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(57) ABSTRACT

First and second polarizers are disposed in cross Nichol con-
figuration. A liquid crystal cell is disposed between the two
polarizers and establishes vertical alignment in a state of no
voltage application. An even number of optical films having
optical anisotropy and disposed between the liquid crystal
cell and first polarizer. A retardation of the liquid crystal cell
is in a range between 300 nm and 1500 nm; and each optical
film satisfies nx>ny=nz, an in-plane retardation is smaller
than 300 nm, a thickness direction retardation is in a ranger
between 50 nm and 300 nm, an angle between an in-plane
slow axis of the optical film disposed nearest to the first
polarizer and an absorption axis of the first polarizer is
smaller than 45°, and the slow axes of mutually adjacent
optical films are perpendicular to each other.
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VERTICAL ALIGNMENT TYPE LIQUID
CRYSTAL DISPLAY DEVICE WITH VIEWING
ANGLE CHARACTERISTICS IMPROVED BY

DISPOSING OPTICAL PLATES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is based on and claims priority of
Japanese Patent Applications Nos. 2008-046599, 2008-
046597 and 2008-081583, filed on Feb. 27, 2008, Feb. 27,
2008 and Mar. 26, 2008, the entire contents of which are
incorporated herein by reference.

FIELD

[0002] The present invention relates to a liquid crystal dis-
play device having vertically aligned liquid crystal molecules
and a pair of cross-Nichol disposed polarizers.

BACKGROUND

[0003] As an in-vehicle display device, a liquid crystal
display device capable of reducing the weight and using a
battery equipped in a vehicle without change has been paid
attention. There is a need of lowering brightness of a back-
ground display area and a dark display area in order to
enhance expensive looking. A normally black type liquid
crystal display unit has been developed which uses a light
emitting diode as a light source of a backlight to emit light
generally at a single wavelength and increase a contrast dra-
matically only in this wavelength range.

[0004] A display device utilizing a vertical alignment mode
(VA mode) liquid crystal cell has been paid attention as a
liquid crystal display device capable of realizing high-quality
normally black display independent from an emission wave-
length of a backlight. In a VA mode liquid crystal cell, liquid
crystal molecules are vertically aligned relative to a substrate
surface when voltage is not applied or off-voltage is applied
(collectively called “in an off state” in some cases). “Verti-
cally aligned” does not mean that a direction of a director of
liquid crystal molecules is strictly vertical to the substrate
surface, but it means that the director of liquid crystal mol-
ecules is aligned along a direction nearly vertical to the sub-
strate surface as compared to that the director is inclined from
a substrate normal direction when voltage is applied (called
“in an on state” in some cases). This liquid crystal cell is
disposed between two polarizers in approximately cross-
Nichol configuration to constitute a liquid crystal display unit
and realize normally black display.

[0005] The optical characteristics of a vertical alignment
mode liquid crystal cell are approximately isotropic when
observed along a substrate normal direction, and the optical
characteristics of a liquid crystal display unit are influenced
by the optical characteristics of polarizers in cross-Nichol
configuration. A transmittance becomes therefore very low,
and a high contrast can be realized relatively easily. However,
when observed along an oblique direction, optical leak occurs
in the black display state. This is because birefringence
occurs in the liquid crystal layer, and the transmission axes of
wwo polarizers shift from the perpendicular relation. In order
to suppress a contrast, when observed along an oblique direc-
tion, from being lowered, the following various methods have
been proposed.

[0006] JP-SHO-62-210423 discloses a liquid crystal dis-
play unit having a viewing angle compensator having nega-
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tive uniaxial optical anisotropy or negative biaxial optical
anisotropy inserted at one or both positions between a liquid
crystal cell and two polarizers. The positive optical anisot-
ropy of a liquid crystal cell in a thickness direction is com-
pensated by the viewing angle compensator having the nega-
tive optical anisotropy in a thickness direction. The “viewing
angle compensator having the negative biaxial optical anisot-
ropy” means a viewing angle compensator having a relation
of nx>ny>nz where nx, ny and nz are x-, y- and z-components
of a refractive index in which an x-axis is a slow (lag phase)
axis direction in an in-plane of a substrate or film, a y-axis is
afast (advance phase) axis direction and a z-axis is a thickness
direction. The “viewing angle compensator having the nega-
tive uniaxial optical anisotropy” means a viewing angle com-
pensator having a relation of nx=ny>nz. JP-A-2000-131693
discloses the effective conditions for an in-plane phase dif-
ference and an arrangement of the azimuth of an in-plane
slow axis of a viewing angle compensator having biaxial
optical anisotropy.

[0007] A viewing angle compensator having negative
uniaxial optical anisotropy is called a “negative C plate”. A
viewing angle compensator having negative biaxial optical
anisotropy is herein called a “negative biaxial film”. A view-
ing angle compensator having positive uniaxial optical
anisotropy with its slow axis being oriented in an in-plane
direction, i.e., an optical film having a relation of nx>ny=nz,
is called a “positive A plate”. The positive A plate can be
considered as a special example wherein the refractive indi-
ces ny and nz of'a negative biaxial film are equal to each other.
[0008] JP-A-2000-39610 discloses a method of using an
approximately half-wavelength plate having biaxial optical
anisotropy, and a negative C plate. With this method, since the
half-wavelength plate is required to provide a phase differ-
ence of approximately a half wavelength when observed
along any direction, a half wavelength plate having positive
biaxial optical anisotropy is required in practical uses. How-
ever, it is difficult to realize a half-wavelength plate having
positive biaxial optical anisotropy.

[0009] JP-A-2003-262869 discloses a method of using a
combination of a negative biaxial film and a negative C plate.
With this method, an in-plane retardation of the biaxial film is
limited to 190 nm or smaller, and a retardation of a liquid
crystal layer is limited to 200 to 500 nm. A retardation of a
liquid crystal layer is represented by And where An is refrac-
tive index anisotropy of liquid crystal material and d is a
thickness of the liquid crystal layer.

SUMMARY

[0010] It is known that an increase in a retardation of a
liquid crystal cell is effective for promoting steepness of a
change in a transmittance with respect to a change in voltage
applied to a liquid crystal display device. In order to multi-
plex-drive a VA mode liquid crystal display unit at a duty of /4
to Yoao, it 1s preferable to set a retardation And of a liquid
crystal layer larger than 320 nm, and more preferably larger
than 360 nm. This 1s because as a retardation of the liquid
crystal layer becomes small, it becomes difficult to maintain
both the high contrast characteristics, which is a feature of a
normally black type VA mode liquid crystal display unit, and
a high transmittance during an on-voltage application in high
duty driving.

[0011] Negative biaxial films are distributed in markets
which are formed by executing a biaxial stretching process
for a base film made of norbornene based cyclic olefin poly-
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mer (hereinafter described as “norbornene based COP”) or by
executing a stretching process for a triacethyl cellulose (here-
inafter described as “TAC”) base film.

[0012] From the viewpoint of ensuring in-plane uniformity
of a retardation, generally a negative biaxial film made of
norbornene based COP has ranges of an in-plane retardation
Re of 30 nm to 300 nm, a thickness direction retardation Rth
0f300 nm or smaller and an Nz factor of 1 to 12. Re, Rth and
Nz are given by Re=(nx-ny)/d, Rth=((nx+ny)/2-nz)xd, and
Nz=(nx-nz)/(nx-ny), where nx is a refractive index in an
in-plane slow axis direction, ny is a refractive index in an
in-plane fast axis direction, nz is a refractive index in a thick-
ness direction and d is a thickness. It is difficult to ensure
in-plane uniformity of a retardation of a biaxial film having
Re, Rth and Nz in excess of the above-described ranges.
[0013] The ranges of a retardation and Nz factor of a TAC
based biaxial film distributed in markets are narrower than a
biaxial film using norbornene based COP. Generally, an in-
plane retardation Re is in a range between 40 nm and 70 nm,
and a thickness direction retardation Rth is in a range between
120 nm and 220 nm.

[0014] Anideal C plate has an in-plane retardation Re of 0,
whereas an in-plane retardation Re of a C plate actually
distributed in markets is not strictly 0. An in-plane retardation
Reof ageneral C plateis set preferably to 7 nm or smaller, and
more preferably to 5 nm or smaller. C plates widely distrib-
uted in markets are TAC films having a thickness direction
retardation Rth of about 50 nm, and it is difficult to purchase
C plates having a different thickness direction retardation
Rth.

[0015] A range of a retardation of a liquid crystal layer is
restricted when viewing angle compensation for a normally
black type VA mode liquid crystal display unit is performed
by a conventional viewing angle compensation method using
a negative biaxial film and a negative C plate generally avail-
able in markets.

[0016] An object of the present invention is to provide a
liquid crystal display unit capable of having a wide retarda-
tion range of a liquid crystal cell whose viewing angle can be
compensated by using readily available optical anisotropic
films.

[0017] According to one aspect of the present invention,
there is provided a liquid crystal display device comprising:
[0018] first and second polarizers mutually cross Nichol
disposed,

[0019] a liquid crystal cell disposed between the first and
second polarizers and establishing vertical alignment in a
state of no voltage application; and

[0020] an even number of optical films having optical
anisotropy and disposed between the liquid crystal cell and
the first polarizer,

[0021] wherein:

[0022] a retardation of the liquid crystal cell is not smaller
than 300 nm and not larger than 1500 nm; and

[0023] each of the optical films satisfies nx>ny=nz where
nx, ny and nz are x-, y- and z-components of a refractive index
in which an x-axis is an in-plane slow axis azimuth of each of
the optical films, a y-axis is an in-plane azimuth perpendicu-
lar to the x-axis and a z-axis is an azimuth perpendicular to a
film surface, an in-plane retardation is not larger than 300 nm,
athickness direction retardation is not smaller than 50 nm and
not larger than 300 nm, an angle between an in-plane slow
axis of the optical film disposed nearest to the first polarizer
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and an absorption axis of the first polarizer is not larger than
45°, and the slow axes of mutually adjacent optical films are
mutually perpendicular.

[0024] According to another aspect of the present inven-
tion, there is provided a liquid crystal display device compris-
ing:

[0025] first and second polarizers mutually cross Nichol
disposed;

[0026] a liquid crystal cell disposed between the first and
second polarizers and establishing vertical alignment in a
state of no voltage application: and

[0027] anodd number of three or more optical films having
optical anisotropy and disposed between the liquid crystal
cell and the first polarizer,

[0028] wherein:

[0029] a retardation of the liquid crystal cell is not smaller
than 550 nm and not larger than 1500 nm; and

[0030] each of the optical films satisfies nx>nyZnz where
nx, ny and nz are x-, y- and z-components of a refractive index
in which anx-axis is an in-plane slow axis azimuth of each of
the optical films, a y-axis is an in-plane azimuth perpendicu-
lar to the x-axis and a z-axis is an azimuth perpendicular to a
film surface, an in-plane retardation is not smaller than 30 nm
not larger than 300 nm, a thickness direction retardation is not
smaller than 50 nm and not larger than 300 nm, an angle
between an in-plane slow axis of the optical film disposed
nearest to the first polarizer and an absorption axis of the first
polarizer is not smaller than 45° and not larger than 135°, and
the slow axes of mumally adjacent optical films are mutually
perpendicular.

