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7) ABSTRACT

The present invention provides a liquid crystal display device
having a high contrast ratio and no coloring during black
display, over a wide viewing angle range. The liquid crystal
display device of the present invention includes a reverse
wavelength dispersion-type biaxial retardation film having
RO(B)/RO(G) and Rth(B)/Rth(G) not greater than 0.965 and
RO(R)/RO(G) and Rth(R)/Rth(G) not smaller than 1.015; and
avertical alignment liquid crystal cell that has a blue, a green,
and a red color filter layer and that satisfies Rth_L.C(B)/
Rth_ LC(G)=1.000 and Rth LCR)Rth_LC(G)z1.000.
RO(B), RO(G) and RO(R) denote the in-plane retardations of
the retardation film at wavelengths 450 nm, 550 nm and 650
nm. Rth(B), Rth(G) and Rth(R), and Rth_LC(B), Rth_LC(G)
and Rth_LC(R) respectively denote the thickness-direction
retardations of the retardation film and the liquid crystal cell
at wavelengths 450 nm, 550 nm and 650 nm.

8 Claims, 4 Drawing Sheets
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1
LIQUID CRYSTAL DISPLAY DEVICE

This application is the U.S. national phase of International
Application No. PCT/IP2008/071037, filed 19 Nov. 2008,
which designated the U.S. and claims priority to Japanese
Application No. 2008-064102, filed 13 Mar. 2008, the entire
contents of each of which are hereby incorporated by refer-
ence.

TECHNICAL FIELD

The present invention relates to a liquid crystal display
(LCD) device. More particularly, the present invention relates
to an LCD device suitable for LCD devices that have an
optimally designed wavelength dispersion characteristic of a
liquid crystal (LC) cell and a retardation film.

BACKGROUND ART

LCD devices are widely used as display devices in com-
puters, televisions and other information processing devices.
In particular, LCDs of TFT type (hereinafter also referred to
as “TFT-LCDs”) are widely used and their market is expected
to keep on growing, with an accompanying demand for ever
greater image quality. The explanation below deals with a
TFT-LCD example, but the present invention is not limited to
TFT-LCDs, and is also applicable to passive matrix type
LCDs, plasma-address LCDs and the like, and is generally
applicable to all LCDs that perform display on the basis of an
LC that is sandwiched between a pair of substrates having
respective electrodes formed thereon, wherein voltage is
applied across the electrodes.

To date, the most widely used mode in TFT-LCDs is the
so-called TN mode, in which an LC having positive dielectric
anisotropy is aligned horizontally between mutually oppos-
ing substrates. In TN-mode LCD devices, the alignment
direction of the LC molecules adjacent to one of the substrates
is twisted by 90 degrees with respect to the alignment direc-
tion of the LC molecules that are adjacent to the other sub-
strate. Such TN-mode LCD devices are manufactured in
accordance with an established manufacturing technology
that is inexpensive and industrially mature, although there
remains room for improvement in that high contrast is diffi-
cult to realize.

Meanwhile, so-called VA LCD devices have also been
disclosed in which an L.C having negative dielectric anisot-
ropy is aligned vertically between mutually opposing sub-
strates (for instance, Patent Document 1). As disclosed in
Patent Document 1, for instance, in a VA (vertical alignment)
LCD device, the LC molecules are aligned in a direction
substantially vertical to the substrate surface when no voltage
is applied, and hence the LC cell exhibits virtually neither
birefringence nor optical rotation, and light passes through
the LC cell without hardly any change in the polarization state
thereof. Therefore, substantially complete black display can
be realized, when no voltage is applied, by arranging a pair of
linear polarizers with the LC cell therebetween in such a
manner that the absorption axes thereof are substantially
orthogonal to each other. When a voltage is applied, the L.C
molecules become tilted substantially parallel to the sub-
strates, and exhibit as a result large birefringence that trans-
lates into white display. Therefore, such VA LCD devices can
easily realize very high contrast, which is not possible in TN
mode.

However, the VA LCD device having the configuration
described above has room for improvement in that the view-
ing angle cannot be widened easily. VA LCD devices afford
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substantially complete black display, since an LC cell exhib-
its virtually no birefringence in frontal view, and two polar-
izers are completely orthogonal to each other, as described
above. The LC cell, however, exhibits birefringence and has
apparent retardation at an oblique viewing angle. Also, the
geometric relative relationship of the two polarizers is no
longer apparent orthogonality, and hence light leakage
occurs, which results in lower contrast and narrower viewing
angle. In VA LCD devices, therefore, a retardation film is
often arranged with a view to canceling the extra retardation
of the LC cell in the oblique viewing angle, and with a view to
maintaining the orthogonality of the cross-Nicol arranged
polarizers, at the oblique viewing angle. For example, con-
ventional techniques disclosed for widening the viewing
angle involve arranging polarizers on both sides of a VA LC
cell, and arranging, between the polarizer and the LC cell, at
least one retardation film from among a uniaxial retardation
film (so-called positive A plate) having an in-plane optic axis
and wherein extraordinary index>ordinary index, a uniaxial
retardation film (so-called negative C plate) having an out-
of-plane (film normal direction) optic axis and wherein
extraordinary index<ordinary index, or a biaxial retardation
film, (for instance, Patent Documents 1 to 4).

