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(57) ABSTRACT

The present invention provides a multi-domain type liquid
crystal display device with a vertical alignment liquid crystal
layer that can get a display operation done without making the
viewer sense any unnaturalness and with the decrease in
optical transmittance minimized. In the liquid crystal display
device of this invention, the liquid crystal layer of each pixel
has liquid crystal regions in which liquid crystal molecules tilt
in multiple different directions when a voltage is applied
between first and second electrodes. Each pixel has an opaque
portion arranged on a boundary between the liquid crystal
regions. The opaque portion is provided for at least one of the
substrates so that when a voltage is applied between the first
and second electrodes, the liquid crystal molecules neighbor-
ing the boundary will tilt while turning one of their end
portions, which is closer to the substrate with the opaque
portion, away from the boundary. The opaque portion
includes a first shielding layer and a second shielding layer,
which overlaps with the first shielding layer with a predeter-
mined gap left between them.

6 Claims, 13 Drawing Sheets

vz
?/ ‘SHIELDED REGION
100




US 8,330,906 B2

Sheet 1 of 13

Dec. 11, 2012

U.S. Patent

FiG. 1




US 8,330,906 B2

Sheet 2 of 13

Dec. 11, 2012

U.S. Patent

100

FIG.2

se} o o ©
Ol NS
=
L] I i
- @
[
T ] \\\%Hv
L] o
| I~
1] IR=3k=2 \\\\\ o
ok Yo
B il | mw.w
= o || o™
1
oS O
[
— || ][]
N s ;w N - >
% 3]
=4 o m
o

100

1 1 ™

— T~15

16

O
M~

S SRR ad ™~
&) N
7“#
<~

100a<



U.S. Patent Dec. 11, 2012 Sheet 3 of 13 US 8,330,906 B2

FIG.3 12a (1222) ?12

12b (12b2) 12b (12b1)

N\ =&
N .

¢ '/// \\\

12b (12b3) 12b (12b4)

V1
FIG.4 500

/

>0

N
S W

T
S U

. = . gﬁz%
w 17 0 N N N 24
~> P l
0 0 J N N e
— = 13




U.S. Patent Dec. 11, 2012 Sheet 4 of 13 US 8,330,906 B2

FIG. 5
1 W
Lid
QO
Z
}._
= L2
w)
=Z
&
'——
@ L1
=z
=
[a's
O
=
O 1
0 APPLIED YOLTAGE (V) 5
FIG.6
1 —
L
(@&
Z L4
|—.
-
=
o)
=
<
o
'—.
(]
N
_
<C
=
S
= / L3
0 " |
APPLIED VOLTAGE (V)

o)

5



US 8,330,906 B2

Sheet 5 of 13

Dec. 11, 2012

U.S. Patent

e e

Vi
SHIELDED REGION 100

FIG.7



US 8,330,906 B2

Sheet 6 of 13

Dec. 11, 2012

U.S. Patent

V2

FIG.8

SHIELDED REGION

100

V3

SHIELDED REGION

30

1]
D
jo]
~—




U.S. Patent Dec. 11, 2012 Sheet 7 of 13 US 8,330,906 B2

V2
FIG 9
SHIELDED REGION
600
30 -
17¢ (17))

FIG 10

(a) (b) (c)

SINGLE-LAYER MULTI(DUAL)-LAYER

WITH NO OPAQUE PORTIONS OPAQUE PORTION OPAQUE PORTION




U.S. Patent Dec. 11, 2012 Sheet 8 of 13 US 8,330,906 B2

FIG. 11
(a) (b) (c)
SINGLE-LAYER MULTI(DUALJ-LAYER
WITHNO OPAQUE PORTIONS 5, 01 pORTION OPAQUE PORTION

FIG. 12

1.06
1.04
1.02 [T

1.00 o
0.98
0.96
0.94
0.92
0.90
0.88
0.86
0.84
0.82
0.80

=

R

R

\\\\

~
-
-
N
N
-
~
W
N2

(4

TRANSMITTANCE IN STRAIGHT VIEWING DIRECTION



U.S. Patent Dec. 11, 2012 Sheet 9 of 13 US 8,330,906 B2

G 13

(2) (b)

1) :WITH NO OPAQUE PORTIONS (2) WITH ONE SHIELDING LAYER
W AUEPORTIONS ™ it A WIDTH OF 15

(©) (d)
(3) “WITH ONE SHIELDING LAYER ~ (4) :WITH TWO SHIELDING LAYERS
WITHAWIDTHOF 3.0 um WITH A WIDTH OF 1.5 1 m EACH




U.S. Patent Dec. 11, 2012 Sheet 10 of 13 US 8,330,906 B2

1 . ‘ ‘ . ‘
0.6 || = 45 DEGREE VIEWING DIRECTION (1)
W ~—— 45 DEGREE VIEWING DIRECTION :(2)
© 08 || —@— 45DEGREE VIEWING DIRECTION :(4)
Z o7 STRAIGHT VIEWING DIRECTION
= ; ; .
= 06
D
g o5
=
< 04
S
= 99 : : % s s E
S i i s
0 B T
O H ) . : . ‘ ‘

0 32 64 96 128 160 192 224

GRAYSCALE



U.S. Patent Dec. 11, 2012 Sheet 11 of 13 US 8,330,906 B2

FIG.15

s I
L
a ! Lo |
00 000 0 e
1003{
100A
8 5 Z
i 3 A
oon] | gm‘i'“”—’_?i'”m}?
Lo R

&
N




US 8,330,906 B2

Sheet 12 of 13

Dec. 11, 2012

U.S. Patent

V2

FiG.16

100A

SHIELDED REGION

V3

100A

SHIELDED REGION

\




US 8,330,906 B2

Sheet 13 of 13

Dec. 11, 2012

U.S. Patent

FiG. 17

100B




US 8,330,906 B2

1
LIQUID CRYSTAL DISPLAY DEVICE

This application is the U.S. national phase of International
Application No. PCT/IP2009/001450, filed 30 Mar. 2009,
which designated the U.S. and claims priority to Japanese
Application No. 2008-115192, filed 25 Apr. 2008, the entire
contents of each of which are hereby incorporated by refer-
ence.

TECHNICAL FIELD

The present invention relates to a liquid crystal display
device and more particularly relates to a multi-domain type
LCD with a vertical alignment liquid crystal layer.

BACKGROUND ART

Recently, a thin and lightweight LCD is often used as the
display of a personal computer or the monitor screen of a
mobile telecommunications device. However, conventional
TN (twisted nematic) mode and STN (super twisted nematic)
mode LCDs allow only a narrow viewing angle. To overcome
that problem, various techniques have been researched and
developed so far.

A multi-domain type LCD with a vertical alignment liquid
crystal layer is known as one of those LCDs with improved
viewing angle characteristics. Such LCDs are usually called
“VA (vertical alignment) mode LCDs”. Patent Document No.
1 discloses an MVA (multi-domain vertical alignment) mode
LCD, which is one of those various VA mode LCDs. In the
MVA mode LCD, an orientation control structure for control-
ling the orientation of liquid crystal molecules is provided for
each of the two substrates that face each other with a liquid
crystal layer interposed between them. Specifically, the ori-
entation control structure may be either a projection made of
a dielectric material or a slit that has been cut through an
electrode. With such an orientation control structure such as a
projection or a slit, when a voltage is applied to the liquid
crystal layer, a number of regions in which liquid crystal
molecules tilt in mutually different directions (which are
usually called “liquid crystal domains™) are produced, thus
lightening the azimuth angle dependence of the display char-
acteristic and improving the viewing angle characteristic.