[0031] According to another aspect of the present inven-
tion, there is provided a liquid crystal display device compris-
ing:

[0032] first and second polarizers mutually cross Nichol
disposed;

[0033] a liquid crystal cell disposed between the first and
second polarizers and establishing vertical alignment in a
state of no voltage application; and

[0034] afirst optical film disposed between the liquid crys-
tal cell and the first polarizer and having optical anisotropy;
[0035] asecond optical film disposed between the first opti-
cal film and the liquid crystal cell and having optical anisot-
ropy; and

[0036] a third optical film disposed between the second
polarizer and the liquid crystal cell and having optical anisot-
ropy;

[0037] wherein:

[0038] each of the first to third optical films satisfies
nx>ny=nz where nx, ny and nz are x-, y- and z-components
of a refractive index in which an x-axis is an in-plane slow
axis azimuth of each of the optical films, a y-axis is an in-
plane azimuth perpendicular to the x-axis and a z-axis is an
azimuth perpendicular to a film surface, an in-plane retarda-
tion is not smaller than O nm and not larger than 300 nm, and
athickness direction retardation is not smaller than 50 nm and
not larger than 300 nm;

[0039] a slow axis of the first optical film is parallel to an
absorption axis of the first polarizer;

[0040] aslow axis of the second optical film and a slow axis
of the third optical film are mutually perpendicular; and
[0041] an angle between an in-plane axis of the second
optical film and an absorption is 75° to 105°.
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[0042] According to another aspect of the present inven-
tion, there is provided a liquid crystal display device compris-
ing:

[0043] aliquid crystal cell establishing vertical alignment
in a state of not voltage application;

[0044] first and second polarizers mutually cross Nichol
disposed and sandwiching the liquid crystal cell;

[0045] afirstoptical film disposed between the liquid crys-
tal cell and the first polarizer and having optical anisotropy;
[0046] asecond optical film disposed between the first opti-
cal film and the liquid crystal cell and having optical anisot-
ropy;

[0047] a third optical film disposed between the second
polarizer and the liquid crystal cell and having optical anisot-
ropy; and

[0048] afourthoptical film disposed between the third opti-
cal film and the second polarizer and having optical anisot-
ropy,

[0049] wherein:

[0050] each of the first to fourth optical films satisfies
nx>ny=nz where nx, ny and nz are x-, y- and z-components
of a refractive index in which an x-axis is an in-plane slow
axis azimuth of each of the optical films, a y-axis is an in-
plane azimuth perpendicular to the x-axis and a z-axis is an
azimuth perpendicular to a film surface, and the first to fourth
optical films have approximately same optical characteris-
tics;

[0051] aslow axis of the first optical film is approximately
parallel to an absorption axis of the first polarizer;

[0052] aslow axis of the first optical film is approximately
perpendicular to a slow axis of the second optical film;
[0053] a slow axis of the fourth optical film is approxi-
mately parallel to an absorption axis of the second polarizer;
and

[0054] aslow axis of the third optical film is approximately
perpendicular to a slow axis of the fourth optical film.
[0055] By disposing a plurality of optical films having the
above-described optical anisotropy, it becomes possible to
adopt readily available optical films.

[0056] By disposing two optical films having the above-
described optical anisotropy on each side, it becomes possible
to broaden the range capable of compensating a viewing
angle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0057] FIG. 1 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to a refer-
ence example.

[0058] FIG. 2 is a graph showing a relation between an
in-plane retardation and a transmittance of an optical film
used in the liquid crystal display unit of the reference
example.

[0059] FIG. 3 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to another
reference example.

[0060] FIG. 4 is a graph showing a relation between an
in-plane retardation and a transmittance of a negative biaxial
film used in the liquid crystal display unit of the other refer-
ence example.

[0061] FIG. 5 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to a first
embodiment.
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[0062] FIGS. 6A to 6F are schematic diagrams showing an
example of the azimuths of in-plane slow axes of two optical
films used in the optical display unit shown in FIG. 5.
[0063] FIGS. 7A to 7C are graphs showing viewing angle
characteristics of the liquid crystal display unit shown in FIG.
5.

[0064] FIGS. 8A to 8C are graphs showing the relation
between an azimuth of an in-plane slow axis and a transmit-
tance of a first optical film of the liquid crystal display unit
shown in FIG. 5.

[0065] FIG. 9 is a graph showing the viewing angle char-
acteristics of the liquid crystal display unit shown in FIG. 5.
[0066] FIG. 10 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to a second
embodiment.

[0067] FIG. 11 is a graph showing the viewing angle char-
acteristics of the liquid crystal display unit shown in F1G. 10.
[0068] FIG. 12 is a graph showing the relation between an
azimuth of an in-plane slow axis and a transmittance of a
second optical film of the liquid crystal display unit shown in
FIG. 10.

[0069] FIG. 13 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to a third
embodiment.

[0070] FIG. 14 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to a fourth
embodiment.

[0071] FIG. 15 is a graph showing simulation results of the
relation between an azimuth of an in-plane slow axis and a
transmittance of a second optical film of the liquid crystal
display unit of the fourth embodiment.

[0072] FIGS. 16A to 16D are graphs showing simulated
equi-transmittance curves of the liquid crystal display unit of
the fourth embodiment.

[0073] FIG. 17 is a graph showing simulation results of the
relation between an azimuth of an in-plane slow axis and a
transmittance of a second optical film when in-plane retarda-
tions of first to third optical films of the liquid crystal display
unit of the fourth embodiment are set equal.

[0074] FIG. 18 is a graph showing simulation results of the
relation between an azimuth of an in-plane slow axis and a
transmittance of a second optical film when in-plane retarda-
tions of second and third optical films of the liquid crystal
display unit of the fourth embodiment are set equal and the
in-plane retardation of the first film is changed.

[0075] FIG. 19 is a graph showing simulation results of the
relation between an azimuth of an in-plane slow axis and a
transmittance of a second optical film when in-plane retarda-
tions of first and second optical films of the liquid crystal
display unit of the fourth embodiment are set equal and the
in-plane retardation of the third optical film is changed.
[0076] FIG. 20 is a graph showing simulation results of the
relation between an azimuth of an in-plane slow axis and a
transmittance of a second optical film when in-plane retarda-
tions of first and third optical films of the liquid crystal display
unit of the fourth embodiment are set equal and the in-plane
retardation of the second optical film is changed.

[0077] FIG. 21 is a graph showing simulation results of the
relation between an azimuth of an in-plane slow axis and a
transmittance of a second optical film of a liquid crystal
display unit according to a fifth embodiment.

[0078] FIG. 22 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to a sixth
embodiment.
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[0079] FIG. 23 is a graph showing simulation results of the
relation between a retardation and a transmittance of each
liquid crystal cell of the liquid crystal display devices of the
fourth, sixth and seventh embodiments.

[0080] FIG. 24 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to the
seventh embodiment.

[0081] FIG. 25 is a graph showing simulation results of the
relation between an azimuth of the in-plane slow axis and a
transmittance of a fifth optical film of the liquid crystal dis-
play unit of the seventh embodiment.

[0082] FIG. 261s a schematic diagram showing the outline
structure of a liquid crystal display unit according to an eighth
embodiment.

[0083] FIG. 27 is a graph showing simulation results of a
change in a transmittance (optical leak) during an off state
relative to a change in an observation direction from right and
left from a substrate normal direction, of each sample having
a different slow axis of an optical film of the liquid crystal
display unit of the eighth embodiment.

[0084] FIG. 28 is a graph showing simulation results of a
change in a transmittance during an off state relative to a
change in a slow axis azimuth of an optical film on the
polarizer side.

[0085] FIG. 29 is a graph showing simulation results of a
change in a transmittance similar to that shown in FIG. 5
when Re is set to 30 nm for the liquid crystal display unit of
the eighth embodiment.

[0086] FIG. 30 is a graph showing simulation results of a
change in a transmittance similar to that shown in FIG. 5
when Re is set to 70 nm for the liquid crystal display unit of
the eighth embodiment.

[0087] FIG. 31 is a graph showing simulation results of a
change in a transmittance (optical leak) relative to a change in
aviewing angle when Re of a second optical film of the liquid
crystal display unit of the eighth embodiment.

[0088] FIG. 32 is a graph showing simulation results of a
change in a transmittance relative to a viewing angle in the
case of And=1500 nm and Rth=300 nm of the liquid crystal
display unit of the eighth embodiment.

[0089] FIG.33isablock diagram ofa liquid crystal display
device.

DESCRIPTION OF EMBODIMENTS

[0090] Description will now be made on preferred condi-
tions for improving the viewing angle characteristics in black
state of a normally black type VA mode liquid crystal display
unit, by using a conventional optical film arrangement.
[0091] FIG. 1 is a schematic diagram showing a conven-
tional normally black type VA mode liquid crystal display
unit. A liquid crystal cell 20 is disposed between a rear side
polarizer 10 and a front side polarizer 30 in cross-Nichol
configuration. A negative biaxial film 15 is disposed between
the rear side polarizer 10 and liquid crystal cell 20. Another
negative biaxial film 25 is disposed between the front side
polarizer 30 and liquid crystal cell 20.

[0092] The liquid crystal cell 20 includes a pair of sub-
strates 21 and 22 and liquid crystal material 23 held in a space
between the substrates. Common electrodes and segment
electrodes are formed on opposing surfaces of the substrates
21 and 22, respectively, and vertical alignment films are also
formed on the opposing surfaces. The vertical alignment
films have already been subjected to a rubbing process to
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obtain mutually antiparallel rubbing directions. This rubbing
process may use the method disclosed, e.g., in JP-A-2005-
234254.

[0093] A distance between the substrates 21 and 22 is
adjusted by a spherical spacer to set a distance of, e.g.,2t0 6
um. A refractive index anisotropy An of the liquid crystal
material is in a range between 0.08 and 0.25, and a dielectric
constant anisotropy Ae is negative. A pretilt angle (angle
between a director of liquid crystal molecules and a substrate
surface) is about 89.9°. Since liquid crystal molecules are
oriented generally vertically to the substrate surface, the lig-
uid crystal layer is isotropic when observed along a substrate
normal direction. After the liquid crystal material 23 is
injected between the substrate 21 and 22, the liquid crystal
layer is cured for one hour at a temperature higher by about
20° C. than an isotropic phase temperature to obtain the liquid
crystal cell 20.

[0094] As the rear side polarizer 10 and front side polarizer
30, SHC13U manufactured by Polatechno Co. Ltd. may be
used. The rear side polarizer 10 is constituted of a TAC base
film 12 and a polarizing layer 11 formed on the surface of the
TAC base film 12. The front side polarizer 30 is constituted of
a TAC base film 31 and a polarizing layer 32. The TAC base
films 12 and 31 are disposed at positions inner than the polar-
izing layers 11 and 32 (on the liquid crystal cell 20 side). An
in-plane retardation Re of each of the TAC base films 12 and
311is 3 nm, and a thickness direction retardation Rth is 50 nm.
Outer surfaces of the polarizing layers 11 and 32 are covered
with a protective film made of TAC or the like.

[0095]  As the negative biaxial films 15 and 25, for example,
anorbornene based COP film subjected to a biaxial stretching
process may be used. The optical characteristics of both the
films were set equal to each other. Namely, an in-plane retar-
dation Rel of the biaxial film 15 is equal to an in-plane
retardation Re2 of the biaxial film 25, and a thickness direc-
tion retardation Rthl of the biaxial film 15 is equal to a
thickness direction retardation Rth2 of the biaxial film 25.
[0096] A backlight is disposed outside the rear side polar-
izer 10, and the liquid crystal display unit is visually observed
from the side of the front side polarizer 30.

[0097] Azimuth angles are defined in such a manner that in
a state that the liquid crystal display unit is observed from the
front side, right and left are at 0° and 180° and up and down
are at 90° and 270°, respectively. Azimuths of an absorption
axis 11 and an in-plane slow axis 12s of the rear side polar-
izer 10 are set to 45°, and azimuths of an absorption axis 32a
and an in-plane slow axis 31s of the front side polarizer 30 are
set to 135°.

[0098] An in-plane slow axis 15s of the negative biaxial
film 15 disposed on the rear side is set to an azimuth perpen-
dicular to the absorption axis 11a of the nearby rear side
polarizer 10, i.e., to anazimuth of 135°. An in-plane slow axis
255 of the negative biaxial film 25 disposed on the front side
is set to an azinuth perpendicular to the absorption axis 32a
ofthe nearby front side polarizer 30, 1.e., to an azimuth 0f45°.
[0099] An azimuth of pretilt of the liquid crystal material
23 of the liquid crystal cell 20 is set to 90°.

