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7) ABSTRACT

A liquid crystal display device includes a pair of polarizing
plates; a liquid crystal panel interposed between the pair of
polarizing plates and including a liquid crystal layer having
a pair of regions corresponding to each of pixels, alignment
directions of liquid crystal molecules in the pair of regions
being different by about 180 degrees from each other, the
liquid crystal panel having a first slow axis; a first phase
plate having a second slow axis which is horizontal to a
surface thereof and perpendicular to the first slow axis; and
a second phase plate having a third slow axis which is
perpendicular to both of the first slow axis and the second
slow axis. The liquid crystal material has a dependency of
birefringence anisotropy (An) from 20° C. to 60° C. ([An(20°
C)-An(60° C.))/40) of 0.00026 or less.

14 Claims, 8 Drawing Sheets
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1
LIQUID CRYSTAL DISPLAY DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a liquid crystal display
device of a normally black mode, and specifically to a liquid
crystal display device preferably usable for displays requir-
ing a wide viewing angle, such as TVs and monitors for
personal computers including personal computers used for
CAD. In this specification, the liquid crystal display device
will be referred to as the “LLCD device™.

2. Description of the Related Art

As infrastructures for information technology are more
and more developed, TVs, personal computer monitors, and
other devices usable as a terminal for providing video and
audio information are now required to be increasingly
reduced in size. Especially, more and more devices such as
small- or middle-sized TVs and personal computer monitors
adopt LCD devices in order to meet the demands of society
to save space and power.

For this purpose, twisted nematic mode LCD devices of
an active driving system and super twisted nematic mode
LCD devices of a passive driving system have been devel-
oped and widely used.

However, application of twisted nematic mode or super
twisted nematic mode liquid crystal materials to a liquid
crystal panel which is often used for a small- or middle-sized
TV or a personal computer monitor, results in a smaller
viewing angle. A liquid crystal panel having an unsatisfac-
torily small viewing angle has problems in that, for example,
(i) one same color appears different at two ends of a screen
and (ii) images appear differently from different viewing
angles. For example, when a plurality of people watch the
image, the image appears differently to each individual. The
image also appears differently when the viewer sits up
straight from when the viewer sits in a relaxed manner.
Accordingly, the twisted nematic mode or super twisted
nematic mode liquid crystal materials cannot be applied to
aTV.

The twisted nematic mode or super twisted nematic mode
liquid crystal materials have another problem in that the
color tone changes area by area in a large screen. This
problem prevents positive use of liquid crystal materials for
personal computer monitors.

In order to solve these problems, LCD systems such as,
for example, a multiple domain twisted nematic system
(including a plurality of regions having different alignment
directions of liquid crystal molecules) (Japanese Laid-Open
Publication No. 5-107544), an ASM display system
(Japanese Laid-Open Publication No. 6-301015), an MVA
display system (Japanese Laid-Open Publication No.
8-43825), and an IPS display system (Japanese Laid-Open
Publication No. 7-36058) have been proposed. However,
none of these systems provides satisfactory display charac-
teristics and involve the problem of higher cost.

The liquid crystal materials have birefringence anisotropy
thereof change in accordance with the temperature, which
involves an undesirable possibility of reducing the contrast
of an image displayed by the LCD device.

SUMMARY OF THE INVENTION

A liquid crystal display device according to the present
invention includes a pair of polarizing plates; a liquid crystal
panel interposed between the pair of polarizing plates, the
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2

liquid crystal panel including a liquid crystal layer having
liquid crystal molecules, the liquid crystal layer including a
pair of regions corresponding to each of pixels, alignment
directions of the liquid crystal molecules in the pair of
regions being different by about 180 degrees from each
other, the liquid crystal panel having a first slow axis; a first
phase plate provided between the liquid crystal panel and
one of the polarizing plates, the first phase plate having a
second slow axis which is horizontal to a surface thereof and
substantially perpendicular to the first slow axis of the liquid
crystal panel; and a second phase plate provided between the
liquid crystal panel and the one of the polarizing plates, the
second phase plate having a third slow axis which is
substantially perpendicular to both of the first slow axis of
the liquid crystal panel and the second slow axis of the first
phase plate. The liquid crystal material has a dependency of
birefringence anisotropy (An) from 20° C. to 60° C. ([An(20°
C)-An(60° C.))/40) of 0.00026 or less.

In one embodiment of the invention, the second phase
plate further has a fourth slow axis which is parallel to a
surface thereof.

In one embodiment of the invention, the first slow axis of
the liquid crystal panel is at an angle of about 45 degrees
with respect to a polarizing axes of the polarizing plates
when no electric field is applied to the liquid crystal panel.

In one embodiment of the invention, the liquid crystal
material has a dependency of birefringence anisotropy (An)
on the temperature from 20° C. to 60° C. ([An(20° C.)-An
(60° C.)])/40) of 0.00014 or more.

In one embodiment of the invention, the liquid crystal
material has a dependency of birefringence anisotropy (An)
on the temperature from 20° C. to 60° C. ([An(20° C.)-An
(60° C.))/40) of 0.0002 or more.