To achieve a wider viewing angle in a VA LCD device, as
described above, it is important to (1) maintain orthogonality
of the polarizers in a cross-Nicol arrangement at the oblique
viewing angle, similar to that in frontal view, and (2) cancel
the extra retardation of the LC cell at the oblique viewing
angle. Conventionally, (1) and (2) are achieved by arranging
appropriate retardation films. This approach for widening the
viewing angle through the use of retardation films is widely
known. In all conventional techniques, however, the design of
the retardation conditions is optimized for a single wave-
length alone (ordinarily around 550 nm), and thus light leak-
age occurs upon black display at wavelengths other than the
design wavelength. Therefore, there is room for improvement
as regards the occurrence of coloring at oblique viewing
angles.

In order to solve the above problems, the inventors filed an
earlier patent application (for instance, see Patent Document
5), on the basis of the finding that the above problem can be
solved by using reverse wavelength dispersion retardation
films (reverse wavelength dispersion-type retardation films)
in which there are completely separated, in terms of wave-
length dispersion characteristic, (1) preservation of the
orthogonality of polarizers disposed in a cross-Nicol arrange-
ment at an oblique viewing angle, in the same way as in
frontal view, during black display; and (2) cancellation of the
extra retardation in the LC cell at an oblique viewing angle,
such that (1) and (2) are compensated for each different
retardation film in the LCD device.

[Patent Document 1]

Japanese Kokai Publication No. 2000-39610
[Patent Document 2]

Japanese Kokai Publication No. Hei-11-258605
[Patent Document 3]

Japanese Kokai Publication No. Hei-10-153802
[Patent Document 4]

Japanese Kokai Publication No. 2000-131693
[Patent Document 5]

WO 06/001448

DISCLOSURE OF THE INVENTION

In Patent Document 5, however, the in-plane retardation
IRxy(550)! at the wavelength 550 nm that is required in each
retardation layer is substantial, and hence there remains room
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for improvement in that the manufacture of such reverse
wavelength dispersion retardation films is ordinarily difficult,
since, intrinsically, reverse wavelength dispersion retardation
films do not elicit retardation. Also, further suppression of
coloring at oblique viewing angle range is still called for.

The present invention is devised considering the aforemen-
tioned situations. An object of the present invention is to
provide an LCD device having a high contrast ratio and that is
free of coloring during black display, over a wide viewing
angle range.

As a result of various research on LCD devices having a
high contrast ratio and being free of coloring over a wide
viewing angle range, by tackling the above-described prob-
lems (1) and (2), the inventors found that coloring at an
oblique viewing angle can be suppressed by using a reverse
wavelength dispersion-type biaxial retardation film having
low retardation, by compensating the retardation exhibited by
LC cell constituent materials other than the LC layer (for
instance, color filter layer, transparent electrode materials
such as ITO). Thus, the inventors focused on the retardation
of the retardation films and the retardation of the LC cell, and
found that coloring at an oblique viewing angle can be suffi-
ciently suppressed even when using reverse wavelength dis-
persion-type biaxial retardation films, having comparatively
lower retardation than in conventional cases, by optimizing
the retardation of the retardation films at the wavelength 450
nm, the wavelength 550 nm and the wavelength 650 nm, and
by optimizing the thickness-direction retardation of the LC
cell at the wavelength 450 nm, the wavelength 550 nm and the
wavelength 650 nm. The inventors arrived at the present
invention on the basis of the above finding, which allows
solving the above-described problems.

Specifically, the LCD device of the present invention has a
liquid crystal display device, including:

a first polarizer;

aliquid crystal cell,

asecond polarizerhaving an absorption axis azimuth that is
orthogonal, in a plan view of a display surface of the liquid
crystal cell, to that of the first polarizer, in this order; and

aretardation film provided at least one of between the first
polarizer and the liquid crystal cell, and between the second
polarizer and the liquid crystal cell,

wherein the retardation film is a reverse wavelength dis-
persion-type biaxial retardation film having an in-plane slow
axis that is orthogonal, in a plan view of the display surface,
to an absorption axis of a polarizer on the same side with
respect to the liquid crystal cell, and satisfying equations (1)
to (4) below, and

the liquid crystal cell is a vertical alignment liquid crystal
cell having a pair of transparent substrates, and provided
therebetween a liquid crystal layer and at least blue, green and
red color filter layers that separate three respective colors of
blue, green and red, and satisfying equations (5) and (6)
below,

RO(B)RN(G)=0.965 M

Rth(B)/Rth(G)=0.965
RORYRO(G)=1.015
Rth(RYRth(G)=1.015
Rth_LC(BYRth_LC(G)=1.000

Rth LCRYRth LC(G)=1.000
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where in equations (1) to (4), RO(B), R0O(G) and RO(R)
denote, respectively, the in-plane retardations of the retarda-
tion film at wavelengths 450 nm, 550 nm and 650 nm,

Rth(B), Rth(G) and Rth(R) denote, respectively, thickness-
direction retardations of the retardation film at wavelengths
450 nm, 550 nm and 650 nm, and

in equations (5) and (6), Rth_LC(B), Rth_L.C(G) and Rth_
LC(R) denote, respectively, thickness-direction retardations
of the liquid crystal cell at wavelengths 450 nm, 550 nm and
650 nm.