[0100] The relation between a transmittance and an in-
plane retardation Re of the biaxial film when observing the
liquid crystal display unit in a black state at a viewing angle of
45° is calculated by simulation, at retardations And of 360
nm, 600 nm and 900 nm.

[0101] FIG. 2 shows simulation results. The abscissa rep-
resents retardations Rel and Re2 of the biaxial films 15 and
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25 in the unit of “nm”, and the ordinate represents a transmit-
tance in the unit of “%”. Each of the thickness direction
retardations Rth1 and Rth2 of the biaxial films 15 and 25 is set
t0 110 nm, 220 nm and 300 nm at the retardations And of the
liquid crystal cell 20 of 360 nm, 600 nm and 900 nm, respec-
tively.

[0102] Asolidline in FIG. 2 indicates a transmittance when
observed along a visual line inclined by 45° toward the azi-
muth of 180°, and a broken line indicates a transmittance
when observed along a visual line inclined by 45° toward the
azimuth of 0°. The reason why the transmittance is different
between the azimuths of 0° and 180° is that the pretilt angle of
the liquid crystal cell 20 was set to 89.9°. If the pretilt angle is
90°, i.e., if the liquid crystal molecules are strictly aligned
vertically, the transmittances at the azimuths of 0° and 180°
are equal to each other.

[0103] A contrast can be increased by selecting the in-plane
retardations Rel and Re2 of the biaxial films 15 and 25 so as
10 minimize the transmittance. It can be understood that the
in-plane retardations Rel and Re2 minimizing the transmit-
tance depend on the retardation And of the liquid crystal cell
20. A biaxial film having a different in-plane retardation Re
could be used for a liquid crystal cell having a different
retardation. Generally, the optimum retardation And of the
liquid crystal cell 20 depends upon the multiplex driving duty
conditions, so the retardation And of liquid crystal cell 20 is
determined based on the duty condition. It is therefore nec-
essary to use a negative biaxial film having different optical
characteristics for a liquid crystal display unit by different
duty conditions.

[0104] FIG. 3 is a schematic diagram showing a conven-
tional liquid crystal display unit which performs viewing
angle compensation by using a negative biaxial film and a
negative C plate. In the example shown in FIG. 3, an optical
film is not disposed between the rear side polarizer 10 and the
liquid crystal cell 20, whereas a negative C plate 26 and a
negative biaxial film 27 are sequentially disposed between the
front side polarizer 30 and liquid crystal cell 20 from the
liquid crystal cell 20 toward the front side polarizer 30. An
in-plane slow axis 27s of the negative biaxial film 27 is
perpendicular to an absorption axis 32a of the front side
polarizer 30. Namely, an azimuth of the in-plane slow axis
27s1s 45°. Other structures are the same as those of the liquid
crystal display unit shown in FIG. 1.

[0105] FIG. 4 shows results of the same simulation as those
shown in FIG. 2. A thickness direction retardation Rth4 of the
biaxial film 27 is set to 220 nm. A thickness direction retar-
dation Rth3 of the negative C plate 26 is set to 0 nm, 220 nm
and 440 nm at the retardations And of the liquid crystal cell 20
of 360 nm, 600 nm and 900 nm, respectively. The C plate
having the thickness direction retardation Rth3 of 0 nm is a
transparent plate having no optical anisotropy.

[0106] The transmittance is minimum at an in-plane retar-
dation Red4 of the negative biaxial film 20 of about 50 nm,
irrespective of retardation And of the liquid crystal cell 20. It
1s therefore possible to adopt negative biaxial films having the
same optical characteristics for a plurality of liquid crystal
display units having different retardations And of the liquid
crystal cell 20. Further, the negative biaxial film and C plate
used for the liquid crystal display unit whose liquid crystal
cell 20 has a retardation And of 360 nm or smaller can be used
in common. It is therefore possible to reduce cost.

[0107] The C plate 26 and negative biaxial film 27 are
disposed between the front side polarizer 30 and liquid crystal
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cell 20 in the example shown in FIG. 3. Ithas been confirmed
from simulations that the similar effects can be obtained even
if one of the C plate 26 and negative biaxial film 27 is disposed
between the front side polarizer 30 and liquid crystal cell 20
and the other is disposed between the rear side polarizer 10
and liquid crystal cell 20. A liquid crystal display unit was
really manufactured, and it has been confirmed that the simu-
lation analysis results are satisfied.

[0108] Itis however difficult to realize the C plate 26 having
an in-plane retardation Re of 0 in a wide range.

First Embodiment

[0109] FIG. 5 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to the first
embodiment. No optical film is disposed between a rear side
polarizer 10 and a liquid crystal cell 20. A first optical film 40
and a second optical film 41 are disposed between a front side
polarizer 30 and liquid crystal cell 20. The first optical film 40
is disposed on the side of the front side polarizer 30, and the
second optical film 41 is disposed on the side of the liquid
crystal cell 20. Other structures are the same as those of the
liquid crystal display unit shown in FIG. 1.

[0110] A negative biaxial film or a positive A plate is used
as the first optical film 40 and second optical film 41. Namely,
the first optical film 40 and second optical film 41 have optical
anisotropy satisfying nx>ny=nz. In-plane retardations Re5
and Re6 of the first optical film 40 and second optical film 41
were both set to 50 nm. Viewing angle characteristics were
obtained by simulation by various azimuths of an in-plane
slow axis 40s of the first optical film 40 and an in-plane slow
axis 41s of the second optical film 41.

[0111] FIGS. 7A to 7C show viewing angle characteristics
with respect to the right/left directions at the retardations And
of the liquid crystal cell of 320 nm, 600 nm and 765 nm. The
abscissa represents a viewing angle in the unit of “degree (°)”,
and the ordinate represents a transmittance in the unit of “%”.
The “viewing angle” is an angle between a normal of the
substrate surface of the liquid crystal display unit and a visual
line. In FIGS. 7A to 7C, a viewing angle inclined toward the
azimuth of 0° (right side) has a positive sign, and a viewing
angle inclined toward the azimuth angle of 180° (left side) has
a negative sign.

[0112] A thickness direction retardation Rth5 of the first
optical film 40 and a thickness direction retardation Rthé of
the second optical film 41 were equal to each other, and had
110 nm, 220 nm and 300 nm at the retardations And of the
liquid crystal cell of 320 nm, 600 nm and 765 nm, respec-
tively. The liquid crystal cell 20 in a black state functions as
nearly a positive C plate. The thickness direction retardations
of the first optical film 40 and second optical film 41 are
determined mainly in such a manner that the function of the
liquid crystal cell 20 as a positive C plate is compensated.
[0113] FIG. 6A shows the case wherein azimuths of the
slow axes 40s and 41s are both set to 45°. FIG. 6B shows the
case wherein the azimuths of the slow axes 40s and 415 are se
to 45° and 135°, respectively. FIG. 6C shows the case wherein
the azimuths of the slow axes 40s and 41s are set to 135° and
45°, respectively. F1IG. 6D shows the case wherein azimuths
of the slow axes 40s and 41s are both set to 135°. FIG. 6E
shows the case wherein the azimuths of the slow axes 40s and
41s are set to 0° and 90°, respectively.

[0114] Curves ato e in FIGS. 7A to 7C indicate transmit-
tances of the arrangements shown in FIGS. 6A to 6E, respec-
tively. As shown in FIG. 6C, irrespective of retardation And of
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the liquid crystal cell, the best viewing angle characteristics
can be obtained by setting the azimuth of the slow axis 40s of
the first optical film 40 to 135° and setting the azimuth of the
slow axis 41s of the second optical film 41 to 45°. Further, as
shown in FIG. 6E, relatively good viewing angle character-
istics can be obtained by setting the azimuth of the slow axis
405 of'the first optical film 40 to 0° and setting the azimuth of
the slow axis 41s of the second optical film 41 to 90°.

[0115] Further, as shown in FIG. 6D, irrespective of retar-
dation And of the liquid crystal cell 20, the viewing angle
characteristics are worst by setting the azimuths of the slow
axis 40s of the first optical film 40 and the slow axis 415 of the
second optical film 41 both to 135°. As shown in FIG. 6A, the
viewing angle characteristics are relatively bad by setting the
azimuths of the slow axis 40s of the first optical film 40 and
the slow axis 41s of the second optical film 41 both to 45°.

[0116] Tt can be predicted from the above-described evalu-
ation results that it is preferable that the slow axis 40s of the
first optical film 40 and the slow axis 415 of the second optical
film 41 are made perpendicular to each other.

[0117] Viewing angle characteristics were obtained by
simulation by changing the azimuth of a slow axis while the
slow axis 405 of the first optical film 40 and the slow axis 415
of the second optical film 41 are maintained perpendicular to
each other.

[0118] FIGS. 8A to 8C show simulation results. The
abscissa represents an azimuth of the slow axis 405 of the first
optical film 40 in the unit of “degree (°)”, and the ordinate
represents a transmittance in the unit of “%”. FIGS. 8A to 8C
show evaluation results at the retardations And of the liquid
crystal cell 20 of 320 nm, 600 nm and 765 nm, respectively. In
all cases, an azimuth of inclining a visual line was set to 0°,
and a viewing angle was set to 50°.

[0119] A thickness direction retardation Rth5 of the first
optical film 40 and a thickness direction retardation Rthé of
the second optical film 41 were 110 nm, 220 nm and 300 nm
atthe retardations And of the liquid crystal cell of 320 nm, 600
nm and 765 nm, respectively, as in the case of the simulation
shown in FIGS. 7A to 7C. An in-plane retardation Re5 of the
first optical film 40 and an in-plane retardation Re6 of the
second optical film 41 were set equal to each other, and a
transmittance was obtained by changing the in-plane retarda-
tion in the range of 30 nm to 140 nm.

[0120] Asthe azimuth of the slow axis 40s s set to 0° (180°)
and 90°, the transmittance becomes independent on the in-
plane retardations Re5 and Re6. The simulation results sug-
gest that the in-plane retardations of the first optical film 40
and second optical film 41 are cancelled out and only the
thickness direction retardations are workable. Namely, it can
be considered that a combination of the first optical film 40
and second optical film 41 has the same function as that of the
C plate.

[0121] When the azimuth of the slow axis 40s of the first
optical film 40 is in a range between 90° and 180°, i.e., when
an angle between the absorption axis 32a of the front side
polarizer 30 and slow axis 40s is 45° or smaller, a transmit-
tance becomes relatively low. In order to obtain a high con-
trast, it is therefore preferable to set the angle between the
absorption axis 32a of the front side polarizer 30 and slow
axis 40s to 45° or smaller. This preferable condition is appli-
cable when the retardation And of the liquid crystal cell 20 is
in a range between 300 nm and 1500 nm, when the in-plane
retardation of each of the optical films 40 and 41 is 300 nm or
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smaller and when the thickness direction retardation is in a
range between 50 nm and 300 nm.

[0122] When the in-plane retardations Re5 and Re6 of the
first optical film 40 and second optical film 41 are in a range
between 30 nm and 70 nm, there is a tendency that a trans-
mittance lowers in a range between 90° and 180° (i.e., when
the angle between the absorption axis 32a and slow axis 40s
of the front side polarizer 30 is 45° or smaller) of the azimuth
of the slow axis 40s of the first optical film 40. The transmit-
tance becomes lowest particularly when the azimuth of the
slow axis 40s is near at 135°. It has been confirmed that the
above-described preferred condition is applicable when the
thickness direction retardations Rth5 and Rth6 of the optical
films 40 and 41 are in a range between 110 nm and 300 nm.
[0123] When the in-plane retardations Re5 and Re6 of the
first optical film 40 and second optical film 41 are in a range
between 100 nm and 140 nm, the transmittance takes a maxi-
mum value near at 135° with respect to the azimuth of the
slow axis 40s and takes a minimum value in a range between
90° and 135° or in a range between 135° and 180° with respect
to the azimuth of the slow axis 40s. There is a tendency thata
transmittance lowers in a range between 90° and 120° orin a
range between 150° and 180° with respect to the azimuth of
the slow axis 40s of the first optical film 40 (i.e., when the
angle between the absorption axis 32a of the front side polar-
izer 30 and slow axis 40s is 15° or larger and 45° or smaller).
A still lower transmittance can be obtained when the azimuth
of the slow axis 40s is set in a range between 160° and 175°.
It has been confirmed that the above-described preferred con-
dition 1s applicable when the thickness direction retardations
Rth5 and Rthé of the optical films 40 and 41 are in a range
between 110 nm and 300 nm. The above-described preferred
condition is applicable also in a range between 140 nm and
300 nm with respect to the in-plane retardations Re5 and Re6
of the optical films 40 and 41.