In one embodiment of the invention, the liquid crystal
display device further includes a third phase plate having a
fifth slow axis which is substantially perpendicular to the
first slow axis of the liquid crystal panel and parallel to the
second slow axis of the first phase plate; and a fourth phase
plate having a sixth slow axis which is substantially per-
pendicular to both of the first slow axis of the liquid crystal
and the fifth slow axis of the third phase plate. The third
phase plate is provided between the liquid crystal panel and
the other polarizing plate so as to be symmetrical to the first
phase plate with respect to the liquid crystal panel, and the
fourth phase plate is provided between the liquid crystal
panel and the other polarizing plate so as to be symmetrical
to the second phase plate with respect to the liquid crystal
panel.

In one embodiment of the invention, the first phase plate
and the third phase plate have a substantially equal birefrin-
gence to each other, and the second phase plate and the
fourth phase plate have a substantially equal birefringence to
each other.

Thus, the invention described herein makes possible the
advantages of providing (1) a liquid crystal display device
having a satisfactorily wide viewing angle at lower cost, and
(2) a liquid crystal display device for alleviating the reduc-
tion of contrast of images despite a temperature change.

These and other advantages of the present invention will
become apparent to those skilled in the art upon reading and
understanding the following detailed description with refer-
ence to the accompanying figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of an LCD device according
to one example of the present invention;

FIG. 2 is a schematic view of an LCD device according
to another example of the present invention;

FIG. 3 is a schematic view of another LCD device
according to still another example of the present invention;

FIG. 4 is a schematic cross-sectional view of a liquid
crystal panel according to a specific example of the present
invention;

FIG. § is a graph illustrating the transmittance of LCD
devices according to the present invention with respect to
the viewing angle;

FIG. 6 is a graph illustrating the contrast with respect to
the temperature of an LCD device according to the present
invention and an LCD device in a comparative example,

FIGS. 7A and 7B illustrate parameters of Table 1.

FIG. 8 is a graph illustrating the contrast with respect to
the temperature of the LCD devices according to the present
invention and in comparative examples shown in Table 4;
and

FIG. 9 is a graph illustrating the relationship between the
dependency of the birefringence anisotropy on the tempera-
ture and the ratio of the contrast at 60° C. to the contrast at
30° C. of the LCD devices according to the present invention
and in comparative examples shown in Table 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Hereinafter, the present invention will be described by
way of illustrative examples with reference to the accom-
panying drawings.

FIG. 1 is a schematic view illustrating a structure of an
LCD device 100 according to one example of the present
invention.

The LCD device 100 includes a liquid crystal panel 2, a
horizontal phase plate (first phase plate) 3, a vertical phase
plate (second phase plate) 4, and another horizontal phase
plate §, and a pair of polarizing plates 11 and 12 arranged in
a crossed Nicols state. The liquid crystal panel 2, the
horizontal phase plate 3, the vertical phase plate 4, and the
horizontal phase plate 5 are arranged in a stacked manner in
this order and interposed between the pair of polarizing
plates 11 and 12. Arrows D, C and B shown with respect to
the phase plates 3, 4 and 5 indicate the respective slow axis.
Arrows E and A shown with respect to the polarizing plates
11 and 12 indicate the respective absorption axes (or polar-
izing axes).

The liquid crystal panel 2 is of a transmission type and
includes a pair of transparent substrates and a liquid crystal
layer (not shown) provided between the two substrates. The
liquid crystal layer is obtained by injecting a nematic liquid
crystal material into a gap between the substrates. The LCD
device 100 is of a normally black mode, which provides
black display when no electric field is applied thereto. In this
state, liquid crystal molecules 2¢ are substantially parallel to
the substrates.

One of the substrates includes quadrangular transparent
pixel electrodes arranged in a matrix, and the other substrate
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includes a transparent counter electrode extending in sub-
stantially the entire surface thereof.

The liquid crystal layer includes pixel areas in correspon-
dence with the pixel electrodes. Each pixel area includes a
pair of alignment regions 2a and 2b. Between the alignment
regions 2a and 2b, the alignment directions of the liquid
crystal molecules 2¢ are different by about 180 degrees; that
is, the liquid crystal molecules 2c are aligned substantially
monoaxially as shown in FIG. 1 when seen from a front
surface of the LCD device 100 (i.e., in the direction indi-
cated by arrow F in FIG. 1). So long as the liquid crystal
molecules 2¢ are aligned substantially monoaxially, the
pretilt angle of the liquid crystal molecules 2¢ is not spe-
cifically limited.

When the alignment direction difference is shifted from
180 degrees by about 10 degrees or more, it is difficult to
compensate for the birefringence of the liquid crystal layer
by the phase plates 3, 4 and 5, which results in reduction in
the contrast of images displayed by the LCD device 100.
Therefore, the alignment direction difference between the
alignment regions 2a and 2c is kept within the range of about
170 degrees to about 190 degrees. The alignment direction
difference is most preferably 180 degrees, at which the
liquid crystal molecules 2¢ are aligned monoaxially.

The alignment regions 2a and 2¢ having such an align-
ment direction difference can be formed using known tech-
niques such as, for example, rubbing combined with tilt
control by light, mask rubbing and alignment films.