As described above, a VA mode LCD will contribute to
getting a quality display operation done with a wide viewing
angle. Recently, however, more and more attention has been
paid to the fact that the y characteristic will vary according to
the viewing angle (i.e., whether the viewer is viewing the
screen straight or obliquely). In other words, a lot of people
are now aware that the y characteristic has viewing angle
dependence. The y characteristic is the grayscale dependence
of a display luminance. That is why if the y characteristic in a
front viewing direction is different from the one in an oblique
viewing direction, then the grayscale will be displayed dif-
ferently according to the viewing direction. Consequently,
the viewer may sometimes find the image on the screen
unnatural depending on the viewing direction.

Thus, to overcome such a problem, Patent Document No. 2
discloses a technique for arranging an opaque layer in a
predetermined region within each pixel. That opaque layer
selectively shields some of the multiple liquid crystal
domains that will produce such an unnatural image from the
light when the viewer is viewing obliquely, thereby minimiz-
ing such unnaturalness on the screen.

Patent Document No. 1: Japanese Patent Application Laid-

Open Publication No. 11-242225
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2
Patent Document No. 2: Japanese Patent Application Laid-
Open Publication No. 2004-93846

DISCLOSURE OF INVENTION
Problems to be Solved by the Invention

If the opaque layer such as what is disclosed by Patent
Document No. 2 were provided, however, the optical trans-
mittance would also decrease even when the viewer is view-
ing straight. This is because the opaque layer that partially
covers each pixel will also shield the pixel selectively even
when the viewer is located right in front of the screen. To
minimize such unnaturalness on the screen sufficiently, the
opaque layer should have some broad width. That is why the
optical transmittance in the front viewing direction would
also decrease inevitably to a certain degree.

It is therefore an object of the present invention to provide
a multi-domain type liquid crystal display device with a ver-
tical alignment liquid crystal layer that can get a display
operation done without making the viewer sense any such
unnaturalness and with the decrease in optical transmittance
minimized.

Means for Solving the Problems

A liquid crystal display device according to the present
invention includes a first substrate, a second substrate, and a
vertical alignment liquid crystal layer interposed between the
first and second substrates. The device has a number of pixels,
each of which includes a first electrode that is arranged on the
first substrate to face the liquid crystal layer, a second elec-
trode that is arranged on the second substrate to face the liquid
crystal layer, and the liquid crystal layer arranged between the
first and second electrodes. A part of the liquid crystal layer
located within each pixel has multiple liquid crystal regions in
which liquid crystal molecules tilt in multiple different direc-
tions when a voltage is applied between the first and second
electrodes. Each pixel has an opaque portion that is arranged
on a boundary between the multiple liquid crystal regions.
The opaque portion is provided for at least one of the first and
second substrates so that when a voltage is applied between
the first and second electrodes, the liquid crystal molecules
neighboring the boundary will tilt while turning one of their
end portions, which is located closer to the substrate with the
opaque portion, away from the boundary. The opaque portion
includes a first shielding layer and a second shielding layer,
which overlaps with the first shielding layer with a predeter-
mined gap left between them.

Another liquid crystal display device according to the
present invention also includes a first substrate, a second
substrate, and a vertical alignment liquid crystal layer inter-
posed between the first and second substrates. The device has
a number of pixels, each of which includes a first electrode
that is arranged on the first substrate to face the liquid crystal
layer, a second electrode that is arranged on the second sub-
strate to face the liquid crystal layer, and the liquid crystal
layer arranged between the first and second electrodes. A part
of the liquid crystal layer located within each pixel has mul-
tiple liquid crystal regions in which liquid crystal molecules
tilt in multiple different directions when a voltage is applied
between the first and second electrodes. The liquid crystal
regions include a first liquid crystal region in which a retar-
dation value, calculated based on incoming light that has been
incident on the liquid crystal layer obliquely with respect to a
normal to the display screen, increases as the applied voltage
rises, and a second liquid crystal region in which the retarda-
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tion value once decreases and then increases. Each pixel has
an opaque portion that is provided for at least one of the first
and second substrates and that selectively shields the first
liquid crystal region from the incoming light when a viewer is
viewing obliquely with respect to the normal to the display
screen. The opaque portion includes a first shielding layer and
a second shielding layer, which overlaps with the first shield-
ing layer with a predetermined gap left between them.

In one preferred embodiment, the liquid crystal display
device further includes two polarizers that are arranged as
crossed Nicols, and the direction in which the liquid crystal
molecules tilt in each of the multiple liquid crystal regions
defines an angle of approximately 45 degrees with respect to
the axes of polarization of the two polarizers.

In this particular preferred embodiment, the liquid crystal
regions include four liquid crystal regions in which the liquid
crystal molecules tilt in first, second, third and fourth direc-
tions, respectively. The difference between any two of the
first, second, third and fourth directions is substantially equal
to an integral multiple of 90 degrees. In any two adjacent ones
of the four liquid crystal regions, the direction in which the
liquid crystal molecules tilt in one of the two regions is
different by approximately 90 degrees from the direction in
which the liquid crystal molecules tilt in the other region.

In a specific preferred embodiment, the first electrode has
crossed trunk portions, which are arranged so as to overlap
with the axes of polarization of the two polarizers, and a
number of branch portions, which run from the trunk portion
to define an angle of approximately 45 degrees with respect to
the trunk portions. The opaque portion is arranged on the first
substrate.

In another preferred embodiment, the liquid crystal display
device further includes: two vertical alignment films, which
are arranged between the first electrode and the liquid crystal
layer and between the second electrode and the liquid crystal
layer, respectively; and an alignment sustaining layer, which
is made of a photopolymerizable compound, which covers
the respective surfaces of the two vertical alignment films so
as to contact with the liquid crystal layer, and which defines
the pretilt direction of the liquid crystal molecules of the
liquid crystal layer when no voltage is applied to the liquid
crystal layer.

Effects of the Invention

The present invention provides a multi-domain type liquid
crystal display device with a vertical alignment liquid crystal
layer that can get a display operation done without making the
viewer sense any unnaturalness and with the decrease in
optical transmittance minimized.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 A top view illustrating a portion of a liquid crystal
display device 100, which is allocated to each single pixel, as
a preferred embodiment of the present invention.

FIG. 2 Cross-sectional views as viewed on the plane
2A-2A' shown in FIG. 1, where: (a) illustrates a state of the
device 100 in which no voltage is applied to its liquid crystal
layer; and (b) illustrates a state of the device 100 in which a
predetermined voltage is applied to the liquid crystal layer.

FIG. 3 A plan view illustrating the structure of a pixel
electrode that the liquid crystal display device 100 has.

FIG. 4 A cross-sectional view illustrating a liquid crystal
display device 500 that has no opaque portions on the bound-
ary between its liquid crystal regions.
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FIG. 5 A graph showing the voltage-transmittance charac-
teristics of the liquid crystal display device 500 in a situation
where the viewer was viewing the device 500 straight and in
a situation where he or she was viewing it obliquely.

FIG. 6 A graph showing voltage-transmittance character-
istics in a situation where the viewer was viewing obliquely a
liquid crystal region where liquid crystal molecules were
tilted to face toward the viewer and in a situation where the
viewer was viewing obliquely a liquid crystal region where
liquid crystal molecules were tilted to face away from the
viewer, respectively.