[0124] Generally, in a case where a liquid crystal display
unit is observed along a visual line inclined toward the azi-
muth parallel to the absorption axis of a polarizer, better
viewing angle characteristics can be obtained than a case
where the liquid crystal display unitis observed along a visual
line inclined toward the azimuth that has 45° relative to the
absorption axis (to the right and left side in the first embodi-
ment). Under the preferred condition described with refer-
ence to FIGS. 8A 10 8C, it can be predicted that good viewing
angle characteristics obtained when inclining the visual line
to the azimuth parallel to the absorption axis of a polarizer,
can be obtained even when inclining the visual line to the
right/left direction.

[0125] FIGS. 7A to 8C show the case where the optical
films 40 and 41 have the same optical characteristics. Next,
description will be made on a case whete in-plane retarda-
tions of the optical films are different from each other.
[0126] FIG. 9 shows simulation results of viewing angle
dependency of a transmittance when the in-plane retardation
Re5 of the first optical film 40 is changed in a range between
30 nm and 80 nm. The abscissa represents a viewing angle in
the unit of “degree (°)” along which the liquid crystal display
unit is observed, and the ordinate represents a transmittance
in the unit of “%”. A retardation And of the liquid crystal cell
20 is set to 600 nm, and thickness direction retardations Rth5
and Rth6 ofthe first optical film 40 and second optical film 41
are both set to 220 nm. An in-plane retardation Re6 of the
second optical film 41 is set to 50 nm. An azimuth of the slow
axis 40s of the first optical film 40 is set to 135° and an
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azimuth of the slow axis 41s of the second optical film is set
to 45° namely the arrangement shown in FIG. 6C being
adopted.

[0127] When there is a large difference between the in-
plane retardation Re5 of the first optical film 40 and the
in-plane retardation Re6 of the second optical film 41, there
appears a rise in the transmittance starting from a relatively
shallow viewing angle of about 10° to 20°. When the in-plane
retardation Re5 of the first optical film 40 is equal to the
in-plane retardation Re6 of the second optical film 41, the
transmittance starts rising at a viewing angle of 20°. However,
arising degree is small and the transmittance starts lowering
as the viewing angle exceeds 30°. When the in-plane retarda-
tion Re5 of the first optical film 40 is 60 nm, the transmittance
will not rise until the viewing angle reaches 40°.

[0128] Degradation of the viewing angle characteristics is
small when a difference is 10 nm or smaller between each of
the in-plane retardations Re3 and Re6 of the optical films 40
and 41 and an average of the in-plane retardations of the two
optical films 40 and 41.

[0129] In the above-described first embodiment, although
the negative biaxial film is used as the first and second optical
films 40 and 41, a positive A plate may be used instead of the
negative biaxial film.

[0130] From the viewpoint of compensating a positive
thickness direction retardation of the liquid crystal cell 20 in
a black state, it is preferable that a total of the thickness
direction retardation Rth5 of the first optical film 40 and the
thickness direction retardation Rthé of the second optical film
41 falls in a range between 0.5 times and 1 time as large as the
retardation And of the liquid crystal cell 20 (between half of
the retardation And and the retardation And).

[0131] When being applied to an actual liquid crystal dis-
play unit, the first optical film 40 and second optical film 41
having the same optical anisotropy are preferably adopted
from the viewpoint of reducing the number of types of com-
ponents.

[0132] Liquid crystal display units having the structure
shown in FIG. 5 are manufactured and the viewing angle
characteristics are evaluated in order to confirm validity of the
simulation results.

[0133] A first sample is a liquid crystal display unit in
which a retardation And of the liquid crystal cell 20 is 608 nm,
in-plane retardations Re5 and Re6 of the first optical film 40
and second optical film 41 are both 50 nm, and thickness
direction retardations RthS and Rthé are both 220 nm. An
azimuth of the slow axis 40s of the first optical film 40 is set
to 135°, and an azimuth of the slow axis 41s of the second
optical film 41 is set to 45°. This sample corresponds to a
sample represented by the curve ¢ in FIGS. 7B and 7C.
[0134] When voltage is not applied and a visual line is
inclined toward the right/left direction, a good black state
hardly having optical leak is able to be obtained up to a
viewing angle of 50°. As the viewing angle is increased,
optical leak is observed and a tendency similar to the simu-
lation results is observed.

[0135] A second sample is a liquid crystal display unit in
which aretardation And of the liquid crystal cell 20 is 430 nm,
in-plane retardations Re5 and Re6 of the first optical film 40
and second optical film 41 are both 120 nm, and thickness
direction retardations Rth5 and Rth6 are both 160 nm.
[0136] An azimuth of the slow axis 40s of the first optical
film 40 is set to 90°, and an azimuth of the slow axis 41s of the
second optical film 41 is set to 0°. In this case, a good black
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state hardly having optical leak is able to be obtained up to a
viewing angle of 25° toward the right/left direction. The lig-
uid crystal display unit is observed along a visual line at a
viewing angle of 50° and at azimuth angles of 0° and 180°
(i.e., right/left azimuths), while the perpendicular conditions
of the slow axes of the two optical films 40 and 41 were
maintained and the first optical film 40 and second optical
film 41 were rotated. A phenomenon that the transmittance
becomes lowest has been confirmed when the azimuth of the
slow axis 40s is set to 160° and the azimuth of the slow axis
41s is set to 70°. This phenomenon corresponds to the case
wherein a minimum value is obtained at an azimuth of the
slow axis 40s near at 160° to 170° when the in-plane retarda-
tions Re5 and Re6 are 120 nm in FIGS. 8A to 8C.

Second Embodiment

[0137] FIG. 10 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to the
second embodiment. In the first embodiment, although two
optical films are disposed between the front side polarizer 30
and liquid crystal cell 20, in the second embodiment, three
negative biaxial films are disposed, i.e., a first optical film 40,
a second optical film 41 and a third optical film 42. Other
structures are the same as those of the first embodiment.
[0138] FIG. 11 shows simulation results of the viewing
angle characteristics of the liquid crystal display device of the
second embodiment. The abscissa represents a viewing angle
in the unit of “degree (°)”, and the ordinate represents a
transmittance in the unit of “%”. A retardation And of the
liquid crystal cell 20 is set to 900 nm, in-plane retardations
Re7 to Re9 of the first to third optical films 40 to 42 are all set
to 50 nm, and thickness direction retardations Rth7 to Rth9
are all set to 220 nm. An azimuth ®7 of a slow axis 40s of the
first optical film 40 is set to 45°. A viewing angle dependency
of atransmittance is calculated for various combinations of an
azimuth @8 of a slow axis 41s of the second optical film 41
and an azimuth ®9 of a slow axis 42s of the third optical film
42.

[0139] It has been found that good viewing angle charac-
teristics are obtained by setting the azimuth ®8 of the slow
axis 41s of the second optical film 41 to 0° and the azimuth ®9
of the slow axis 42s of the third optical film 42 to 90°.
[0140] A transmittance is obtained when the azimuth @8 of
the slow axis 42s of the third optical film 42 is changed, while
maintaining the perpendicular conditions between the slow
axis 41s of the second optical film 41 and the slow axis 425 of
the third optical film 42.

[0141] FIG. 12 shows the results. The abscissa represents
the azimuth @8 of a slow axis 41s of the second optical film
41 in the unit of “degree (°)”, and the ordinate represents a
transmittance in the unit of “%”. An azimuth of a visual line
is set to 0°, and a viewing angle is set to 50°. It can be
understood that as the azimuth ®8 of the slow axis 415 is set
in a range between 90° and 180°, a transmittance becomes
lower than in a range between 0° and 90°.

[0142] TItis difficult to adhere two optical films precisely so
as to make the slow axes cross perpendicularly, and the slow
axes sometimes shift from the perpendicular relation. In the
following, consideration will be made on the influence of a
shift from the perpendicular relation between the slow axis
41s of the second optical film 41 and the slow axis 425 of the
third optical film 42.

[0143] When the slow axis 415 ofthe second optical film 41
and the slow axis 42s of the third optical film 42 are disposed
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parallel or perpendicular to the absorption axes 32q and 11a
ofthe front side and rear side polarizers, optical anisotropy of
the second and third optical films 41 and 42 is hard to be
observed. Therefore, even if the slow axis 41s and slow axis
425 shift from the perpendicular relation, its influence is
small. For example, a transmittance will not vary remarkably
when observing squarely.

[0144] However, when the slow axis 41s and slow axis 42s
are disposed at an angle of 45° relative to the absorption axes
32aand 11a of the polarizers, optical anisotropy of the second
and third optical films 41 and 42 is observed remarkably.
Therefore, if the slow axis 415 and slow axis 42s shift from the
perpendicular relation even by 0.5° a transmittance when
observing squarely rises greatly, resulting in a lowered con-
trast.

[0145] Itistherefore preferable to dispose the slow axis 41s
ofthe second optical film 41 and the slow axis 42s of the third
optical film 42 parallel or perpendicular to the absorption axes
32a and 11a of the front side and rear side polarizers.

[0146] Similar simulation is conducted by setting the azi-
muth @7 of the slow axis 40s of the first optical film 40 to 135°
and changing the azimuths of the slow axis 41s of the second
optical film 41 and the slow axis 42s of the third optical film
42. Tt has been found from the simulation results that it is
favorable that the azimuth @7 of the slow axis 40s of the first
optical film 40 is set to 45°. It can be understood from this that
it is more preferable to dispose the absorption axis 32a of the
front side polarizer 30 and the slow axis 40s of the first optical
film 40 at an angle therebetween that is in a range between 45°
and 135°, than to dispose both the axes in parallel. This
preferable condition is applicable when the retardation And of
the liquid crystal cell 20 is in a range between 550 nm and
1500 nm, when the in-plane retardation of each of the optical
films 40 to 42 is in a range between 30 nm and 300 nm and
when the thickness direction retardation is in a range between
50 nm and 300 nm.

[0147] Simulation of the viewing angle characteristics is
conducted by changing a combination of the in-plane retar-
dations Re7 to Re9 of the first to third optical films 40 to 42.
It has been found from the simulation results that it is prefer-
able to set all the in-plane retardations Re7 to Re9 equal to
each other. It has also been found that the viewing angle
characteristics not inferior to the case wherein all the in-plane
retardations Re7 to Re9 are equal, can be obtained when there
is a difference not larger than 10 nm between each of the
in-plane retardations Re7 to Re9 and an average of the retar-
dations Re7 to Re9.

[0148] 1t is preferable that the in-plane retardation Re7 of
the first optical film 40 disposed nearest to the front side
polarizer 30 is set to 30 nm to 80 nm. Regarding the thickness
direction retardations, although it is not necessary for the
optical films 40 to 42 to have the same value, it is preferable
that a total of the thickness direction retardations of the three
optical films 40 to 42, i.e., Rth7+Rth8+Rth9, falls in a range
between 0.5 times and 1 time the retardation And of the liquid
crystal cell 20 (between half of the retardation And and the
retardation And).

[0149] A liquid crystal display unit is manufactured in
which a retardation And of the liquid crystal cell is about 900
nm, in-plane retardations Re7 to Re9 of the three optical films
4010 42 are all 50nm, thickness direction retardations Rth7 to
Rth9 are all 220 nm, and azimuths ®7 to ®9 of the slow axes
are 45°, 135° and 45°, respectively. The viewing angle char-
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acteristics of the liquid crystal display unit are actually mea-
sured and it is confirmed that the above-described simulation
results are almost satisfied.