The shape of the alignment regions 2a and b is not
specifically limited. The alignment regions 24 and 2b pref-
erably have areas having a ratio of 1:1, so that symmetrical
viewing angle characteristics are obtained. The alignment
regions 2a and 2b are preferably, for example, rectangular,
which is realized by equally dividing one pixel area into two
or four. Such a shape is obtained by a simple-patterned
mask. Depending on the size of the liquid crystal panel 2, the
alignment regions 2a and 2b can be provided respectively in
correspondence with two adjacent pixel areas. In this case
also, the alignment regions 2a and 2b can be obtained by a
simple-patterned mask.

In this case, the alignment regions 2a and 2b are prefer-
ably arranged so as to form a checked or striped pattern
throughout the liquid crystal panel 2, in order to realize
uniform gray scale display.

The alignment axis of the liquid crystal molecules 2c¢ is
preferably at about 45 degrees with respect to the absorption
axes E and A of the polarizing plates 11 and 12, for the
following reason. The brightness of the LCD device 100 is
represented by the difference in the birefringence anisotropy
An between the state where the liquid crystal molecules 2¢
are substantially horizontal with respect to the substrates
with no electric field applied and the state where the liquid
crystal molecules 2¢ are raised by the application of an
electric field. Therefore, it is most preferable that light is
refracted by the liquid crystal layer such that the phase shift
of the light is equal to a half of the wavelength. When the
alignment axis of the liquid crystal molecules 2¢ is at 45
degrees with respect to the absorption axes E and A of the
polarizing plates 11 and 12, the liquid crystal panel 2 can
have a satisfactorily small thickness regardless of the bire-
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fringence anisotropy An, and thus can have a further
improved viewing angle characteristic.

The liquid crystal molecules 2c¢ rise by the application of
the electric field in opposite directions in the alignment
regions 2a and 2b as described later. Therefore, the gray
scale display is prevented from being inverted.

The liquid crystal material used in the liquid crystal panel
2 has a relatively small birefringence anisotropy An even
when the temperature changes. A specifically preferable
liquid crystal material has a birefringence anisotropy An of
0.00026 or less when the temperature changes from 20° C.
to 60° C. ([An(20° C.)-An(60° C.)]/40=<0.00026) for the
reason described later. Use of such a liquid crystal material
prevents the contrast of the images from being reduced.

As shown in FIG. 1, the horizontal phase plate 3 has a
slow axis (arrow Dj; second slow axis) which is horizontal or
parallel with respect to a surface thereof. The horizontal
phase plate 3 has a substantially equal size or magnitude of
retardation to that of the liquid crystal panel 2, and is
provided so that the retardation axis D is substantially
perpendicular to the alignment axis of the liquid crystal
molecules 2¢ in the liquid crystal panel 2. The liquid crystal
panel 2 acts as a substantially monoaxial phase plate when
no electric field is applied. In other words, the alignment axis
of the liquid crystal molecules 2¢ in the liquid crystal panel
2 acts as a slow axis (first slow axis). By the combination of
the liquid crystal panel 2 and the horizontal phase plate 3, the
retardation of an image displayed by the LCD device 100
when seen from the front surface of the LCD device 100 can
be compensated for. As a result, when no electric field is
applied, the LCD device 100 of the normally black mode
provides a satisfactorily high level of contrast.

The horizontal phase plate 3 can be provided between the
liquid crystal panel 2 and the polarizing plate 11.

The vertical phase plate 4 has a slow axis C (third slow
axis) which is vertical or perpendicular to a surface thereof.
The slow axis C is also perpendicular to the slow axis of the
liquid crystal panel 2 and to the slow axis D of the horizontal
phase plate 3.

When an image of the LCD device 100 is viewed at a
relatively large angle with respect to the direction normal to
the front surface of the LCD device 100, birefringence
which is not compensated for by the horizontal phase plate
3 occurs. The vertical phase plate 4 compensates for such
birefringence and provides a satisfactory normally black
display.

The polarizing plates 11 and 12 generally include a TAC
(time-to-amplitude converter) layer having birefringence
anisotropy in a vertical direction. In such a case, the opti-
mum retardation magnitude of the vertical phase plate 4 is
changed. In the case where the vertical phase plate 4 is
formed of a drawing process, a slight phase shift may be
generated in the vertical phase plate 4 in a horizontal
direction. Such a phase shift can be compensated for by
providing another appropriate horizontal phase plate. The
transmittance of the LCD device 100 can be prevented from
decreasing by matching the slow axis of the additional
horizontal phase plate 4 with the polarizing axis.

The horizontal phase plate 5 has the slow axis B which is
substantially parallel to the polarizing axis A of the polar-
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6

izing plate 12. When an image displayed by the LCD device
100 is viewed at a relatively large angle with respect to the
direction normal to the front surface of the LCD device 100
so as to change the azimuth, light leakage is observed due to
a change in the apparent angle of the polarizing plate 12. In
order to prevent the light leakage, the horizontal phase plate
5 having the slow axis B is provided. When the compensa-
tion for the retardation provided by the combination of the
liquid crystal panel 2 and the horizontal phase plate 3 is
complete (i.e., when the magnitude of retardation caused
when an image is viewed in the direction normal to the front
surface of the LCD device 100 is 0), the slow axis B of the
horizontal phase plate 5 preferably matches the absorption
axis A of the polarizing plate 12 in order to provide a high
level of contrast. The slow axis B and the absorption axis A
can be shifted to each other at an angle in the range of -2
degrees to +2 degrees.