FIG. 7 A diagram schematically illustrating a region to be
shielded by the opaque portion when the liquid crystal display
device 100 is viewed straight.

FIGS. 8 (a) and (b) schematically illustrate respective
regions to be shielded by the opaque portion when the liquid
crystal display device 100 is viewed obliquely.

FIG. 9 A diagram schematically illustrating a region to be
shielded by the opaque portion when a liquid crystal display
device 600 with a single-layer opaque portion is viewed
obliquely.

FIGS. 10 (a), (b) and (c¢) show the respective results of
simulations that were carried out to get the distribution of
transmittance in pixels in a white display state when the
viewer was viewing straight the liquid crystal display device
500, 600 or 100.

FIGS. 11 (a), (b) and (c) show the respective results of
simulations that were carried out to get the distribution of
transmittance in pixels in a white display state when the
viewer was viewing obliquely the liquid crystal display
device 500, 600 or 100.

FIG. 12 A graph showing optical transmittances obtained
in the straight viewing direction (1) when no opaque portions
were provided at all, (2) when a single-layer opaque portion
having a shielding layer with a width of 1.5 pm was provided,
(3) when a single-layer opaque portion having a shielding
layer with a width of 3.0 pum was provided, and (4) when a
multilayer (dual-layer in this case) opaque portion having two
shielding layers with a width of 1.5 pm each were provided,
respectively.

FIG. 13 (a) through (d) show the results of simulations that
were carried out to get the distributions of transmittance in
pixels in a white display state and when the viewer was
viewing straight in those four different situations (1) through
(4), respectively.

FIG. 14 A graph showing the grayscale dependences of
normalized luminance in straight and 45 degree viewing
directions, respectively.

FIG. 15 Cross-sectional views illustrating a liquid crystal
display device 100A as another preferred embodiment of the
present invention, where: (a) illustrates a state where no volt-
age is applied to its liquid crystal layer; and (b) illustrates a
state where a predetermined voltage is applied to its liquid
crystal layer.

FIGS. 16 (a) and () schematically illustrate regions to be
shielded by the opaque portion when the liquid crystal display
device 100A is viewed obliquely.

FIG. 17 A cross-sectional view schematically illustrating a
liquid crystal display device 100B as still another preferred
embodiment of the present invention.

DESCRIPTION OF REFERENCE NUMERALS

11, 21 transparent substrate
12 pixel electrode

124 trunk portion

125 branch portion
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13, 23 vertical alignment film

14, 24 alignment sustaining layer

15 interlayer insulating film

16, 26 polarizer

17, 27 opaque portion

17a, 27a first shielding layer

17b, 277b second shielding layer

22 counter electrode

30 liquid crystal layer

30a liquid crystal molecule

100q active-matrix substrate (TFT substrate)
1005 counter substrate (color filter substrate)
100, 100A, 100B liquid crystal display device

BEST MODE FOR CARRYING OUT THE
INVENTION

Hereinafter, preferred embodiments of the present inven-
tion will be described with reference to the accompanying
drawings. In the following description, the present invention
will be described as being applied to an active-matrix-ad-
dressed LCD with thin-film transistors (TFTs). However, the
present invention is in no way limited to such specific pre-
ferred embodiments.

FIGS. 1 and 2 illustrate a liquid crystal display device 100
as a specific preferred embodiment of the present invention.
Specifically, FIG. 1 is a top view illustrating a portion of the
liquid crystal display device 100, which is allocated to each
single pixel, as viewed along a normal to the display screen.
FIGS. 2(a) and 2(b) are cross-sectional views as viewed on
the plane 2A-2A"' shown in FIG. 1. FIG. 2(a) illustrates a state
of the device 100 in which no voltage is applied to its liquid
crystal layer 30, while FIG. 2(b) illustrates a state of the
device 100 in which a predetermined voltage is applied to the
liquid crystal layer 30.

As shown in FIGS. 2(a) and 2(5), the liquid crystal display
device 100 includes an active-matrix substrate 100a (which
will be referred to herein as a “TFT substrate”), a counter
substrate 1005 (which will sometimes be referred to herein as
a “color filter substrate”), and a vertical alignment liquid
crystal layer 30 interposed between the TFT substrate 100a
and the counter substrate 1005.

The liquid crystal display device 100 also has a number of
pixels, each of which includes a pixel electrode 12 that is
arranged on the TFT substrate 100a to face the liquid crystal
layer 30, a counter electrode 22 that is arranged on the counter
substrate 10056 to face the liquid crystal layer 30, and the
liquid crystal layer 30 arranged between the pixel electrode
12 and the counter electrode 22. The pixel electrode 12 is
arranged over a transparent substrate (such as a glass sub-
strate) 11 with an interlayer insulating film 15 interposed
between them, and has a fine-line striped pattern as will be
described in detail later. On the other hand, the counter elec-
trode 22 is arranged on another transparent substrate (e.g., a
glass substrate) 21. Although not shown in FIG. 2, color filters
are arranged between the transparent substrate 21 and the
counter electrode 22.

Vertical alignment films 13 and 23 are arranged between
the pixel electrode 12 and the liquid crystal layer 30 and
between the counter electrode 22 and the liquid crystal layer
30, respectively. The respective surfaces of the vertical align-
ment films 13 and 23 are covered with alignment sustaining
layers 14 and 24, respectively, which are made of a photopo-
lymerizable compound and which are directly in contact with
the liquid crystal layer 30.

The alignment sustaining layers 14 and 24 are formed by
polymerizing a photopolymerizable compound (typically a
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photopolymerizable monomer), which has been introduced
in advance into the liquid crystal material, with a voltage
applied to the liquid crystal layer 30 after the liquid crystal
cell is completed. The liquid crystal molecules 30a (which
have negative dielectric anisotropy) contained in the liquid
crystal layer 30 have their alignment state controlled by the
vertical alignment films 13 and 23 until the photopolymeriz-
able compound is polymerized. When a sufficiently high volt-
age (e.g., a white display voltage) is applied to the liquid
crystal layer 30, the liquid crystal molecules 30a will tiltin a
predetermined direction due to generation of an oblique elec-
tric field around the edges of the fine-line stripe pattern of the
pixel electrode 12. The alignment sustaining layers 14 and 24
work to maintain (or retain) the alignment of the liquid crystal
molecules 30a while a voltage is applied to the liquid crystal
layer 30 as it is even after the voltage has been removed (or
even when no voltage is applied). That is why the pretilt
direction of the liquid crystal molecules 30a defined by the
alignment sustaining layers 14 and 24 (i.e., the direction in
which the liquid crystal molecules 30a tilt when no voltage is
applied thereto) is the same as the direction in which the
liquid crystal molecules 30a tilt when a voltage is applied
thereto.

Two polarizers 16 and 26 are arranged on the opposite side
of'the TFT substrate 100a and the counter substrate 1005 (i.e.,
on their side that faces away from the liquid crystal layer 30).
In this case, the polarizers 16 and 26 are arranged as two
crossed Nicols. In other words, the polarizers 16 and 26 are
arranged so that their respective axes of polarization cross
each other at right angles.

