the solid
portion of the first electrode.
8. The liquid crystal display device of claim 1, further
comprising a protrusion within each of the plurality of
openings,

wherein a cross-sectional shape of the protrusion taken
along a plane direction of the substrate is the same as
a shape of the corresponding opening, and

a side face of the protrusion has an orientation-regulating
force for orienting liquid crystal molecules of the liquid
crystal layer in the same direction as an orientation-
regulating direction obtained by the inclined electric
field.

9. The liquid crystal display device of claim 1,

wherein the plurality of liquid crystal domains are in a

spirally radially-inclined orientation state.

10. The liquid crystal display device of claim 9, further
comprising a pair of polarizing plates respectively provided
outside of the first substrate and the second substrate and
disposed with polarizing axes thereof crossing each other
substantially perpendicularly,

wherein, in each of the plurality of liquid crystal domains,
assuming that a liquid crystal molecule included in the
liquid crystal layer and positioned in a 12 o’clock
direction on a display-surface in regard to a center of
cach of said plurality of liquid crystal domains is
inclined against the 12 o’clock direction on the display
surface by an angle 0, the polarization axis of one of the
pair of polarizing plates is inclined in the same direc-
tion as inclination of the liquid crystal molecule posi-
tioned in the 12 o’clock direction on the display surface
by an angle exceeding 0 degree and smaller than 2 0
against the 12 o’clock direction on the display surface.

11. The liquid crystal display device of claim 10,

wherein the polarization axis of one of the pair of polar-
izing plates is inclined by an angle exceeding 0 degree
and equal to 0 or less.

12. The liquid crystal display device of claim 10,

wherein the polarization axis of one of the pair of polar-
izing plates is inclined by an angle substantially the
same as 0/2.

13. The liquid crystal display device of claim 10,

wherein the polarization axis of one of the pair of polar-
izing plates is inclined by an angle substantially the
same as 0.

14. The liquid crystal display device of claim 1,

wherein the solid portion includes a plurality of island
portions arranged in the form of an mxn matrix and a

25
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plurality of branch portions for electrically connecting
adjacent pairs of the plurality of island portions, and

the number of the plurality of branch portions is smaller
than (2 mn-m-n).
15. The liquid crystal display device of claim 1,

wherein the first substrate further includes an active
element provided correspondingly to each of the plu-
rality of picture element regions, and

the first electrode corresponds to a picture element elec-
trode provided in each of the plurality of picture
element regions to be switched by the active element
and the second electrode corresponds to at least one
counter electrode opposing the plurality of picture
element electrodes.

16. A liquid crystal display device comprising:

a first substrate;
a second substrate;

a liquid crystal layer disposed between the first substrate
and the second substrate; and

a plurality of picture element regions each defined by a
first electrode provided on a face of the first substrate
facing the liquid crystal layer and a second electrode
provided on the second substrate so as to oppose the
first electrode via the liquid crystal layer sandwiched
therebetween,

wherein, in each of the plurality of picture element
regions, the liquid crystal layer is in a vertical orien-
tation state when no voltage is applied between the first
clectrode and the second electrode, and the first elec-
trode includes a plurality of openings disposed at least
corners of each of the plurality of picture element
regions and a solid portion.

17. The liquid crystal display device of claim 16,

wherein a region of the solid portion surrounded with at
least some of the plurality of openings is in a rotation-
ally symmetrical shape.

18. The liquid crystal display device of claim 16,

wherein a region of the solid portion surrounded with at
least some of the plurality of openings is in a substan-
tially circular shape.

19. The liquid crystal display device of claim 16,

wherein a region of the solid portion surrounded with at
least some of the plurality of openings is in a substan-
tially rectangular shape with substantially arc-shaped
corners.

20. The liquid crystal display device of claim 16,

wherein the solid portion includes a plurality of island
portions arranged in the form of an mxn matrix and a
plurality of branch portions for electrically connecting
adjacent pairs of the plurality of island portions, and

the number of the plurality of branch portions is smaller
than (2 mn-m-n).
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