The horizontal phase plate 5 can be provided between the
liquid erystal panel 3 and the vertical phase plate 4.

The vertical phase plate 4 is preferably formed of a
material which is generally used for a vertical phase plate,
for example, polycarbonate, in terms of the processing
technology and the cost of the material. In the case where the
vertical phase plate 4 is formed a drawing process, retarda-
tion is unavoidably generated in the plane thereof. Such
retardation can be compensated for by providing another
phase plate, but such a technique requires an additional step
of combining the phase plate and increases the production
cost of the LCD device 100. By arranging the vertical phase
plate 4 so that the slow axis of the retardation in the plane
of the vertical phase plate 4 is substantially parallel to the
absorption axis of the polarizing plate 12, the vertical phase
plate 4 can also have the function of the horizontal phase
plate 5. Such a structure is shown in FIG. 2.

FIG. 2 is a schematic view illustrating a structure of an
LCD device 200 according to another example of the present
invention. Identical elements described with respect to FIG.
1 bear identical reference numerals therewith and will not be
described in detail.

The LCD device 200 includes a liquid crystal panel 2, a
horizontal phase plate 3, a biaxial phase plate 21, and a pair
of polarizing plates 11 and 12. The liquid crystal panel 2, the
horizontal phase plate 3, and the biaxial phase plate 21 are
provided in a stacking manner in this order and interposed
between the polarizing plates 11 and 12.

The biaxial phase plate 21 corresponds to the above-
mentioned vertical phase plate also having the function of
the horizontal phase plate, and has the horizontal slow axis
B (fourth slow axis) and the vertical slow axis C (third slow
axis). The combination of the slow axis of the liquid crystal
panel 2 and the slow axis D of the horizontal phase plate 3
compensates for the retardation which is caused when an
image is viewed in the direction normal to the front surface
of the LCD device 200.

The combination of the slow axis D of the horizontal
phase plate 3 and the slow axis C of the biaxial phase plate
21 compensates for the retardation caused when an image is
viewed at an angle with respect to the direction normal to the
front surface of the LCD device 200.

In this case also, the slow axis B and the polarizing axis
A can be shifted to each other at an angle in the range of -2
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degrees to +2 degrees. The slow axis B and the polarizing
axis A preferably match each other when the compensation
f or the retardation provided by the combination of the slow
axis of the liquid crystal panel 2 and the slow axis D of the
horizontal phase plate 3 is complete.

FIG. 3 is a schematic view illustrating a structure of an
LCD device 300 according to still another example of the
present invention. Identical elements described with respect
to FIG. 1 bear identical reference numerals therewith and
will not be described in detail.

In the case where the birefringence or the retardation
caused by the birefringence, whether a horizontal compo-
nent or a vertical component, caused by the liquid crystal
panel 2 is too large to be completely compensated for with
one phase plate having a horizontal slow axis or a vertical
slow axis, inconveniences in terms of production occur even
when the retardation is substantially completely compen-
sated for. The LCD device 300 has a structure for solving
such an inconvenience.

As shown in FIG. 3, the LCD device 300 includes a liquid
crystal panel 2, a horizontal phase plate 34, a biaxial phase
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In terms of the function, it is sufficient so long as the
horizontal phase plates 3a and 3b each provide a phase shift
so that the combination thereof provides a desired amount of
phase shift. In order to mass-produce the horizontal phase
plates 3a and 3b in an equal amount, it is preferable that the
horizontal phase plates 3a and 3b each provide about a half
of the desired amount of phase shift. Similarly, it is prefer-
able that the biaxial phase plates 21a and 21b each provide
about a half of the desired amount of phase shift in order to
mass-produce the biaxial phase plates 214 and 215 in an
equal amount.

Each of the biaxial phase plates 21a and 21b can be
replaced with one horizontal phase plate and one vertical
phase plate as shown in FIG. 1.

Optimum combinations of various properties of the liquid
crystal panel 2, the horizontal phase plates 3a and 3b, the
biaxial phase plates 21a and 21b, and the polarizing plates
11 and 12 are defined by a desired level of contrast and
desired viewing angle characteristics. Especially preferable
combinations are shown in Table 1.