Third Embodiment

[0150] FIG. 13 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to the third
embodiment. In the second embodiment, although three opti-
cal films 40 to 42 are disposed between the front side polarizer
30 and liquid crystal cell 20, in the third embodiment, a fourth
optical film 43 having negative biaxial anisotropy is disposed
between the first optical film 40 and front side polarizer 30.
Four optical films 40 to 43 in total are therefore disposed.
[0151] A retardation And of the liquid crystal cell is set to
1180 nm, in-plane retardations Re7 to Rel0 of the first to
fourth optical films 40 to 43 are all set to 50 nm, and thickness
direction retardations Rth7 to Rth10 are all set to 220 nm.
Simulation of the viewing angle characteristics is conducted
for various combinations of azimuths of in-plane slow axes of
the optical films 40 to 43. It has been found from the simula-
tion results that the best viewing angle characteristics can be
obtained by making the in-plane slow axes of adjacent two
optical films perpendicular to each other and disposing the
in-plane slow axes 43s of the fourth optical film 43 nearest to
the front side polarizer 30 to be parallel to the absorption axis
32q of the front side polarizer 30. It has also been found that
relatively good viewing angle characteristics can be obtained
by setting an angle between the in-plane slow axis 43s of the
fourth optical film 43 and the absorption axis 32a of the front
side polarizer 30 to 45° or smaller than 45°.

[0152] If a negative biaxial film is further laminated, the
retardation And of the liquid crystal layer can be compen-
sated. However, in order to maintain a good display state
when voltage is applied, it is preferable to set the retardation
And of the liquid crystal layer to 1500 nm or smaller than
1500 nm.

[0153] Next, amodification of the third embodiment will be
described. In the third embodiment, although four optical
films 40 to 43 are disposed between the liquid crystal cell 20
and front side polarizer 30 as shown in FIG. 13, in the modi-
fication, five optical films are disposed. A retardation And of
the liquid crystal layer is set to 1480 nm, and the in-plane
retardation and thickness direction retardation of each optical
film are set to be the same as the third embodiment.

[0154] Simulation of the viewing angle characteristics is
conducted for various combinations of azimuths of in-plane
slow axes of the optical films. It has been found from the
simulation results that the best viewing angle characteristics
can be obtained by making the in-plane slow axes of adjacent
two optical films perpendicular to each other and disposing
the in-plane slow axes of the optical film nearest to the front
side polarizer 30 to be perpendicular to the absorption axis
32a of the front side polarizer 30. It has also been found that
relatively good viewing angle characteristics can be obtained
when an angle between the in-plane slow axis of the optical
film nearest to the front side polarizer 30 and the absorption
axis 32a of the front side polarizer 30 is in a range between
45° and 135°.

[0155] It can be understood from the above-described
simulation results that if the number of positive A plates or
negative biaxial films disposed between the liquid crystal cell
and front side polarizer is even, it is preferable to set an angle
between the in-plane slow axis of the optical film nearest to
the front side polarizer and the absorption axis of the front
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side polarizer in a range between -45° to 45°, or more pref-
erable to set the angle to 0°. It can also be understood that if
the number is odd and larger than 3, it is preferable to set an
angle between the in-plane slow axis of the optical film near-
est to the front side polarizer and the absorption axis of the
front side polarizer in a range between 45° and 135°, or more
preferable to set the angle to 90°. Ineither case, it is preferable
to dispose the in-plane slow axes of adjacent optical films to
be perpendicular to each other.

Fourth Embodiment

[0156] FIG. 14 is a schematic diagram showing the outline
structure of a liquid crystal display unit according to the
fourth embodiment. A first optical film 40 and a second opti-
cal film 41 are disposed between a front side polarizer 30 and
liquid crystal cell 20. The first optical film 40 is disposed on
the side of the front side polarizer 30, and the second optical
film 41 is disposed on the side of the liquid crystal cell 20. A
third optical film 42 is disposed between a rear side polarizer
10 and liquid crystal cell 20. The structures of the rear side
polarizer 10, liquid crystal cell 20 and front side polarizer 30
are the same as those of the liquid crystal display unit shown
in FIG. 1.

[0157] A retardation And of'the liquid crystal cell 20 is, for
example, 410 nm. A negative biaxial film or a positive A plate
is used as the first to third optical films 40 to 42. Namely, the
first to third optical films 40 to 42 have optical anisotropy
satisfying nx>ny=nz. In-plane retardations Re5 to Re7 of the
first to third optical films 40 to 42 are, for example, 50 nm, and
thickness direction retardations Rth5 to Rth7 are, for
example, 90 nm.

[0158] An azimuth ofanabsorption axis 11a of the rear side
polarizer 10 is setto 45°, and an azimuth of an absorption axis
32a of the front side polarizer 30 is set to 135°. An in-plane
slow axis 415 of the second optical film 41 and an in-plane
slow axis 42s of the third optical film 42 are disposed to be
perpendicular to each other. A transmittance is obtained by
simulation by setting an azimuth angle ®5 of a slow axis 40s
of the first optical film 40 to 45° and 135° and changing an
in-plane slow axis azimuth ®6 of the second optical film in a
range between 0° and 180°.

[0159] FIG. 15 shows simulation results. The abscissa rep-
resents an in-plane slow axis direction ®6 in the unit of
“degree (°)”, and the ordinate represents a transmittance in
the unit of “%”. The transmittance is obtained through obser-
vation under the conditions of an azimuth of 0° and a viewing
angle of 50°. The “viewing angle” is defined as an angle
between a normal direction of a liquid crystal cell and a visual
line.

[0160] There is a tendency that a transmittance lowers in a
range between 10° and 20° and in a range between 80° and
90° with respect to the in-plane slow axis azimuth @6, at the
in-plane slow axis azimuth ®5 of 45°. On the other hand,
there is a tendency that a transmittance lowers in a range
between 30° and 60° with respect to the in-plane slow axis
azimuth ®6 at the in-plane slow axis azimuth ®5 0f 135°. The
simulation results shown in FIG. 15 are obtained through
observation at a visual line inclined toward the azimuth of 0°.
The all-around viewing angle characteristics are calculated
next.

[0161] Simulation results of the all-around viewing angle
characteristics are shown in FIGS. 16A to 16D. FIGS. 16A to
16D show equi-transmittance curves. A center indicates a
transmittance at a viewing angle of 0°, i.e., when facing
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squarely, and four concentric circles correspond to the trans-
mittances at viewing angles of 20°, 40°, 60° and 80° sequen-
tially from the innermost circle toward the outer circle. Right,
upper, left and lower directions correspond to azimuths of 0°,
90°, 180° and 270°, respectively. Transmittances indicated by
the equi-transmittance curves are 0.02%, 0.05%, 0.1%, 0.2%,
0.5% and 1% sequentially from the innermost curve toward
the outer curve.

[0162] FIG.16A shows the viewing angle characteristics at
in-plane slow axis azimuths of ®5=45° and ®6=90°, FIG.
16B shows the viewing angle characteristics at in-plane slow
axis azimuths of ®5=135° and ®6=30°, FIG. 16C shows the
viewing angle characteristics at in-plane slow axis azimuths
of ®5=135° and ®6=45°, and FIG. 16D shows the viewing
angle characteristics at in-plane slow axis azimuths of
®5=135° and P6=60°.

[0163] Although the viewing angle characteristics in the
upper, lower, right and left azimuths are relatively good at the
in-plane slow axis azimuths ®5 and ©6 0f45° and 90, respec-
tively, an increase in the transmittance is remarkable when the
visual line is inclined toward the azimuths of 45° and 135°.
Simulation is conducted for the other conditions that a trans-
mittance lowers at the in-plane slow axis azimuth ®5 0f 45°,
i.e., for the conditions of the in-plane slow axis azimuth ®6 of
15°, and similar to the case of the in-plane slow axis azimuth
@6 of 90°, it has been found that an increase in the transmit-
tance is remarkable when the visual line is inclined toward the
azimuths 0f 45° and 135°, In contrast, as shown in FIGS. 16B
to 16D, at the in-plane slow axis azimuth ®5 of 135°, an
increasing tendency of the transmittance when the visual line
is inclined toward the azimuths of 45° and 135° is small.
Particularly at the in-plane slow axis azimuth ®6 0 45°, ithas
been found that an increase in the transmittance, when the
visual line is inclined toward the azimuths of 45° and 135°, is
extremely small.

[0164] FIG. 17 shows simulation results of transmittances
when the in-plane retardations Re5 to Re7 of the first to third
optical films 40 to 42 are changed under the conditions in
which these in-plane retardations Re5 to Re7 are equal to one
another. Simulation is conducted at each of the in-plane retar-
dations Re5 to Re7 of 30 nm, 50 nm, 70 nm, 100 nm and 120
nm. The in-plane slow axis azimuth @5 is set to 135°, and the
in-plane slow axis 41s of the second optical film 41 and the
in-plane slow axis 42s of the third optical film 42 are perpen-
dicular to each other. The abscissa of FIG. 17 represents an
in-plane slow axis azimuth @6 in the unit of “degree (°)”, and
the ordinate represents a transmittance in the unit of “%”. The
transmittance is observed along a visual line of an azimuth of
0° and a viewing angle of 50°.

[0165] When the in-plane retardations Re5 to Re7 are
smaller than 50 nm, there is a tendency that the transmittance
takes a minimum value near at an in-plane slow axis azimuth
@6 of 45°. On the other hand, when the in-plane retardations
Re5 to Re7 are larger than 50 nm, the transmittance takes a
minimum value near at an in-plane slow axis azimuth ®6 of
30° and 60° and a maximum value near at an in-plane slow
axis azimuth @6 of 45°. As the in-plane retardations Re5 to
Re7 become larger than 50 nm, the transmittance increases
with this tendency being maintained. As seen from these
evaluation results, it is preferable to set the in-plane retarda-
tions Re5 to Re7 in a range between 30 nm and 70 nm in order
to obtain relatively good viewing angle characteristics.
[0166] FIG. 18 shows simulation results of viewing angle
characteristics when the in-plane retardation Re5 of the first
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optical film 40 is different from the in-plane retardations Re6
and Re7 of the second and third optical films 41 and 42. The
abscissa represents a slow axis azimuth ®6 of the second
optical film 41 in the unit of “degree (°)”, and the ordinate
represents a transmittance in the unit of “%”. The transmit-
tance is observed along a visual line of an azimuth of 0° and
aviewing angle of 50°. The in-plane retardations Re6 and Re7
of the second and third optical films 41 and 42 are both set to
50 nm.

[0167] It canbe seen that the transmittances change almost
similarly at least in a range between 30 nm and 70 nm with
respect to the in-plane retardation Re5. A low transmittance is
obtained in a range between 30° and 60° with respect to the
in-plane slow axis azimuth ®6 of the second optical film 41.
These evaluation results indicate that the viewing angle char-
acteristics are notinfluenced greatly even if the in-plane retar-
dation Re5 of the first optical film 40 is not uniform in the
in-plane and varies in a range between 30 nm and 70 nm.
[0168] FIG. 19 shows simulation results of viewing angle
characteristics when the in-plane retardation Re7 of the third
optical film 42 is different from the in-plane retardations Re5
and Re6 of the first and second optical films 40 and 41. The
abscissa represents a slow axis azimuth ®6 of the second
optical film 41 in the unit of “degree (°)”, and the ordinate
represents a transmittance in the unit of “%”. The transmit-
tance is observed along a visual line of an azimuth of 0° and
aviewing angle of 50°. The in-plane retardations Re5 and Re6
ofthe first and second optical films 40 and 41 were both set to
50 nm.

[0169] The transmittances change almost similarly at least
in a range between 30 nm and 70 nm with respect to the
in-plane retardation Re7. A low transmittance is obtained in a
range between 30° and 60° with respect to the in-plane slow
axis azimuth ®6 of the second optical film 41. These evalu-
ation results indicate that the viewing angle characteristics are
not influenced greatly even if the in-plane retardation Re7 of
the third optical film 42 is not uniform in the in-plane and
varies in a range between 30 nm and 70 nm.