As shown in FIG. 1, the pixel electrode 12 has a fine-line
stripe pattern, thereby dividing each pixel of the liquid crystal
display device 100 into multiple regions. That is to say, the
liquid crystal layer 30 has multiple liquid crystal regions R in
which the liquid crystal molecules 30a will tilt in mutually
different directions when a voltage is applied thereto. Also, as
will be described in detail later, there is an opaque portion 17
on the boundary between those liquid crystal regions R. Here-
inafter, it will be described with reference to FIG. 3 exactly
how the pixel electrode 12 with such a unique shape deter-
mines the tilt directions of the liquid crystal molecules 30a in
those liquid crystal regions R.

As shown in FIG. 3, the pixel electrode 12 is made up of
two crossed trunk portions 12a, which are arranged so as to
overlap with the respective axes of polarization of the polar-
izers 16 and 26, and a number of branch portions 125 that run
from those trunk portions 12a so as to define an angle of
approximately 45 degrees with respect to the trunk portions
124. In the example illustrated in FIG. 3, one of the two
polarizers 16 and 26 is arranged so that its axis of polarization
runs horizontally, while the other polarizer 16 or 26 is
arranged so that its axis of polarization runs vertically. That is
why the trunk portions 12a has a cross shape in which the two
linear portions 12al and 1242 thereof that respectively run
horizontally and vertically cross each other around their cen-
ter. A pixel electrode 12 with such a fine-line stripe pattern is
disclosed in Japanese Patent Applications Laid-Open Publi-
cations Nos. 2003-149647 and 2006-78968. Also, such a
pattern is sometimes called a “fishbone pattern”.

The branch portions 125 may be classified into four groups
associated with the four regions that are defined by the
crossed trunk portions 12a. Comparing the display screen to
the face of a clock and supposing that an azimuth angle of zero
degrees is represented by three o’clock direction and that the
counterclockwise direction is positive, the branch portions
125 can be classified into first, second, third and fourth groups
consisting of branch portions 12561, 12562, 1253 and 1254 that
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run to define azimuth angles of 45, 135, 225 and 315 degrees,
respectively, (with respect to the three o’clock direction).

In each of the first, second, third and fourth groups, the
width L of those branch portions 125 and the space S between
two adjacent branch portions 125 are typically within the
range of 1.5 um to 5.0 pm. In order to align the liquid crystal
molecules 30a with good stability and to increase the lumi-
nance as much as possible, the width L and the space S of the
branch portions 125 preferably fall within this range.

The tilt direction of the liquid crystal molecules 30a (i.e.,
the azimuthal component of the major axis of the liquid
crystal molecules 30q that are tilted by the electric field) is
determined by the oblique electric field to be generated
between adjacent ones of the branch portions 125 (i.e., the
region from which the conductive film of the pixel electrode
12 is absent). And that direction not only is parallel to the
direction in which the branch portions 126 are arranged in
stripes but also points toward the trunk portions 12a. More
specifically, the tilt directions defined by the first, second,
third and fourth groups of branch portions 1251, 1262, 1263
and 1264 (which will be respectively referred to herein as
first, second, third and fourth directions that are indicated by
the arrows A, B, C and D) are approximately 225,315, 45 and
135 degrees, respectively.

As described above, the liquid crystal layer 30 within each
pixel has the four liquid crystal regions R in which the liquid
crystal molecules 30q tilt in mutually different directions
responsive to a voltage applied. And each of the directions A
through D in which the liquid crystal molecules 30q tilt in
those liquid crystal regions R defines an angle of approxi-
mately 45 degrees with respect to the axes of polarization of
the two polarizers 16 and 26. Also, the difference between any
two of the four directions A through D is substantially equal
to an integral multiple of 90 degrees. Furthermore, in any two
adjacent ones R of the four liquid crystal regions R, the
direction in which the liquid crystal molecules 30a tilt in one
of the two regions R is different from the one in which the
liquid crystal molecules 30q tilt in the other region R by
approximately 90 degrees.

It should be noted that the four liquid crystal regions R to be
produced upon the application of a voltage are sometimes
called “liquid crystal domains”. And those four directions A
through D are indicated by the respective directors of the four
liquid crystal domains to be produced when a voltage is
applied thereto. To realize a bright display by using the retar-
dations caused by the liquid crystal molecules 30a as effi-
ciently as possible, it is most preferred that the director of
each of those liquid crystal domains define an angle of
approximately 45 degrees with respect to the axes of polar-
ization of the two polarizers 16 and 26. Also, such a structure
in which four liquid crystal domains are formed in each pixel
will be referred to herein as a “four domain structure” or
simply “4D structure”. In this example, one 4D structure is
supposed to be formed in each pixel. Optionally, if each pixel
has multiple such electrode structures, multiple 4D structures
could be formed in each pixel, too.

The liquid crystal display device 100 further includes
alignment sustaining layers 14 and 24, which work to define
the pretilt directions of the liquid crystal molecules 30q in the
four liquid crystal regions R when no voltage is applied to the
liquid crystal layer 30. And those pretilt directions agree with
the directions A through D indicated by the respective direc-
tors of the liquid crystal domains with the 4D structure, which
is defined by the electrode structure described above. With
such alignment sustaining layers 14 and provided, the stabil-
ity of alignment and the response characteristic both improve.
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The alignment sustaining layers 14 and 24 are made by
so-called “polymer sustained alignment technology” (which
will be sometimes referred to herein as “PSA technology”).
Specific methods of making the alignment sustaining layers
14 and 24 by the PSA technology are disclosed in Japanese
Patent Application Laid-Open Publication No. 2002-357830,
as well as Japanese Patent Applications Laid-Open Publica-
tions Nos. 2003-149647 and 2006-78968 mentioned above.

Next, the configuration of the liquid crystal display device
100 will be described in further detail with reference to FIGS.
1 and 2. In the liquid crystal display device 100 of this pre-
ferred embodiment, each pixel has an opaque portion 17,
which is arranged on the boundary between the liquid crystal
regions R. Since the trunk portions 12a of the pixel electrode
12 is located right over the boundary between the liquid
crystal regions R in this preferred embodiment, the opaque
portion 17 is arranged to overlap with the trunk portions 12a
of the pixel electrode 12.

In this example, the opaque portion 17 is arranged on the
TFT substrate 100a as shown in FIG. 2. When a voltage is
applied between the pixel electrode 12 and the counter elec-
trode 22, the liquid crystal molecules 30a neighboring the
boundary between the liquid crystal regions R will tilt while
turning one of their end portions, which is located closer to
the substrate with the opaque portion 17 (i.e., the TFT sub-
strate 100a), away from the boundary, as can be seen from
FIG. 2(b).

The opaque portion 17 includes a first shielding layer 17a
and a second shielding layer 175, which overlaps with the first
shielding layer 17a with a predetermined gap G left between
them. That is to say, the opaque portion 17 is made up of two
shielding layers 17a and 174 that overlap with each other
when viewed along a normal to the display screen. In the
example illustrated in FIGS. 2(a) and 2(b), the respective
widths Wa and Wb ofthe first and second shielding layers 17a
and 175 are supposed to be equal to each other and smaller
than the width of the trunk portions 12a of the pixel electrode
12. However, the present invention is in no way limited to that
specific preferred embodiment. Alternatively, the widths Wa
and Wb of the first and second shielding layers 174 and 176
could be different from each other and could be equal to or
greater than the width of the trunk portions 12a of the pixel
electrode 12.

The liquid crystal display device 100 has such an opaque
portion 17, and therefore, can conduct a display operation so
as to make the viewer sense almost no unnaturalness with the
variation in display performance, which would otherwise
arise depending on whether the viewer is viewing straight or
obliquely, minimized. Following is the reason.