TABLE 1
Liquid crystal

panel 3a,3b 2la 21b 11 12
dAn 0 0 dAn d(nx-xy) 6 d(nx -=xz) dinx-xy) 0 dnx-xz) 0 0
260 45 130 135 90 0 95 90 90 95 0 90
262 45 135 135 86 0 105 86 92 105 0 90
264 45 135 135 86 0 105 86 91 105 0 90
255 45 130 135 90 0 95 90 91 95 0 90
265 45 135 135 86 0 105 86 91 105 0 90
257 45 130 135 90 0 95 90 91 95 0 90
263 45 130 135 90 0 95 90 89 95 0 90
264 45 130 135 90 0 95 90 89 95 0 90
255 45 125 135 94 0 87 94 89 87 0 90
265 45 130 135 90 0 95 90 89 95 0 90
258 45 125 135 94 0 87 94 89 87 0 90

plate 21a, and a polarizing plate 12. The horizontal phase
plate 3a and the biaxial phase plate 21a are interposed
between the liquid crystal panel 2 and the polarizing plate
12. The LCD device 300 further includes another horizontal
phase plate 3b (third phase plate), another biaxial phase plate
21b (fourth phase plate), and a polarizing plate 11. The
horizontal phase plate 3b and the biaxial phase plate 21b are
interposed between the liquid crystal panel 2 and the polar-
izing plate 11. The horizontal phase plates 3a and 3b
respectively have slow axes D and G (second slow axis and
fifth slow axis) which are parallel to surfaces thereof. The
biaxial phase plate 21a has a horizontal slow axis B (fourth
slow axis) and a vertical slow axis C (third slow axis). The
biaxial phase plate 215 has a vertical slow axis H (sixth slow
axis) and a horizontal slow axis I (seventh slow axis).

The horizontal phase plates 3a and 3b together compen-
sate for the retardation caused when an image of the LCD
device 300 is viewed in the direction normal to the front
surface of the LCD device 300. The biaxial phase plates 21a
and 21b together compensate for the retardation caused
when an image of the LCD device 300 is viewed at an angle
with respect to the direction normal to the front surface of
the LCD device 300.
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FIGS. 7A and 7B illustrate the parameters in Table 1. As
shown in FIG. 7A, x, y and z directions are perpendicular to
each other. In Table 1, nx, ny and nz are respectively
refractive indices in the x, y and z directions. Referring to
FIG. 7B, azimuth 0 regarding the liquid crystal panel 2 in
Table 1 represents the rubbing direction. Azimuth 6 regard-
ing the horizontal phase plates 3a and 3b represents the
angle of the slow axis of each of the horizontal phase plates
3a and 3b with respect to the x direction. Azimuth 0
regarding the biaxial phase plates 21a and 21b represents the
angle of the slow axis of each of the biaxial phase plates 21a
and 21b with respect to the x direction. Azimuth 6 regarding
the polarizing plates 11 and 12 represents the angle of the
absorption axis of each of the polarizing plates 11 and 12
with respect to the x direction. The retardation is represented
by de(nx-ny) and d*(nx-nz), where letter d indicates the
thickness of the liquid crystal layer.

The angle of the absorption axes of the polarizing plates
11 and 12 shown in Table 1 is provided in consideration of
the retardation of the TAC layer (about -50 nm in the
vertical direction) of a generally used polarizing plate. A
difference in the retardation magnitude of the TAC layer
results in a corresponding difference in the retardation
magnitude of the polarizing plate 11 or 12.
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The combinations shown in Table 1 prevents undesirable
phenomena such as, for example, reduction in the level of
contrast of an image viewed in the direction normal to the
front surface of the LCD device 300 (hereinafter, referred to
as the “contrast level in the normal direction™) and also of an
image viewed at an angle with respect to the direction
normal to the front surface of the LCD device 300, and
inversion of gray scale display.

Table 1 refers to the LCD device 300 shown in FIG. 3, but
can also be appropriately applied to the LCD device 100
shown in FIG. 1 and the LCD device 200 shown in FIG. 2.

A LCD device according to the present invention having
the above-described structure has a satisfactorily wide view-
ing angle, does not cause inversion of the gray scale display
when actively driven, and has a high response speed. Such
an LCD device is optimum to a TV or a large-screen
computer monitor.

(EXAMPLE)

Hereinafter, a specific example according to the present
invention will be described. FIG. 4 is a schematic cross-
sectional view of a liquid crystal panel 25 according to the
specific example.

The liquid crystal panel 25 is produced in the following
manner.

TFTs, an insulating layer, and pixel electrodes are formed
on a transparent glass plate by a known technique. A
polyimide-based alignment layer is formed on the resultant
substrate. A counter electrode is formed on a counter plate
(color filter plate), and a polyimide-based alignment layer is
formed on the resultant substrate. Each of the substrates has
a size of 18 inches.
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Each of the substrates is irradiated with deep ultraviolet,
and then rubbed with a rayon-based cloth so that the two
substrates have the same rubbing direction. The two sub-
strates are combined together with a gap of about 4.3 um. A
liquid crystal material having a birefringence anisotropy An
of 0.060 (at 20° C.) is injected into the gap between the
substrates so as to form a liquid crystal layer 20. Thus, the
liquid crystal panel 25 is produced. The retardation magni-
tude Aned of the liquid crystal layer 20, which is measured
at 20° C., is 260 nm.

FIG. 4 shows one pixel area including a pair of alignment
regions 2a and 2b in the liquid crystal layer 20. The
above-mentioned deep ultraviolet is directed to an area of
one of the substrates corresponding to the alignment region
2a, and is directed to an area of the other substrate corre-
sponding to the alignment region 2b. As shown in FIG. 4, the
liquid crystal molecules 2¢ in the vicinity of the substrate
irradiated with the deep ultraviolet have a pretilt angle of
almost O degrees, whereas the liquid crystal molecules 2¢ in
the vicinity of the substrate not irradiated with the deep
ultraviolet have a pretilt angle of about 4 degrees. In this
manner, the tilt directions of the liquid crystal molecules 2¢
in the alignment regions 2a and 2b are opposite from each
other when the liquid crystal layer 20 is supplied with an
electric field.