[0170] FIG. 20 shows simulation results of viewing angle
characteristics when the in-plane retardation Re6 of the sec-
ond optical film 41 is different from the in-plane retardations
Re5 and Re7 of the first and third optical films 40 and 42. The
abscissa represents a slow axis azimuth ®6 of the second
optical film 41 in the unit of “degree (°)”, and the ordinate
represents a transmittance in the unit of “%”. The transmit-
tance is observed along a visual line of an azimuth of 0° and
aviewing angle of 50°. The in-plane retardations Re5 and Re7
of the first and third optical films 40 and 42 are both set to 50
nm.

[0171] The transmittances change almost similarly at least
in a range between 30 nm and 70 nm with respect to the
in-plane retardation Re6. A low transmittance is obtained in a
range between 30° and 60° with respect to the in-plane slow
axis azimuth @6 of the second optical film 41. These evalu-
ation results indicate that the viewing angle characteristics are
not influenced greatly even if the in-plane retardation Re6 of
the second optical film 41 is not uniform in the in-plane and
varies in a range between 30 nm and 70 nm.

[0172] It can be considered from the above-described
analysis results that it is preferable to set the in-plane slow
axis azimuth @5 of the first optical film 40 to 135° in order to
realize good viewing angle characteristics. Namely, it is pref-
erable that the in-plane slow axis 40s of the first optical film
40 and the absorption axis 32a of the front side polarizer 30
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are disposed to be parallel to each other. In this case, the
in-plane slow axis azimuth ®6 ofthe second optical film 41 is
preferably set in a range between 30° and 60°. Namely, it is
preferable that an angle between the in-plane slow axis 415 of
the second optical film 41 and the absorption axis 32a of the
front side polarizer 30 is set in a range between 75° and 105°.
It is preferable that the in-plane slow axis 41s of the second
optical film 41 and the in-plane slow axis 42s of the third
optical film 42 are disposed to be perpendicular to each other.
The in-plane axis retardations Re5 to Re7 of the first to third
optical films 40 to 42 are preferably set in a range between 30
nm and 70 nm. Further, it is preferable that a difference
between each of the in-plane retardations Re5 to Re7 of the
first to third optical films 40 to 42 and an average of the
in-plane retardations of the first to third optical films 40 to 42
1s 10 nm or smaller than 10 nm.

[0173] Theabove-described structures can effectively sup-
press the viewing angle characteristics from being degraded
when the retardation And of the liquid crystal cell 20 is in a
range between 550 nm and 1080 nm.

[0174] It is preferable that a total of the in-plane retarda-
tions Rth5 to Rth7 of the first to third optical films 40 to 42
falls in a range between 0.5 times and 1 time the retardation
And of'the liquid crystal cell 20 (between half of the retarda-
tion And and the retardation And).

[0175] Further, the viewing angle improvement effects can
be obtained even if the first to third optical films having an
in-plane retardation larger than 0 and not larger than 300 nm
are used. A negative biaxial film having such optical anisot-
ropy is available easily.

Fifth Embodiment

[0176] Next, the fifth embodiment will be described. For
the liquid crystal display device of the fifth embodiment, the
thickness direction retardations Rth5 to Rth7 of the first to
third optical films 40 to 42 of the liquid crystal display device
shown in FIG. 14 are set to 300 nm. The thickness direction
retardation of 300 nm corresponds to a maximum value in a
range capable of uniformly working an optical film using
norbornene based cyclic olefin. A retardation And of the lig-
uid crystal cell 20 is set to 1080 nm and a pretilt angle of liquid
crystal molecules is set to 89.9°. An in-plane slow axis azi-
muth @5 of the first optical film 40 is set to 135°, and the
in-plane slow axis 42s of the third optical film 42 and the
in-plane slow axis 41s of the second optical film 41 are
disposed to be perpendicular to each other. Transmittance
simulation is conducted in three cases where all the in-plane
retardations Re5 to Re7 of the first to third optical films 40 to
42 are set to 30 nm, 50 nm, and 70 nm.

[0177] FIG. 21 shows simulation results. The abscissa rep-
resents a slow axis azimuth ®6 of the second optical film 41
in the unit of “degree (°)”, and the ordinate represents a
transmittance in the unit of “%”. The transmittance is
observed along a visual line of an azimuth of 0° and a viewing
angle of 50°. A transmittance becomes low in a range between
15° and 70° with respect to the in-plane slow axis azimuth ®6
in all cases of'the in-plane retardations Re5 to Re7 of the first
to third optical films 40 to 42 of 30 nm, 50 nm, and 70 nm.
This range includes the preferable range between 30° and 60°
withrespect to the in-plane slow axis azimuth ®6 of the fourth
embodiment.

[0178] Itisexpected from the fourth and fifth embodiments
that the viewing angle improvement effects can be obtained
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even if the first to third optical films 40 to 42 are used having
the thickness direction retardation being in a range between
50 nm and 300 nm.

Sixth Embodiment

[0179] FIG. 22 is a schematic diagram showing the outline
structure of a liquid crystal display device according to the
sixth embodiment. In the following, description will be made
on different points from the liquid crystal display device of
the fourth embodiment shown in FIG. 14. A fourth optical
film 43 is disposed between the second optical film 41 and
liquid crystal cell 20. Other arrangements are the same as
those of the fourth embodiment.

[0180] The first to third optical films 40 to 42 are negative
biaxial films. Each of the in-plane retardations Re5 to Re 7 is
50 nm, and each of the thickness direction retardations Rth5
to Rth7 is 220 nm. The negative biaxial film having such
optical anisotropy can be realized by using norbornene based
cyclic olefin, and is readily available. The fourth optical film
43 is a negative C plate having a thickness direction retarda-
tion Rth8 of 220 nm. Namely, the in-plane retardation of the
fourth optical film 43 is 0.

[0181] FIG. 23 shows simulation results of a relation
between a retardation And of the liquid crystal cell 20 and a
transmittance. The abscissa represents a retardation And of
the liquid crystal cell 20 in the unit of “nm”, and the ordinate
represents a transmittance in the unit of “%”. The in-plane
slow axis azimuth @5 of the first optical film 40 and the
in-plane slow axis azimuth ®7 of the third optical film 42 are
both set to 135°, and the in-plane slow axis azimuth ®6 of the
second optical film 41 is set to 45°. The transmittance is
observed along a visual line of an azimuth of 0° and a viewing
angle of 50°.

[0182] A curvebinFIG. 23 indicates a transmittance of the
liquid crystal display device of the sixth embodiment shown
inFIG. 22,and a curve aindicates a transmittance of the liquid
crystal display device of the fourth embodiment shown in
FIG. 14. Both the transmittances have a downward convex
curve and have similar shapes. The liquid crystal display
device of the sixth embodiment shown in FIG. 22 has a
minimum transmittance at a larger retardation And. A differ-
ence between retardations And indicating minimum transmit-
tances corresponds to the thickness direction retardation Rth8
of the fourth optical film 43 made of the negative C plate. As
the fourth optical film 43 of the negative C plate is disposed,
good viewing angle characteristics can be realized for the
liquid crystal cell 20 having a larger retardation And.

[0183] An optical film available in markets as a negative C
plate does not always have an in-plane retardation of strictly
0, but has an in-plane retardation of about 7 nm in some cases.
As the fourth optical film 43, a negative biaxial film having an
in-plane retardation of 7 nm or smaller than 7 nm may be
used.

[0184] Although the fourth optical film 43 is made of a
single negative C plate in the sixth embodiment, it may be
made of a plurality of negative C plates. Further, the fourth
optical film 43 may be disposed between the liquid crystal cell
20 and third optical film 42. Furthermore, when a plurality of
negative C plates are used, some C plates may be disposed
between the liquid crystal cell 20 and second optical film 41,
and the remaining C plates are disposed between the liquid
crystal cell 20 and third optical film 42.

[0185] As described above, by disposing the fourth optical
film 43, an insufficient total of the thickness direction retar-
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dations Rth5 to Rth7 of the first to third optical films 40 to 42
is compensated so that better viewing angle characteristics
can be obtained.

[0186] The thickness direction retardation of the fourth
optical film 43 is preferably in a range between 50 nm and 300
nm. The negative C plate having the thickness direction retar-
dation in this range is readily available. Providing the fourth
optical film 43 is effective particularly when the retardation
And of the liquid crystal cell 20 is in a range between 460 nm
and 1380 nm.

[0187] Itis preferable that a total of the thickness direction
retardations Rth5 to Rth8 of the first to fourth optical films 40
to 43 falls in a range between 0.5 times and 1 time the
retardation And of the liquid crystal cell 20 (between half of
the retardation And and the retardation And).

Seventh Embodiment

[0188] FIG. 24 is a schematic diagram showing the outline
structure of a liquid crystal display device according to the
seventh embodiment. In the seventh embodiment, a fifth opti-
cal film 44 and a sixth optical film 45 are disposed instead of
the fourth optical film 43 of the liquid crystal display device
of the sixth embodiment shown in FIG. 22. The fifth optical
film 45 is disposed on the side of the second optical film 41,
whereas the sixth optical film 45 is disposed on the side of the
liquid crystal cell 20. The arrangement of other optical films
is the same as the sixth embodiment. The fifth optical film 44
and sixth optical film 45 are positive A plates or negative
biaxial films. The in-plane slow axis azimuth 44s of the fifth
optical film 44 and the in-plane slow axis azimuth 45s of the
sixth optical film 45 are preferably disposed to be perpen-
dicular to each other.

[0189] A relationbetween a transmittance and a retardation
And of the liquid crystal cell 20 is obtained through simula-
tion, under the conditions that each of the in-plane retarda-
tions Re5 to Re7, Re9 and Rel0 of the first to third optical
films 40 to 42, and fifth and sixth optical films 44 and 45 is 50
nm, and each of the thickness direction retardations Rth5 to
Rth7, Rth9 and Rth10 is 220 nm. The transmittance is
observed along a visual line of an azimuth of 0° and a viewing
angle of 50°.

[0190] The simulation result is indicated by a curve ¢ in
FIG. 23. The in-plane slow axis azimuth @5 ofthe first optical
film 40 and the in-plane slow axis azimuth ®7 of the third
optical film 42 are set to 135° and the in-plane slow axis
azimuth ®6 of the second optical film 41 is set to 45°. The
in-plane slow axis azimuth ®9 of the fifth optical film 44 is set
to 90°, and the in-plane slow axis azimuth @10 of the sixth
optical film 45 is set to 10°.

[0191] A shape of the curve c is similar to the shapes of
other curves aandb. As compared to the curve b indicating the
transmittance of the liquid crystal display device shown in
FIG. 22, the curve c takes a minimum value at a larger retar-
dation And. This is because a total of the thickness direction
retardations Rth9 and Rth10 ofthe fifth and sixth optical films
44 and 45 is larger than the thickness direction retardation
Rth8 of the fourth optical film 43 shown in FIG. 22. In this
manner, the viewing angle compensation can be performed
even in the case that the retardation And of the liquid crystal
cell is larger, by disposing the two positive A plates or nega-
tive biaxial films having in-plane slow axes, which are per-
pendicular to each other, between the liquid crystal cell 20
and second optical film 41.
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[0192] A relation between a transmittance and an in-plane
slow axis azimuth ®9 of the fifth optical film 44 is obtained
through simulation. The in-plane slow axis azimuth ®9 is
varied while maintaining the perpendicular relation between
the in-plane slow axis 44s of the fifth optical film 44 and the
in-plane slow axis 45s of the sixth optical film 45.