First of all, it will be described why a conventional liquid
crystal display device with no such opaque portions will make
the viewer sense such unnaturalness. FIG. 4 illustrates a com-
parative liquid crystal display device 500 that has substan-
tially the same configuration as the liquid crystal display
device 100 except that the device 500 has no opaque portions
on the boundary between the liquid crystal regions R.

In the liquid crystal display device 500, each pixel is also
divided into multiple liquid crystal regions R, and therefore,
its display performance has lighter azimuth angle depen-
dence. However, the display performance of the liquid crystal
display device 500 will vary significantly depending on
whether the viewer is located right in front of the screen or
obliquely to the screen.

FIG. 5 shows normalized voltage-transmittance character-
istics that were obtained in a situation where the viewer was
viewing the liquid crystal display device 500 from right in
front of the device 500 (i.e., in the direction indicated by the
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arrow V1 in FIG. 4) and in a situation where he or she was
viewing it obliquely (i.e., in the direction indicated by the
arrow V2 in FIG. 4) with the viewing angle tilted along the
axis of polarization. In FIG. 5, the abscissa represents the
voltage (V) applied to the liquid crystal layer 30 and the
ordinate represents the normalized transmittance.

As can be seen from FIG. 5, the voltage-transmittance
curve L2 associated with the oblique viewing direction is
steeper than the voltage-transmittance curve L1 associated
with the straight viewing direction. And when a half-scale
tone voltage is applied, the transmittance in the oblique view-
ing direction is higher than the one in the straight viewing
direction.

The transmittance in the oblique viewing direction
increases at a half-scale tone voltage due to the behavior of the
liquid crystal molecules 30a in a particular one of the liquid
crystal regions R within each pixel. More specifically, the
transmittance is increased by the behavior of the liquid crystal
molecules 30a that tilt in the opposite direction to the oblique
viewing direction (i.e., the molecules 30a that tilt while turn-
ing one of its ends, which is located closer to the counter
substrate 1005, away from the viewer).

Now take a look at the two liquid crystal regions R shown
in FIG. 4. Wben these two liquid crystal regions R are viewed
with the viewing angle tilted along the axis of polarization
(i.e., in the direction indicated by the arrow V2 in FIG. 4), the
liquid crystal molecules 30a in both of these two liquid crystal
regions will tilt so as to define an angle of 45 degrees with
respect to the axis of polarization. However, the liquid crystal
molecules 30q in the liquid crystal region R on the left-hand
side will face toward the viewer, while the liquid crystal
molecules 30a in the liquid crystal region R on the right-hand
side will face away from the viewer.

FIG. 6 shows the voltage-transmittance characteristics that
were obtained in a situation where the two liquid crystal
regions R shown in FIG. 4 were viewed obliquely. More
specifically, this is a graph showing voltage-transmittance
curves 1.3 and L4 associated respectively with the liquid
crystal region R in which the liquid crystal molecules 30a
tilting face toward the viewer (i.e., the liquid crystal region R
shown on the left hand side of FIG. 4) and the liquid crystal
region R in which the liquid crystal molecules 30a tilting face
away from the viewer (i.e., the liquid crystal region R shown
on the right hand side of FIG. 4).

As shown in FIG. 6, in the liquid crystal region R in which
the liquid crystal molecules 30a face toward the viewer, as the
voltage rises, the transmittance once decreases and then
increases as represented by the curve L3. On the other hand,
in the liquid crystal region R in which the liquid crystal
molecules 30a face away from the viewer, as the voltage rises,
the transmittance increases almost monotonically as repre-
sented by the curve L4. These results were obtained because
the retardation value with respect to the incoming light that
strikes obliquely the liquid crystal layer 30 (i.e., obliquely
with respect to a normal to the display screen) will once
decrease and then increase with a rise in voltage in the liquid
crystal region R where the liquid crystal molecules 30a face
toward the viewer but will increase almost monotonically
with a rise in voltage in the liquid crystal region R where the
liquid crystal molecules 30a face away from the viewer.

The voltage-transmittance characteristic associated with
the oblique viewing direction shown in FIG. 5 was obtained
by adding together the two voltage-transmittance character-
istics associated with the respective liquid crystal regions R
shown in FIG. 6. That is why the transmittance in the oblique
viewing direction increases at a half-scale tone voltage prob-
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ably due to the behavior of the liquid crystal molecules 30a
that face away from the viewer.

In the liquid crystal display device 100 of this preferred
embodiment, the opaque portion 17 is arranged on the bound-
ary between the multiple liquid crystal regions R and is pro-
vided for at least one of the two substrates (e.g., the TFT
substrate 100q as in this preferred embodiment) so that when
a voltage is applied, the liquid crystal molecules 30a neigh-
boring the boundary will tilt while turning one of their end
portions, which is located closer to the substrate with the
opaque portion 17, away from the boundary.

Such an opaque portion 17 selectively shields one of two
adjacent liquid crystal regions R, where the liquid crystal
molecules 30a will face away from the viewer (and where the
retardation value with respect to the obliquely incoming light
will increase almost monotonically with a rise in voltage),
from the incoming light when the viewer is viewing the screen
obliquely (i.e., obliquely with respect to a normal to the
display screen).

FIGS. 7 and 8 schematically illustrates regions to be
shielded from incoming light by the opaque portion 17 when
the liquid crystal display device 100 is viewed from the
straight viewing direction V1 and from the oblique viewing
directions V2 and V3, respectively.

As shown in FIG. 7, when the device 100 is viewed from
the straight viewing direction V1, the opaque portion 17
shields a portion of the liquid crystal layer 30 that is located
right over itself. That is why in such a situation, the two liquid
crystal regions R continue to contribute to the display opera-
tion to the same degrees as usual.

On the other hand, when the device 100 is viewed from the
oblique viewing direction V2 as shown in FIG. 8(a), a paral-
lax is produced, and therefore, the opaque portion 17 selec-
tively shields the liquid crystal region R where the liquid
crystal molecules 30a face away from the viewer (i.e., the
liquid crystal region R on the right hand side). Likewise, when
the device 100 is viewed from the other oblique viewing
direction V3 as shown in FIG. 8(5), the opaque portion 17 also
selectively shields the liquid crystal region R where the liquid
crystal molecules 30a face away from the viewer (i.e., the
liquid crystal region R on the left hand side). That is why a
part of such a liquid crystal region R where the liquid crystal
molecules 30a face away from the viewer no longer contrib-
utes to the display operation in the oblique viewing direction.
As a result, the increase in transmittance at a half-scale tone
voltage can be minimized and the voltage-transmittance char-
acteristic in the oblique viewing direction can be closer to the
one in the straight viewing direction. Consequently, the dis-
play performance in the oblique viewing direction can be
closer to the one in the straight viewing direction, thus making
the viewer sense much less unnaturalness.

Also, the opaque portion 17 of the liquid crystal display
device 100 of this preferred embodiment includes a first
shielding layer 17a and a second shielding layer 174, which
overlaps with the first shielding layer 17a with a predeter-
mined gap G left between them. With such a multilayer
opaque portion 17, the optical transmittance in the straight
viewing direction would decrease much less significantly
than with a single-layer opaque portion as disclosed in Patent
Document No. 2.