Liquid crystal display devices having a structure shown in
FIG. 3 were produced using the liquid crystal panel 25
shown in FIG. 4. Table 2 shows the retardation magnitude of
each of the phase plates. The response speed of the LCD
devices was about 25 msec. The viewing angle character-
istics of the LCD devices at 20° C. were measured. The
results were satisfactory as shown in FIG. 5. The contrast
level in the normal direction of these L.CD devices was also
as high as 250.

TABLE 2

Retardation of the

liquid crystal panel

Retardation of the second Retardation of the second
and fourth phase plate and fourth phase plate
in the horizontal direction  in the vertical direction
(total) (total)

Retardation of the
first or third phase
plate (either one)

260
260
260
260
260
260

130 184 -190
130 187 =204
130 190 -218
130 199 -188
130 202 -202
130 214 -186

(om)

55

60

65

Table 3 shows the retardation magnitude at different
temperatures and the dependency of the birefringence
anisotropy on the temperature of various liquid crystal
materials LC2 through LC5 encompassed by the present
invention. LC1 indicates a liquid crystal material in a
comparative example. Liquid crystal material LC2 is used
for the liquid crystal panel 25. The dependency of the
birefringence anisotropy on the temperature of the liquid
crystal material LC2 is [An(20° C.)-An{60° C.)]/40=
0.00025, which is relatively small. In the case where the
liquid crystal material LC2 has a retardation magnitude Aned
of 260 nm at 20° C., the liquid crystal material LC2 has a
retardation magnitude Aned of 215 nm at 60° C.
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TABLE 3
An
An(20°C.)  An(60° C.) An(20° C.—60° C.) An(20° C.—60° C.)/40
Comparative LC1 0.055 0.038 0.017 0.000425
example
Examples LC2 0.060 0.050 0.010 0.00025
LC3 0.060 0.052 0.008 0.00020
LCa 0.063 0.056 0.007 0.000175
LCs 0.065 0.058 0.007 0.000175

FIG. 6 shows the contrast level in the normal direction of
an LCD device according to the present invention and an
LCD device in a comparative example, as the temperature
changes from 20° C. to 60° C.

In the case of the LCD device according to the present
invention, the contrast level in the normal direction is at least
50% of the optimum value (300 in FIG. 6) (i.c., at least 150)
while the temperature changes within the range of +30° C.
from the temperature at which the optimum value of 300 is
obtained (i.e., 30° C.). In an LCD device having a retarda-
tion magnitude of 210 nm or more, at least 50% of the
optimum value can be maintained regardless of the tem-
perature.

Liquid crystal materials L.C3 through .C5 shown in Table
3 were each used for forming a liquid crystal panel, and the
contrast level in the normal direction thereof was measured
while the temperature was changed from 20° C. to 60° C. In
all the liquid crystal panels, the contrast level of 150 or more
was maintained.

For comparison, a liquid crystal material LC1 shown in
Table 3 was used for forming a liquid crystal panel, and the
contrast level in the normal direction thereof was measured.
As shown in FIG. 6, the contrast level in the normal
direction was less than 100 at 60° C.

As described above, according to the present invention, a
liquid crystal material having a low dependency of the
birefringence anisotropy An on the temperature, especially a
liquid crystal material having such a dependency of 0.00026
or less between the temperature of 20° C. to 60° C. is used.
A LCD device using such a liquid crystal material prevents
the contrast level from decreasing due to the temperature
change in the use environment and provides a high response
speed and satisfactory viewing angle characteristics. Such
an LCD device maintains the contrast level in the normal
direction of 150 or more in most of the temperature range in
which the device is used.

Hereinafter, the relationship between the dependency of
the birefringence anisotropy An on the temperature from 20°
C. to 60° C., [An(20° C.)-An(60° C.)]/40, and the contrast
level in the normal direction will be described.

Table 4 shows characteristics of liquid crystal materials in
comparative examples a and b, examples ¢ through i and
comparative examples j and k. The comparative examples a,
b, j and k and the examples ¢ through 1 have different levels
of dependency of the birefringence anisotropy An on the
temperature. In Table 4, [An(20° C.)-An(60° C.)]/40 indi-
cates the above-mentioned level of dependency from 20° C.
to 60° C., and CR60/30 indicates the ratio of the contrast
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level in the normal direction at 60° C. with respect to the
contrast level in the normal direction at 30° C. In the
temperature range of 20° C. to 60° C., the contrast level in
the normal direction is minimum at 60° C. and is optimum
at 30° C. FIG. 8 shows the contrast level in the normal
direction obtained by the LCD devices using the liquid
crystal materials in comparative examples a, b, j and k and
examples ¢ through i, with respect to the temperature.