[0193] FIG. 25 shows simulation results. The abscissa rep-
resents an in-plane slow axis azimuth @9 in the unit of
“degree (°)”, and the ordinate represents a transmittance in
the unit of “%”. The transmittance is observed along a visual
line of an azimuth of 0° and a viewing angle of 50°. A
relatively low transmittance is obtained in a range between
90° and 180° with respect to the in-plane slow axis azimuth
D9 of the fifth optical film 44. In order to obtain good viewing
angle characteristics, the in-plane slow axis azimuth ®9 is set
preferably in a range between 90° and 180°, and more pref-
erably in a range between 115° and 155°. Namely, it is pref-
erable that the in-plane slow axis 44s of the fifth optical film
44 and the in-plane slow axis 41s of the adjacent second
optical film 41 is made perpendicular to each other or a shift
angle from the perpendicular relation is set in a range of +20°,
[0194] Tt is preferable that a positive A plate or negative
biaxial film having an in-plane retardation larger than 30 nm
and smaller than or equal to 70 nm and a thickness direction
retardation larger than or equal to 50 nm and smaller than or
equal to 300 nm is used as the first to third optical films 40 to
42 and fifth and sixth optical films 44 and 45. The structure of
the seventh embodiment is effective particularly in a range
between 510 nm and 1380 nm with respect to the retardation
And of the liquid crystal cell 20.

[0195] In the seventh embodiment, a pair of fifth and sixth
optical films 44 and 45 having in-plane slow axes perpendicu-
lar to each other is disposed between the second optical film
41 and liquid crystal cell 20. Instead, a plurality of pairs of
negative biaxial films having in-plane slow axes perpendicu-
lar to each other may be disposed. By disposing the plurality
of pairs, viewing angle compensation can be performed even
if the retardation And of the liquid crystal cell 20 is larger.
[0196] Ttis preferable that a total of the thickness direction
retardations Rth5 to Rth7, Rth9 and Rth10 of the first to third
optical films 40 to 42 and fifth and sixth optical films 44 and
45 falls in arange between 0.5 times and 1 time the retardation
And of the liquid crystal cell 20 (between half of the retarda-
tion And and the retardation And).

Eighth Embodiment

[0197] FIG. 26 is a schematic diagram showing the outline
structure of a liquid crystal display device according to the
eighth embodiment. A first optical film 40 and a second
optical film 41 made of negative biaxial films having the same
optical characteristics are disposed in this order from the
polarizer toward the liquid crystal cell 20 between the front
side polarizer 30 and liquid crystal cell 20. A third optical film
42 and a fourth optical film 43 made of negative biaxial films
having the same optical characteristics are disposed in this
order from the liquid crystal cell 20 toward the rear side
polarizer 10 between the rear side polarizer 10 and liquid
crystal cell 20. The optical characteristics of the four optical
films 40 to 43 are the same. Two negative biaxial films are
disposed on both sides of the liquid crystal cell 20. The
absorption axes 32a and 11a of the polarizers are respectively
parallel (same azimuth angle), to the slow axes 40s and 12s of
the adjacent negative biaxial films, and the slow axes 41s and
43s of the negative biaxial films on the side of the liquid
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crystal cell 20 are respectively perpendicular to the slow axes
40s and 125 of the negative biaxial films on the side of the
polarizer.

[0198] A retardation And of the liquid crystal cell 20 is, for
example, 500 nm. The first to fourth optical films 40 to 43
have optical anisotropy satisfying nx>ny=nz. Each of the
in-plane retardations Re5 to Re8 of the first to fourth optical
films 40 to 43 satisfies 0 nm<Re=300 nm and preferably 30
nm=Re=70 nm, e.g., 50 nm, and each of the thickness direc-
tion retardations Rth5 to Rth8 satisfies 50 nm=Rth=300 nm
and preferably 90 nm=Rth=300 nm, e¢.g., 90 nm. A maxi-
mum Rth=1200 nm becomes possible by using four optical
films.

[0199] Slow axis azimuths of a negative biaxial film and
optical characteristics of the liquid crystal display device in
an off state are studied through simulation. A retardation And
of the liquid crystal cell 20 is set to 500 nm, and the four
optical films 40 to 43 have the same optical characteristics of
Re=50 nm and Rth=90 nm. An total of Rth of all optical films
is 360 nm which is about more than 70% of the retardation of
500 nm of the liquid crystal cell. An azimuth of the absorption
axis 11a of the rear side polarizer 10 is 45°, and an azimuth of
the absorption axis 324 of the front side polarizer 30 is 135°.
Influence of the slow axis azimuth of each of the four optical
films 40 to 43 upon a transmittance in an off state is studied.
[0200] FIG. 27 is a graph showing a change in a transmit-
tance (optical leak) in an off state of each sample with respect
to a change in an angle between a substrate normal and a
viewing angle to the right and left from the substrate normal
direction. As shown, a sample S1 has slow axes of optical
films disposed at 0° and 90° of the center azimuths of the
absorption axes of the polarizers in cross-Nichol configura-
tion, and samples S2 to S8 of seven types selects slow axis
azimuths of four optical films from 45° and 135° perpendicu-
lar or parallel to the absorption axes of the polarizers.
[0201] The sample S4 has excellent characteristics that a
transmittance is extremely low in a wide angle range even if
the viewing angle is inclined from the substrate normal direc-
tion. The slow axes of the optical films 40 and 43 on the
polarizer side are 135° and 45° which are parallel to the
absorption axes of the adjacent polarizers. However, trans-
mittances of the samples S2 sand S3 having the slow axis
azimuths of 135° and 45° of the optical films 40 and 43
increase steeply as the viewing angle becomes large, and are
not preferable.

[0202] In the four optical films of the sample 4 having the
most excellent characteristics, the slow axis of the optical film
on the polarizer side is parallel to the absorption axis of the
polarizer, and the slow axis of the optical film on the liquid
crystal cell side is perpendicular to the slow axis of the optical
film on the polarizer side. It can be considered that this slow
axis arrangement is most effective for suppressing optical
leak at a viewing angle inclined from the substrate normal
direction.

[0203] The first to fourth optical films 40 to 43 may be
configured of positive A plates instead of negative biaxial
films. Also in this case, the preferred azimuths of the slow
axes are considered to remain unchanged.

[0204] There is an error of angle setting. Although the
optical films 40-41 and the optical films 42-43 are prepared in
a bonded state, it is considered that a relative position to the
polarizer is established during assembly in many cases. Influ-
ence of an angle error generated at the assembly stage has
been checked. Influence of a shift of the slow axis azimuth of
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each of the optical films 40 and 43 from the absorption axis
azimuth of adjacent polarizers has been studied. The slow
axis azimuths of the optical films 41 and 42 are set perpen-
dicular to the slow axis azimuths of the adjacent optical films
40 and 43, respectively. An observing azimuth is a right
(azimuth of 0°) and viewing angle is 50°.

[0205] FIG. 28 is a graph showing a change in a transmit-
tance at a viewing angle of 50° in an absence of voltage
application, with respect to an azimuth, when the perpendicu-
lar optical film pair 40-41 is rotated relative to the absorption
axis azimuth (135°) of the polarizer 30 and the perpendicular
optical film pair 42-43 is rotated relative to the absorption axis
azimuth (45°) of the polarizer 10. The abscissa represents a
slow axis azimuth of the optical film 40, and the ordinate
represents a transmittance. The characteristics of Samples
S12, S13 and S14 are particularly excellent in a range
between 120° and 150° with respect to the slow axis azimuth
of the optical film 40. The slow axis azimuths between 120°
and 150° of the first optical film 40 are in a range of +15° from
the absorption axis azimuth (135°) of the adjacent polarizer
30. Samples S12, S13 and S14 have the slow axes of the fourth
optical film 43 of 30°, 45° and 60° which are in a range of
+15° from the absorption axis azimuth (45°) of the adjacent
polarizer 10. It can be considered from these results that the
azimuth range of +15° can be regarded as approximately the
same azimuth. If an angle between two azimuths has a rela-
tion of a range between —15° and +15°, this relation is called
approximately parallel, and a relation of a range between 75°
and 105° is called approximately perpendicular.

[0206] Intheabove-described studies, the in-plane retarda-
tions Re of the four optical films are all set to 50 nm. How the
relation shown in FIG. 28 rotating the slow axes of the first
and fourth optical films changes, is checked at Re of 30 nm
and 70 nm.

[0207] FIG. 29 shows transmittances at Re=30 nm, and
FIG. 30 shows transmittances at Re=70 nm. In FIG. 29,
although the transmittance (optical leak) increases slightly,
almost a similar tendency to that of FIG. 28 can be observed.
There is no change in the conclusion that the slow axis azi-
muth of an optical film adjacent to the polarizer is preferably
in a range of +15° from the absorption axis of the polarizer.

[0208] InFIG. 30, transmittances of samples S32, S33 and
S34 near at 135° change to an upward convex shape, and are
higher than a transmittance of a sample S35 in a partial
portion of a range between 120° and 150°. However, since the
transmittances in the range between 120° and 150° are low, it
can be considered that there is no change in the conclusion
that the slow axis azimuth of an optical film adjacent to the
polarizer is preferably in a range of +15° from the absorption
axis of the polarizer. In-plane retardation Re 1s preferably 30
nm to 70 nm. If FIG. 30 is excluded and FIGS. 28 and 29 are
adopted, the optical characteristics are more preferable and
Re of 30 nm to 50 nm is more preferable.

[0209] In the above-described studies, all the four optical
films has the same optical characteristics. In actual optical
films, the perfectly uniform optical characteristics, Re and
Rth in particular, are difficult to realize. Reviews are con-
ducted through simulation for the case that only the second
optical film 41 has a different Re from those of the other
optical films.

[0210] FIG. 31 is a graph showing a change in a transmit-
tance (optical leak) with respect to a viewing angle at the
in-plane retardations Re of the second optical film of 50 nm
(S41), 40 nm (S42) and 60 nm (S43). Re of all other optical
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films is 50 nm. It can be seen that even if Re of the second
optical film changes in a range between 40 nm and 60 nm, a
remarkable change in the viewing angle characteristics does
not appear. Namely, even if Re of the second optical film has
a variation of £10 nm at the center of 50 nm, it can be
considered that a significant change in the viewing angle
characteristics will not occur. Similar simulations have been
conducted also for the first, third and fourth optical films, and
it has been found that influence upon the visual angle char-
acteristics is small in each case. It can be considered that
variation in a range of 10 nm with respect to in-plane retar-
dation Re of the optical film is allowable. The optical char-
acteristics having a suppressed retardation variation of =10
nm are called approximately the same optical characteristics.

[0211] Aliquid crystal display device is actually manufac-
tured and an exterior observation is conducted. A retardation
And ofa liquid crystal cell is set to about S00 nm, each optical
film is made of norbornene based COP, the retardations are set
to Re=50nm and Rth=90 nm. The optical films 40, 41, 42 and
43 are bonded at slow axis azimuths of 135°, 45°, 135° and
45°, respectively. It has been confirmed from the exterior
observation that good background visual angle characteris-
tics are obtained similar to the above-described simulations.

[0212] Reviews are conducted through simulation for the
case that the retardation And is set to 1500 nm which is
considered optimum and the thickness direction retardation
Rth of each optical film is set to 300 nm. Re is 50 nm similar
to FIG. 26.

[0213] The slow axis azimuths of four optical films are set
parallel or perpendicular to the absorption axes of the polar-
izers. More specifically, in sample S51, the slow axis azi-
muths of the optical films 40 to 43 are set to 45°,45°, 135° and
135°, respectively. In sample S52, the slow axis azimuths of
the optical films 40 to 43 are set to 45°, 135°, 45° and 135°,
respectively. In sample S53, the slow axis azimuths of the
optical films 40 to 43 are set to 135°, 45° 135° and 45°,
respectively.

[0214] FIG. 32 is a graph showing simulation results of a
transmittance with respect to a viewing angle, at And=1500
nm and Rth=300 nm. The abscissa represents an inclination
angle of -80° to +80° to the right and left of a viewing angle
from a substrate normal direction, and the ordinate represents
a transmittance in the unit of “%”. A transmittance becomes
lowest under the conditions of 135°, 45°, 135° and 45°. As
compared to the characteristics of the sample S4 shown in
FIG. 27, it can be understood that an angle range of a low
transmittance becomes narrow. Since it is apparent that as the
retardation And of the liquid crystal cell increases, the trans-
mittance at a deep viewing angle rises, it can be estimated that
the maximum And capable of obtaining good viewing angle
characteristics is about 1500 nm.