FIG. 9 illustrates an example of such a liquid crystal dis-
play device with a single-layer opaque portion. The liquid
crystal display device 600 shown in FIG. 9 has substantially
the same configuration as its counterpart 100 shown in FIG. 2
except that its opaque portion 17' consists of only one shield-
ing layer 17¢. Wben the device 600 is viewed from the oblique
viewing direction V2 or V3, the opaque portion 17' can also
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selectively shield the liquid crystal region R where the liquid
crystal molecules 30a face away from the viewer, thus getting
a display operation done while making the viewer sense much
less unnaturalness. Nevertheless, if a region of the same size
needs to be shielded, the single-layer opaque portion 17'
should use a shielding layer 17¢ with a broader width We than
the multilayer opaque portion 17 as can be seen easily by
comparing FIG. 9 to FIG. 8(a).

Stated otherwise, in the liquid crystal display device 100 of
this preferred embodiment, the minimum required widths of
the first and second shielding layers 174 and 175 (i.e., the
widths Wa and Wb shown in FIG. 2(a)) to eliminate the sense
of unnaturalness as much as possible can be reduced. This is
because the first and second shielding layers 17a and 175 that
are stacked one upon the other along a normal to the display
screen with a predetermined gap G left between them can
shield mutually different regions (which may naturally over-
lap with each other in some cases, though) when the viewer is
viewing obliquely. As a result, the decrease in optical trans-
mittance in the straight viewing direction can be minimized
and a brighter display is realized. Hereinafter, it will be
described in further detail how effectively the decrease in
optical transmittance can be minimized by the multilayer
opaque portion 17.

FIGS. 10 and 11 show the results of simulations that were
carried out to get the distribution of transmittance in pixels in
a white display state on the liquid crystal display device 500
with no opaque portions at all, the liquid crystal display
device 600 with the single-layer opaque portion 17', and the
liquid crystal display device 100 with the multilayer opaque
portion 17. Specifically, FIGS. 10(a), 10(5) and 10(c) show
the distributions of transmittance that were obtained when the
viewer was viewing straight. On the other hand, FIGS. 11(a),
11(b) and 11(c) show the distributions of transmittance that
were obtained when the viewer was viewing obliquely (i.e., if
the viewing angle is tilted toward the three o’clock direction
represented by an azimuth angle of zero degrees).

In this case, the pixels that were used to make the simula-
tions had pitches 0f 25.5 umx76.5 pm, which are large enough
to make a 2 to 3 inch VGA class LCD. As for the pixel
electrode 12 with a fishbone pattern, its trunk portions 12a
had a thickness (i.e., the width of the horizontally and verti-
cally running linear portions 1241 and 1242) of 2.5 um, there
were four branch portions 125 per liquid crystal region cor-
responding to any of the four liquid crystal domains, and the
branch portions 126 had a width L of 2.5 um and a space S of
2.5 um. Each of the shielding layers 174, 175 and 17¢ had a
width of 1.5 pm.

As shown in FIG. 10(a), when the viewer was viewing
straight the liquid crystal display device 500 with no opaque
portions, the four liquid crystal domains had substantially
uniform white display state and the boundary between those
liquid crystal domains was clearly seen as crossed dark lines
parallel to the axes of absorption of the polarizers that were
arranged as two crossed Nicols. Consequently, it can be seen
that the 4D structure had definitely been formed and that
almost all of the liquid crystal molecules 30a within each
liquid crystal domain were aligned in their predetermined
director orientation (i.e., so as to define an angle of 45 degrees
with respect to the axes of polarization of the polarizers).
Also, since no opaque portions were provided for the bound-
ary between the liquid crystal domains of the liquid crystal
display device 500, no liquid crystal domain was shielded in
particular even when the viewer was viewing obliquely. As a
result, respective portions of the liquid crystal domains that
contributed to getting a display operation done had substan-
tially equal areas as shown in FIG. 11(a).
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Meanwhile, in the liquid crystal display device 600 with
the single-layer opaque portion 17' and in the liquid crystal
display device 100 with the multilayer opaque portion 17,
when the viewer was viewing straight one of them, the bound-
ary between the liquid crystal domains was shielded with the
opaque portion 17" or 17 as shown in FIGS. 10(5) and 10(c),
respectively. On the other hand, when the viewer was viewing
one of them obliquely, the opaque portion 17' or 17 selectively
shielded two of the four liquid crystal domains on the right-
hand side as shown in FIGS. 11(4) and 11(c), respectively.
Nevertheless, as can be seen easily by comparing FIGS. 11(b)
and 11(c) to each other, the multilayer opaque portion 17
shielded a greater area than the single-layer opaque portion
17" did.

As can be seen, supposing their shielding layers have the
same width, the multilayer opaque portion 17 can shield a
greater area than the single-layer opaque portion 17'. Thus,
supposing the multilayer opaque portion 17 and the single-
layer opaque portion 17" are shielding regions of the same size
from incoming light for the viewer who is viewing the LCD
obliquely, the respective widths Wa and Wb of the shielding
layers 17a and 175 that form the multilayer opaque portion 17
are smaller than the width Wc of the only shielding layer 17¢
of the single-layer opaque portion 17'. Consequently, the
liquid crystal display device 100 of this preferred embodi-
ment can get a display operation done almost without making
the viewer sense any unnaturalness and with the decrease in
optical transmittance minimized.

FIG. 12 shows the optical transmittances that were mea-
sured in the straight viewing direction in four different situ-
ations (1) where no opaque portions were provided at all, (2)
where a single-layer opaque portion 17, including a shielding
layer 17¢ with a width of 1.5 pm, was provided, (3) where a
single-layer opaque portion 17', including a shielding layer
17¢ with a width of 3.0 um, was provided, and (4) where a
multilayer (i.e., dual-layer) opaque portion 17, including
shielding layers 17a and 176 with a width of 1.5 um, was
provided. FIGS. 13(a) through 13(d) show the respective
distributions of transmittance in pixels in a white display state
under the respective situations (1) through (4).

As can be seen from FIG. 13(a), the boundary between the
multiple liquid crystal regions R is supposed to be recognized
as dark lines from the beginning and will hardly contribute to
getting a display operation done. That is why as can be seen
from FIGS. 12, 13(4) and 13(d), the optical transmittance
hardly decreased in the situations (2) and (4) where the shield-
ing layers had a narrow width. On the other hand, as can be
seen from FIGS. 12 and 13(c), the optical transmittance
decreased considerably in the situation (3) where the shield-
ing layer had a broad width.

FIG. 14 shows the grayscale dependence of a normalized
luminance in the straight viewing direction and in the 45
degree viewing direction (which is defined, in combination,
by a tilt angle of 45 degrees with respect to a normal to the
display screen and by an azimuth angle of zero degrees). As
used herein, the normalized luminance is obtained by normal-
izing the luminance in each direction with the luminance in
that direction responsive to a white voltage (i.e., the highest
grayscale voltage) applied supposed to be unity. As can be
seen from FIG. 14, the curve representing the normalized
luminance in the straight viewing direction is different from
the curves representing the normalized luminances in the 45
degree viewing direction. This means that the y characteristic
on the display screen varies depending on whether the viewer
is viewing straight or obliquely. Still it can be seen that the
increase in luminance at half scale tones was smaller in the
situations (2) and (4) where the opaque portion was provided
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than in the situation (1) where no opaque portions were pro-
vided at all. It can also be seen that even though the shielding
layers had exactly the same width, the increase in luminance
was even smaller in the situation (4) where the multilayer
opaque portion 17 was used than in the situation (2) where the
single-layer opaque portion 17' was used. Although not
shown in FIG. 14, if the width of the shielding layer was
increased as in the situation (3), a viewing angle characteristic
comparable to that of the situation (4) would be realized. In
that case, however, the optical transmittance in the straight
viewing direction would decrease significantly.