TABLE 4
An(20-60)/40 CR60/30
Comparative example a 0.0001 0.863
Comparative example b 0.00012 0.817
Example c 0.00014 0.768
Example d 0.00016 0.719
Example e 0.00018 0.671
Example f 0.0002 0.625
Example g 0.00022 0.580
Example h 0.00024 0.539
Example i 0.00026 0.500
Comparative example ] 0.00028 0.464
Comparative example k 0.0003 0.430

As can be appreciated from FIG. 8 and Table 4, the LCD
devices using the liquid crystal materials having [An(20°
C)-An(60° C))/40 of 0.00026 or less (comparative
examples a and b and examples ¢ through i) exhibit a
relatively small change in the contrast level in accordance
with the temperature change in the use environment. These
LCD devices provide satisfactory viewing angle character-
istics and CR60/30 of 0.5 or more. These LCD devices also
exhibit a sufficiently high response speed.

In addition, as [An(20° C.)-An(60° C.)]/40 decreases, the
change in the contrast level in the normal direction in
accordance with the temperature change from 20° C. to 60°
C. is reduced. Therefore, [An(20° C.)-An(60° C.)]/40 is
preferably as small as possible.

However, when [An(20° C.)-An(60° C.)]40 is excessively
small, the mesomorphic temperature range in which the
nematic liquid crystal molecules can be driven, which
changes in accordance with the alignment order of the liquid
crystal molecules, increases. As a result, phenomena unde-
sirable in practical use such as, for example, crystallization
of the liquid crystal molecules at a low temperature and
increase in the viscosity thereof may possibly occur.

Actually, the above-mentioned phenomena occurred with
the liquid crystal materials in comparative examples a and b
(Table 4). As a result, the image blurred. No such phenom-
ena occurred with the liquid crystal materials in examples ¢
through 1 and comparative examples j and k.

Therefore, [An(20° C.)-An(60° C.)]/40 is preferably in
the range of 0.00014 to 0.00026.
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In the case where a sufficiently high response speed is
required, [An(20° C.)-An(60° C.)J/40 is preferably 0.0002
or more in consideration of the viscosity of the liquid crystal
materials at 20° C. or higher.

Accordingly, in order to provide both a sufficiently high
level of contrast in the normal direction and a sufficiently
high response speed, [An(20° C.)-An(60° C.)]/40 is prefer-
ably in the range of 0.0002 to 0.00026.

In the above description, the lowest contrast level is set to
be ¥ or more of the optimum contrast level in order to
determine a preferable range of temperatures. This value is
based on the phenomenon that display nonuniformity, which
appears on the screen due to the temperature nonuniformity
in the display area caused by backlight, becomes visually
conspicuous when the lowest contrast level is reduced to a
half of the optimum contrast level.

This standard is applicable to various types of LCD
devices as described below.

For example, in the case of TVs, brightness is generally
most important and a white luminance of 450 cd/cm® or
more is required. Even when the white luminance is 450
cd/em?, the luminance recognized as black display is gen-
erally considered to be less than 3 cd/cm®. When the white
luminance is 450 cd/cm® and the contrast level is 300 at
room temperature, for example, the black luminance is 1.5
cd/em?®. When the black luminance at 60° C. is 2 cd/cm?, a
change of the constant level from 450/1.5=300 (at room
temperature) to 450/2=225 (60° C.) is tolerable. In this case,
[An(20° C.)-An(60° C.)]/40 is 0.00026 or less.

In a device which is not required to have an especially
high level of brightness, such as, for example, a notebook
computer, the white luminance is generally considered to be
150 cd/cm?. The black luminance at 30° C. is 0.5 cd/cm®.
When the black luminance at 60° C. is 2 cd/cm?, a change
of the constant level from 150/0.5=300(30° C.) to 150/2=
75(60° C.) is tolerable. Since 75/300=0.25, the standard of
0.5 is well within the tolerable range.

The tolerable range of the dependency of the birefrin-
gence anisotropy An on the temperature varies in accordance
with the use of the liquid crystal material. The present
invention is applicable to these uses with the standard that
the lowest contrast level is ¥2 or more of the optimum
contrast level.

In a liquid crystal display device of a vertically aligned
mode according to the present invention, the dependency of
the contrast level on the temperature is larger than in a liquid
crystal mode in which the residual retardation at the inter-
face in the black display is compensated for by the liquid
crystal material itself (for example, a twisted nematic mode).
Therefore, the above numerical range of the-dependency of
the birefringence anisotropy of a liquid crystal material on
the temperature is specifically effective for the liquid crystal
display device of a vertically aligned mode.

As described above, according to the present invention, a
horizontal phase plate having a slow axis, which is horizon-
tal to a surface thereof and substantially perpendicular to the
slow axis of the liquid crystal panel, and a vertical phase
plate having a slow axis, which is substantially perpendicu-
lar both to the slow axis of the liquid crystal panel and the
slow axis of the horizontal phase plate, are provided between
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the polarizing plate and the liquid crystal panel. Therefore,
a liquid crystal display device according to the present
invention exhibits wide viewing angle characteristics, and
avoids inversion of gray scale display and provides a satis-
factorily high response speed when actively driven. Such a
liquid crystal display device is preferable for TVs and large
screen personal computer monitors.