[0215] A liquid crystal display device having the optical
films with the optimum slow axis azimuths in the simulation
is actually manufactured and an exterior observation is con-
ducted. Similar to the simulation results, optical leak at a deep
viewing angle is suppressed to some degree. As compared to
And=500 nm, it has been found that the degree of optical leak
is considerably large.

[0216] Although the description uses the case that optical
films are made of biaxial films, good viewing angle charac-
teristics can be realized even if films having positive uniaxial
optical anisotropy at Nz=1, so-called A plates, are used.
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[0217] A total of thickness direction retardations Rth of all
optical films preferably satisfies the following condition:
1-And>total of Rth>0.5-And with respect to the retardation
And of the liquid crystal cell.

[0218] Intheabove-described eighth embodiment, C plates
are notused in view of cost reduction. C plates may be used in
combination. As indicated by broken lines in FIG. 26, a C
plate 45 may be inserted between the second optical film 41
and liquid crystal cell 20, a C plate 46 may be inserted
between the liquid crystal cell 20 and third optical film 42, or
both the C plates may be used.

Ninth Embodiment

[0219] FIG. 33 is a block diagram showing a display appa-
ratus using the liquid crystal display unit of the first to eighth
embodiments. A liquid crystal display unit 80 includes a
plurality of common electrodes 81 disposed in parallel and a
plurality of segment electrodes 82 disposed at a right angle
relative to the common electrodes 81. A cross point of the
common electrode 81 and segment electrode 82 constitutes a
pixel.

[0220] A drive circuit 90 includes a segment output circuit
92 and a common output circuit 91. The common output
circuit 91 supplies a common voltage to the common elec-
trode 81 via a common bus 93. The segment output circuit 92
supplies a segment voltage to the segment electrode 82 via a
segment but 94. The drive circuit 90 multiplex-drives the
liquid crystal display unit 80. If a potential difference applied
between the common electrode 81 and segment electrode 82
of a pixel is equal to or lower than an off-voltage, the pixel is
ablack state, whereas ifthe potential difference is higher than
an on-voltage, the pixel is a white state.

[0221] By adopting the structure of the above-described
embodiments for the liquid crystal display unit 80, the view-
ing angle characteristics of the black state can be improved.
[0222] The present invention has been described in connec-
tion with the preferred embodiments. The invention is not
limited only to the above embodiments. It will be apparent to
those skilled in the art that other various modifications,
improvements, combinations, and the like can be made.

What are claimed are:

1. A liquid crystal display device comprising:

first and second polarizers in cross Nichol configuration;

a liquid crystal cell disposed between the first and second
polarizers and establishing vertical alignment in a state
of no voltage application; and

an even number of optical films having optical anisotropy
and disposed between the liquid crystal cell and the first
polarizer,

wherein:

a retardation of the liquid crystal cell is equal to or larger
than 300 nm and equal to or smaller than 1500 nm; and

each of the optical films satisfies nx>ny=nz where nx, ny
and nz are X-, y- and z-components of a refractive index
in which an x-axis is an in-plane slow axis azimuth of
each of the optical films, a y-axis is an in-plane azimuth
perpendicular to the x-axis and a z-axis is a direction
perpendicular to a film surface, an in-plane retardation is
equal to or smaller than 300 nm, a thickness direction
retardation is equal to or larger than 50 nm and equal to
or smaller than 300 nm, an angle between an in-plane
slow axis of the optical film disposed nearest to the first
polarizer and an absorption axis of the first polarizer is
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equal to or smaller than 45°, and the slow axes of mutu-
ally adjacent optical films are perpendicular to each
other.

2. The liquid crystal display device according to claim 1,
wherein an in-plane retardation of each of the optical films is
equal to or larger than 30 nm and equal to or smaller than 70
nm, and a thickness direction retardation is equal to or larger
than 110 nm and equal to or smaller than 300 nm.

3. The liquid crystal display device according to claim 1,
wherein an in-plane retardation of each of the optical films is
equal to or larger than 100 nm and equal to smaller than 300
nm, and a thickness direction retardation is equal to or larger
than 110 nm and equal to or smaller than 300 nm, and an angle
between the in-plane slow axis of the optical film disposed
nearest to the first polarizer and an absorption axis of the first
polarizer is equal to or larger than 15° and equal to or smaller
than 45°.

4. A liquid crystal display device comprising:

first and second polarizers in cross Nichol configuration;

a liquid crystal cell disposed between the first and second

polarizers and establishing vertical alignment in a state
of no voltage application; and

an odd number of three or more optical films having optical

anisotropy and disposed between the liquid crystal cell
and the first polarizer,
wherein:
a retardation of the liquid crystal cell is equal to or larger
than 550 nm and equal to or smaller than 1500 nm; and

each of the optical films satisfies nx>ny=nz where nx, ny
and nz are x-, y- and z-components of a refractive index
in which an x-axis is an in-plane slow axis azimuth of
each of the optical films, a y-axis is an in-plane azimuth
perpendicular to the x-axis and a z-axis is a direction
perpendicular to a film surface, an in-plane retardation is
equal to or larger than 30 nm and equal to or smaller than
300 nm, a thickness direction retardation is equal to or
larger than 50 nm and equal to or smaller than 300 nm, an
angle between an in-plane slow axis of the optical film
disposed nearest to the first polarizer and an absorption
axis ofthe first polarizer is equal to or larger than 45° and
equal to or smaller than 135°, and the slow axes of
mutually adjacent optical films are perpendicular to each
other.

5. The liquid crystal display device according to claim 1,
wherein a difference between an in-plane retardation of each
of the optical films and an average of retardations of the
optical films is equal to or smaller than 10 nm.

6. The liquid crystal display device according to claim 1,
wherein the optical films have a same thickness and a same
refractive index anisotropy.

7. The liquid crystal display device according to claim 1,
wherein a total of thickness direction retardations ofthe opti-
cal films falls in a range between 0.5 times and 1 time the
retardation of the liquid crystal cell.

8. The liquid crystal display device according to claim 1,
further comprising a drive circuit for multiplex-driving the
liquid crystal cell.

9. A liquid crystal display device comprising:

first and second polarizers in cross Nichol configuration;

a liquid crystal cell disposed between the first and second

polarizers and establishing vertical alignment in a state
of no voltage application; and

a first optical film disposed between the liquid crystal cell

and the first polarizer and having optical anisotropy;
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asecond optical film disposed between the first optical film
and the liquid crystal cell and having optical anisotropy;
and

a third optical film disposed between the second polarizer
and the liquid crystal cell and having optical anisotropy;

wherein:

each of the first to third optical films satisfies nx>ny=nz
where nx, ny and nz are x-, y- and z-components of a
refractive index in which an x-axis is an in-plane slow
axis azimuth of each of the optical films, a y-axis is an
in-plane azimuth perpendicular to the x-axis and a z-axis
is adirection perpendicular to a film surface, an in-plane
retardation is larger than 0 nm and equal to or smaller
than 300 nm, and a thickness direction retardation is
equal to or larger than 50 nm and equal to or smaller than
300 nm;

a slow axis of the first optical film is parallel to an absorp-
tion axis of the first polarizer,

aslow axis of the second optical film and a slow axis of the
third optical film are perpendicular to each other; and

an angle between an in-plane axis of the second optical film
and an absorption axis of the first polarizer is in a range
between 75° and 105°.

10. The liquid crystal display device according to claim 9,

wherein:

aretardation of the liquid crystal cell is in a range between
550 nm and 1080 nm; and

in-plane retardations of the first to third optical films are in
a range between 30 nm and 70 nm.

11. The liquid crystal display device according to claim 9,
wherein a total of thickness direction retardations of the first
to third optical films falls in a range between 0.5 times and 1
time the retardation of the liquid crystal cell.

12. The liquid crystal display device according to claim 9,
further comprising:

a fourth optical film disposed between the second optical
film and the liquid crystal cell or between the third
optical film and the liquid crystal cell and having an
in-plane retardation smaller than 7 nm and a thickness
direction retardation equal to or larger than 50 nm and
equal to or smaller than 300 nm; and

a retardation of the liquid crystal cell is in a range between
460 nm and 1380 nm.

13. The liquid crystal display device according to claim 12,
wherein a total of thickness direction retardations of the first
to fourth optical films falls in a range between 0.5 times and
1 time the retardation of the liquid crystal cell.

14. The liquid crystal display device according to claim 9,
further comprising

fifth and sixth optical films disposed between the second
optical film and the liquid crystal cell or between the
third optical film and the liquid crystal cell and having
optical anisotropy,

wherein each of the fifth and sixth optical films satisfies
nx>ny=nz where nx, ny and nz are x-, y- and z-compo-
nents of a refractive index in which an x-axis is an
in-plane slow axis azimuth of each of the optical films, a
y-axis is an in-plane azimuth perpendicular to the x-axis
and a z-axis is a direction perpendicular to a film surface,
an in-plane retardation of each of the fifth and sixth
optical films is larger than 30 nm and equal to or smaller
than 70 nm, a thickness direction retardation is equal to
or larger than 50 nm and equal to or smaller than 300 nm,
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and a retardation of the liquid crystal cell is in a range
between 510 nm and 1380 nm.

15. The liquid crystal display device according to claim 14,
wherein a total of thickness direction retardations of the first
to third optical films and the fifth and sixth optical films falls
in a range between 0.5 times and 1 time the retardation of the
liquid crystal cell.

16. The liquid crystal display device according to claim 9,
wherein a difference between an in-plane retardation of each
of the first to third optical films and an average of retardations
of the first to third optical films is equal to or smaller than 10
nm.

17. A liquid crystal display device comprising:

a liquid crystal cell establishing vertical alignment in a

state of not voltage application;

first and second polarizers in cross Nichol configuration
and sandwiching the liquid crystal cell;

a first optical film disposed between the liquid crystal cell
and the first polarizer and having optical anisotropy;

asecond optical film disposed between the first optical film
and the liquid crystal cell and having optical anisotropy;

a third optical film disposed between the second polarizer
and the liquid crystal cell and having optical anisotropy;
and

a fourth optical film disposed between the third optical film
and the second polarizer and having optical anisotropy,

wherein:

each of the first to fourth optical films satisfies nx>ny=nz
where nx, ny and nz are x-, y- and z-components of a
refractive index in which an x-axis is an in-plane slow
axis azimuth of each of the optical films, a y-axis is an
in-plane azimuth perpendicular to the x-axis and a z-axis
is a direction perpendicular to a film surface, and the first
to fourth optical films have approximately same optical
characteristics;

aslow axis of the first optical film is approximately parallel
to an absorption axis of the first polarizer;

a slow axis of the first optical film is approximately per-
pendicular to a slow axis of the second optical film;

a slow axis of the fourth optical film is approximately
parallel to an absorption axis of the second polarizer;
and

a slow axis of the third optical film is approximately per-
pendicular to a slow axis of the fourth optical film.

18. The liquid crystal display device according to claim 17,
wherein each of the first to fourth optical films has an in-plane
retardation Re satisfying 30 nm=Re=70 nm and a thickness
direction retardation Rth satisfying 90 nm=Rth=300 nm,
and aretardation of the liquid crystal cell is in a range between
500 nm and 1500 nm.

19. The liquid crystal display device according to claim 17,
wherein a total of thickness direction retardations of the first
to fourth optical films falls in a range between 0.5 times and
1 time the retardation of the liquid crystal cell.

20. The liquid crystal display device according to claim 17,
further comprising a drive circuit for multiplex-driving the
liquid crystal cell.

21. The liquid crystal display device according to claim 17,
further comprising a C plate disposed between the second
optical film and the liquid crystal cell or between the third
optical film and the liquid crystal cell.
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