As described above, in the liquid crystal display device 100
of this preferred embodiment, the multilayer opaque portion
17 is arranged on the boundary between the multiple liquid
crystal regions R, thus getting a display operation done while
making the viewer sense much less unnaturalness with the
decrease in optical transmittance minimized. The arrange-
ment, width, shape and other parameters of the first and
second shielding layers 17a and 175 that form the opaque
portion 17 are not limited to the ones adopted in the preferred
embodiment described above, but may be determined appro-
priately according to the specifications of the liquid crystal
display device and the optical transmittance or display per-
formance required.

In the example illustrated in FIG. 2, the first shielding layer
17ais supposed to be arranged on the transparent substrate 11
and the second shielding layer 175 is supposed to be arranged
on the pixel electrode 12. However, the first and second
shielding layers 17a and 175 just need to be arranged so as to
overlap with each other with a predetermined gap G left
between them when viewed along a normal to the display
screen. That is to say, these shielding layers 17a and 175 may
be positioned at any other levels within the multilayer struc-
ture of the TFT substrate 100a. For example, the second
shielding layer 176 may be arranged under the pixel electrode
12, not over that electrode 12.

The first and second shielding layers 17a and 176 may be
made of a shielding material such as a metallic material like
aluminum or a resin including a pigment, and may be formed
at any stages during the manufacturing process of the TFT
substrate 100a. Ifthe first and second shielding layers 17a and
17b are made of the same film as opaque members (such as
gate and source bus lines) originally included in the TFT
substrate 100a, then there is no need to perform any addi-
tional process step of forming the first and second shielding
layers 17a and 175.

It should be noted that the opaque portion 17 does not have
to have the dual-layer structure that is adopted in the preferred
embodiment described above. Optionally, the opaque portion
17 may also have a three-layer structure including not only
the first and second shielding layers 17a and 175 but also a
third shielding layer as well.

The widths Wa and Wb of the first and second shielding
layers 17a and 175 and their gap G just need to be determined
according to the thickness of the liquid crystal layer 30 and
the size of the liquid crystal region R so that the liquid crystal
region R can be shielded effectively. Specifically, the widths
Wa and Wb of the first and second shielding layers 17a and
1754 is preferably not much greater than the width of the
boundary between the liquid crystal domains (i.e., the regions
to be recognized as dark lines in the white display state) in
order to minimize the decrease in transmittance in the straight
viewing direction. More specifically, those widths Wa and
Wh need to be determined so that when the opaque portion 17
is provided, the optical transmittance in the straight viewing
direction will decrease by not more than 10% compared to a
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situation where no opaque portions 17 are provided at all, and
may be 3 um or less, for example.

Also, in the preferred embodiment described above, the 4D
structure is supposed to be formed by the pixel electrode 12
with the fishbone pattern. However, the present invention is in
no way limited to that specific preferred embodiment. The
multi-domain structure can also be formed by any of various
known methods. For example, multiple liquid crystal
domains can also be produced by using various orientation
control structures (including the slits and/or projections as
disclosed in Patent Document No. 1) in any combination in an
ordinary MVA mode.

Optionally, multiple domains may also be produced by
optical alignment treatment (optical alignment process),
which is disclosed in Japanese Patent Applications Laid-
Open Publications Nos. 2-277025 and 4-303827, for
example. The optical alignment treatment is a technique for
producing anchoring force by irradiating an alignment film,
which is made of a compound with a photoreactive functional
group, with a polarized ultraviolet ray and getting an aniso-
tropic chemical reaction produced by molecules in the align-
ment film. According to recently developed methods, the
alignment film is sometimes irradiated with a non-polarized
ultraviolet ray, instead of the polarized ultraviolet ray. Such
an alignment film that has gained the anchoring force through
the optical alignment treatment is sometimes called an “opti-
cal alignment film”. Alternatively, multiple domains could
also be produced by using a nanostructure pattern, which may
be formed by so-called “nano rubbing process™ that uses an
atomic force microscope (AFM), for example.

Since multiple domains can be produced by any of various
methods as described above, the boundary between the liquid
crystal domains to be produced in response to a voltage
applied does not have to have the cross shape as shown in FIG.
13(a). That is why the shape of the opaque portion 17 (i.e., the
shape of the first and second shielding layers 174 and 175 as
viewed along a normal to the display screen) does not have to
be cross as shown in FIG. 1, either. For example, if projections
and/or slits with a zigzag pattern as disclosed in Patent Docu-
ment No. 1 are used, then the opaque portion 17 may also have
a corresponding zigzag shape.

Furthermore, in the preferred embodiments described
above, the opaque portion 17 is supposed to be provided for
only the TFT substrate 100a. According to the method of
forming multiple domains, however, the opaque portion(s)
may be provided for only the counter substrate 1005 or both
of'the TFT substrate 100a and the counter substrate 1005.

FIGS. 15(a) and 15(b) illustrate a liquid crystal display
device 100A as another specific preferred embodiment of the
present invention. This liquid crystal display device 100A
includes an opaque portion 27 on the counter substrate 1005,
which is a major difference from the liquid crystal display
device 100 shown in FIG. 2.

The opaque portion 27 on the counter substrate 1005 is also
arranged on the boundary between multiple liquid crystal
regions R. When a voltage is applied to the liquid crystal layer
30, the liquid crystal molecules 30a neighboring the bound-
ary between the liquid crystal regions R will tilt while turning
one of their end portions, which is located closer to the sub-
strate with the opaque portion 27 (i.e., the counter substrate
1005 in this case), away from the boundary, as can be seen
from FIG. 15(4). The opaque portion 27 also includes a first
shielding layer 27a and a second shielding layer 2754, which
overlaps with the first shielding layer 274 with a predeter-
mined gap left between them. That is to say, the opaque
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portion 27 consists of two shielding layers 27a and 275 that
overlap with each other when viewed along a normal to the
display screen.

Such an opaque portion 27 selectively shields one of two
adjacent liquid crystal regions R, where the liquid crystal
molecules 30a will face away from the viewer (and where the
retardation value with respect to the obliquely incoming light
will increase almost monotonically with a rise in voltage),
from the incoming light when the viewer is viewing the screen
obliquely (i.e., obliquely with respect to a normal to the
display screen).

FIG. 16 schematically illustrates regions to be shielded
from incoming light by the opaque portion 27 when the liquid
crystal display device 100A is viewed from the oblique view-
ing directions V2 and V3. When the device 100A is viewed
from the oblique viewing direction V2 as shown in FIG.
16(a), the opaque portion 27 selectively shields the liquid
crystal region R where the liquid crystal molecules 30a face
away from the viewer (i.e., the liquid crystal region R on the
left hand side). Likewise, when the device 100A is viewed
from the other oblique viewing direction V3 as shown in FIG.
16(b), the opaque portion 27 also selectively shields the liquid
crystal region R where the liquid crystal molecules 30a face
away from the viewer (i.e., the liquid crystal region R on the
right hand side). Consequently, the display performance in
the oblique viewing direction can be closer to the one in the
straight viewing direction, thus making the viewer sense
much less unnaturalness.

Also, the opaque portion 27 of the liquid crystal display
device 100A includes a first shielding layer 274 and a second
shielding layer 275, which overlaps with the first shielding
layer 27a with a predetermined gap left between them. Con-
sequently, the optical transmittance in the straight viewing
direction would decrease much less significantly.