The liquid crystal display device according to the present
invention also uses a liquid crystal material having a depen-
dency level of birefringence anisotropy An on the tempera-
ture of 0.00026 or less. Such a liquid crystal display device
maintains the high contrast level even when the temperature
at which the device is used changes.

Various other modifications will be apparent to and can be
readily made by those skilled in the art without departing
from the scope and spirit of this invention. Accordingly, it is
not intended that the scope of the claims appended hereto be
limited to the description as set forth herein, but rather that
the claims be broadly construed.

What is claimed is:

1. A liquid ecrystal display device, comprising:

a pair of polarizing plates;

a liquid crystal panel interposed between the pair of
polarizing plates, the liquid crystal panel including a
liquid crystal layer having liquid crystal molecules, the
liquid crystal layer including a pair of regions corre-
sponding to each of pixels, alignment directions of the
liquid crystal molecules in the pair of regions being
different by about 180 degrees from cach other, the
liquid crystal panel having a first slow axis;

a first phase plate provided between the liquid crystal
panel and one of the polarizing plates, the first phase
plate having a second slow axis which is horizontal to
a surface thereof and substantially perpendicular to the
first slow axis of the liquid crystal panel; and

a second phase plate provided between the liquid crystal
panel and the one of the polarizing plates, the second
phase plate having a third slow axis which is substan-
tially perpendicular to both of the first slow axis of the
liquid crystal panel and the second slow axis of the first
phase plate,

wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) from 20° C. to 60° C.
([An(20° C)-An(60° C.)J/40) of 0.00026 or less.

2. A liquid crystal display device according to claim 1,
wherein the second phase plate further has a fourth slow axis
which is parallel to a surface thereof.

3. A liquid crystal display device according to claim 2,
wherein the first slow axis of the liquid crystal panel is at an
angle of about 45 degrees with respect to a polarizing axes
of the polarizing plates when no electric field is applied to
the liquid crystal panel.

4. A liquid crystal display device according to claim 2,
wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) on the temperature from 20°
C. to 60° C. ([An(20° C.)-An(60° C.)]/40) of 0.00014 or
more.

5. A liquid crystal display device according to claim 2,
wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) on the temperature from 20°
C. to 60° C. ([An(20° C.)-An(60° C)]40) of 0.0002 or more.

6. A liquid crystal display device according to claim 2,
further comprising:
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a third phase plate having a fifth slow axis which is
substantially perpendicular to the first slow axis of the
liquid crystal panel and parallel to the second slow axis
of the first phase plate; and
a fourth phase plate having a sixth slow axis which is
substantially perpendicular to both of the first slow axis
of the liquid crystal and the fifth slow axis of the third
phase plate,

wherein the third phase plate is provided between the

liquid crystal panel and the other polarizing plate so as
to be symmetrical to the first phase plate with respect
to the liquid crystal panel, and the fourth phase plate is
provided between the liquid crystal panel and the other
polarizing plate so as to be symmetrical to the second
phase plate with respect to the liquid crystal panel.

7. A liquid crystal display device according to claim 6,
wherein the first phase plate and the third phase plate have
a substantially equal birefringence to each other, and the
second phase plate and the fourth phase plate have a
substantially equal birefringence to each other.

8. A liquid crystal display device according to claim 6,
wherein the first slow axis of the liquid crystal panel is at an
angle of about 45 degrees with respect to a polarizing axes
of the polarizing plates when no electric field is applied to
the liquid crystal panel.

9. A liquid crystal display device according to claim 6,
wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) on the temperature from 20°
C. to 60° C. ([An(20° C.)-An(60° C.)]/40) of 0.00014 or
more.

10. A liquid crystal display device according to claim 6,
wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) on the temperature from 20°
C. to 60° C. ([An(20° C.)-An(60° C.)}/40) of 0.0002 or
more.
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11. A liquid crystal display device according to claim 1,
further comprising:

a third phase plate having a fifth slow axis which is
substantially perpendicular to the first slow axis of the
liquid crystal panel and parallel to the second slow axis
of the first phase plate; and

a fourth phase plate having a sixth slow axis which is
substantially perpendicular to both of the first slow axis
of the liquid crystal and the fifth slow axis of the third
phase plate,

wherein the third phase plate is provided between the
liquid crystal panel and the other polarizing plate so as
to be symmetrical to the first phase plate with respect
to the liquid crystal panel, and the fourth phase plate is
provided between the liquid crystal panel and the other
polarizing plate so as to be symmetrical to the second
phase plate with respect to the liquid crystal panel.

12. A liquid crystal display device according to claim 1,
wherein the first slow axis of the liquid crystal panel is at an
angle of about 45 degrees with respect to a polarizing axes
of the polarizing plates when no electric field is applied to
the liquid crystal panel.

13. A liquid crystal display device according to claim 1,
wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) on the temperature from 20°
C. to 60° C. ([An(20° C.)-An(60° C.)]/40) of 0.00014 or
more.

14. A liquid crystal display device according to claim 1,
wherein the liquid crystal material has a dependency of
birefringence anisotropy (An) on the temperature from 20°
C. to 60° C. ([An(20° C.)=An(60° C.)}/40) of 0.0002 or
more.
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