Even though the opaque portion 17 is provided for the TFT
substrate 100a in the liquid crystal display device 100
described above, the opaque portion 27 is provided for the
counter substrate 1005 in this liquid crystal display device
100A. In either case, these liquid crystal display devices 100
and 100A can selectively shield a liquid crystal region R in
which the liquid crystal molecules 30a face away from the
viewer.

As to which of the two substrates the opaque portion that
overlaps with a boundary between multiple liquid crystal
regions R should be provided for, it may be determined by
deciding which of the two substrates 100a and 1005 the liquid
crystal molecules 30a, which are now located around, but
going to tilt and turn away from, the boundary, have one of
their end portions located closer to. In other words, the
opaque portion may be provided so that when a voltage is
applied, the liquid crystal molecules 30a neighboring the
boundary will tilt while turning one of their end portions,
which is located closer to the substrate with the opaque por-
tion, away from the boundary.

Specifically, if the liquid crystal molecules 30a, which are
now located around, but going to tilt and turn away from, the
boundary, have one of their end portions located closer to the
TFT substrate 100a, then the opaque portion may be provided
for the TFT substrate 100a. On the other hand, if the liquid
crystal molecules 30a, which are now located around, but
going to tilt and turn away from, the boundary, have one of
their end portions located closer to the counter substrate 1004,
then the opaque portion may be provided for the counter
substrate 1005. That is why if the two types of boundaries
described above are included within each pixel, the opaque
portions may be provided for both of the TFT substrate 100a
and the counter substrate 1005.
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FIG. 17 illustrates a liquid crystal display device 100B as
still another preferred embodiment of the present invention.
The liquid crystal display device 100B includes not only the
opaque portion 17 on the TFT substrate 100a but also the
opaque portion 27 on the counter substrate 1005 as well.

As can be seen from FIG. 17, when a voltage is applied to
the liquid crystal layer 30, the liquid crystal molecules 30a
neighboring the boundary over the opaque portion 17 on the
TFT substrate 100a (i.e., the boundary on the left hand side of
FIG. 17) will tilt while turning one of their end portions,
which is located closer to the TFT substrate 100a, away from
the boundary. On the other hand, the liquid crystal molecules
30a neighboring the boundary over the opaque portion 27 on
the counter substrate 1005 (i.e., the boundary on the right
hand side of FIG. 17) will tilt while turning one of their end
portions, which is located closer to the counter substrate
1005, away from the boundary. Thus, each of these opaque
portions 17 and 27 can selectively shield liquid crystal
regions R, where the liquid crystal molecules 30a will face
away from the viewer, from the incoming light when the
viewer is viewing the screen obliquely. Consequently, the
display performance in the oblique viewing direction can be
closer to the one in the straight viewing direction, thus making
the viewer sense much less unnaturalness. On top of that,
since both of the opaque portions 17 and 27 of this liquid
crystal display device 100B have a multilayer structure, the
decrease in optical transmittance in the straight viewing
direction can also be minimized.

INDUSTRIAL APPLICABILITY

The present invention is effectively applicable to any
multi-domain type liquid crystal display device with a verti-
cal alignment layer in general. Specifically, the liquid crystal
display device of the present invention can be used effectively
as a display for any of various kinds of electronic devices
including cellphones, PDAs, laptops, monitors and TV sets.

The invention claimed is:

1. A liquid crystal display device comprising a first sub-
strate, a second substrate, and a vertical alignment liquid
crystal layer interposed between the first and second sub-
strates,

the device comprising a number of pixels, each of which

includes a first electrode that is arranged on the first
substrate to face the liquid crystal layer, a second elec-
trode that is arranged on the second substrate to face the
liquid crystal layer, and the liquid crystal layer arranged
between the first and second electrodes, and

a part of the liquid crystal layer located within each said

pixel having multiple liquid crystal regions in which
liquid crystal molecules tilt in multiple different direc-
tions when a voltage is applied between the first and
second electrodes,

wherein each said pixel has an opaque portion that is

arranged on a boundary between the multiple liquid
crystal regions,

wherein the opaque portion is provided for at least one of

the first and second substrates so that when a voltage is
applied between the first and second electrodes, the liq-
uid crystal molecules neighboring the boundary will tilt
while turning one of their end portions, which is located
closer to the substrate with the opaque portion, away
from the boundary, and

wherein the opaque portion includes a first shielding layer

and a second shielding layer, which overlaps with the
first shielding layer with a predetermined gap left
between them.
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2. The liquid crystal display device of claim 1, further
comprising two polarizers that are arranged as crossed
Nicols,

wherein the direction in which the liquid crystal molecules

tilt in each of the multiple liquid crystal regions defines
an angle of approximately 45 degrees with respect to the
axes of polarization of the two polarizers.

3. The liquid crystal display device of claim 2, wherein the
liquid crystal regions include four liquid crystal regions in
which the liquid crystal molecules tilt in first, second, third
and fourth directions, respectively, and

wherein the difference between any two of'the first, second,

third and fourth directions is substantially equal to an
integral multiple of 90 degrees, and

wherein in any two adjacent ones of the four liquid crystal

regions, the direction in which the liquid crystal mol-
ecules tilt in one of the two regions is different by
approximately 90 degrees from the direction in which
the liquid crystal molecules tilt in the other region.

4. The liquid crystal display device of claim 2, wherein the
first electrode has crossed trunk portions, which are arranged
so as to overlap with the axes of polarization of the two
polarizers, and a number of branch portions, which run from
the trunk portion to define an angle of approximately 45
degrees with respect to the trunk portions, and

wherein the opaque portion is arranged on the first sub-

strate.

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

two vertical alignment films, which are arranged between

the first electrode and the liquid crystal layer and
between the second electrode and the liquid crystal
layer, respectively; and

an alignment sustaining layer, which is made of a photo-

polymerizable compound, which covers the respective
surfaces of the two vertical alignment films so as to

[

10

15

20

25

30

35

18

contact with the liquid crystal layer, and which defines
the pretilt direction of the liquid crystal molecules of the
liquid crystal layer when no voltage is applied to the
liquid crystal layer.
6. A liquid crystal display device comprising a first sub-
strate, a second substrate, and a vertical alignment liquid
crystal layer interposed between the first and second sub-
strates, the device comprising a number of pixels, each of
which includes a first electrode that is arranged on the first
substrate to face the liquid crystal layer, a second electrode
that is arranged on the second substrate to face the liquid
crystal layer, and the liquid crystal layer arranged between the
first and second electrodes, and
a part of the liquid crystal layer located within each said
pixel having multiple liquid crystal regions in which
liquid crystal molecules tilt in multiple different direc-
tions when a voltage is applied between the first and
second electrodes,
wherein the liquid crystal regions include a first liquid
crystal region in which a retardation value, calculated
based on incoming light that has been incident on the
liquid crystal layer obliquely with respect to a normal to
the display screen, increases as the applied voltage rises,
and a second liquid crystal region in which the retarda-
tion value once decreases and then increases, and

wherein each said pixel has an opaque portion that is pro-
vided for at least one of the first and second substrates
and that selectively shields the first liquid crystal region
from the incoming light when a viewer is viewing
obliquely with respect to the normal to the display
screen, and

wherein the opaque portion includes a first shielding layer

and a second shielding layer, which overlaps with the
first shielding layer with a predetermined gap left
between them.
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