The present invention is explained in detail below.

The LCD device of the present invention has a first polar-
izer, an LC cell, a second polarizer having an absorption axis
azimuth that is orthogonal, in a plan view of a display surface
of the LC cell, to that of the first polarizer, in this order, and a
retardation film between the first polarizer and the LC cell
and/or between the second polarizer and the LC cell. In the
present description, the term “polarizer” denotes an element
which converts natural light into linearly polarized light. The
polarizer may also be referred to as a polarization device. The
firstand second polarizers are so designed that one constitutes
apolarizer (a back-side polarizer) and the other constitutes an
analyzer (a viewing-side polarizer). The LC cell has ordi-
narily a pair of substrates and an LC layer sandwiched
between the pair of substrates. The first polarizer and the
second polarizer are disposed in such a manner that the
absorption axes thereof are mutually orthogonal, in a plan
view of the display surface (cross-Nicol arrangement). In the
absence of applied voltage, the above LC cell exhibits virtu-
ally no birefringence in the front direction. Therefore, the
LCD device of the present invention can realize substantially
total black display in the front direction when no voltage is
applied. The LCD device of the present invention is not lim-
ited to an embodiment in which the absorption axis azimuth
(direction) of the first polarizer is perfectly orthogonal, in a
plan view of the display surface, to the absorption axis azi-
muth (direction) of the second polarizer. So long as a high
contrast ratio can be obtained in the front direction, the angle
formed by the absorption axis azimuth of the first polarizer
and the absorption axis azimuth of the second polarizer may
deviate from 90°, by about +1° (more preferably +0.5°. Inthe
present invention, the polarizer used is assumed to be a so-
called O typepolarizer in which polyvinyl alcohol (PVA) film
with a dichroic anisotropic material such as an iodine com-
plex adsorbed and aligned thereon. An O type polarizer is a
polarizer that absorbs light oscillating in a specific direction
(defined as the absorption axis) in the plane of the polarizer,
and that transmits light oscillating in a direction orthogonal to
the absorption axis in the plane of the polarizer, and also light
oscillating in the normal direction of the polarizer. In the
present description, the term “retardation film” denotes a
layer having optical anisotropy, and is synonymous with a
birefringent layer, a retardation plate, an optically anisotropic
layer, a birefringent medium, an optically anisotropic film, a
retardation compensation film and so forth. The retardation
film of the present invention may be a sheet.

The above retardation film is a reverse wavelength disper-
sion-type biaxial retardation film whose in-plane slow axis is
orthogonal, in a plan view of the display surface, to the
absorption axis of a polarizer that is on the same side with
respect to the LC cell, and such that the retardation film
satisfies equations (1) to (4) above. Such a configuration
allows optimizing retardation conditions not only for green
light around the wavelength 550 nm, but also for blue light
around the wavelength 450 nm and red light around the wave-
length 650 nm, and allows providing a high-contrast ratio,
high-quality LCD device that is free of coloring during black
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display, over a wide viewing angle range. The LCD device of
the present invention is not limited to an embodiment in
which the in-plane slow axis of the retardation film is per-
fectly orthogonal, in a plan view of the display surface, to the
absorption axis of the polarizer on the same side with respect
to the LC cell. So long as a high contrast ratio can be obtained
in the front direction, the angle formed by the in-plane slow
axis of the retardation film and the absorption axis of the
polarizer on the same side withrespect to the LC cell, ina plan
view of the display surface, may deviate from 90° by about
+1° (more preferably +0.5°. Blue coloring may occur during
black display when RO(B)/RO(G) and/or Rth(B)/Rth(G)
exceed 0.965. Also, red coloring may occur during black
display when RO(R)/R0(G) and/or Rth(R)/Rth(G) are smaller
than 1.015.

The LC cell is a vertical alignment L.C cell having a pair of
transparent substrates, and provided therebetween, an LC
layer and at least blue, green and red color filter layers that
separate three respective colors of blue, green and red, such
that the LC cell satisfies equations (5) and (6) above. A reverse
wavelength dispersion-type biaxial retardation film having
comparatively smaller retardation than conventional retarda-
tion films can thus be used by optimizing the thickness-
direction retardation of the LC cell in the wavelength 450 nm,
the wavelength 550 nm and the wavelength 650 nm. The
thickness-direction retardation of the LC cell is the sum total
of the thickness-direction retardation of all the media
between the pair of transparent substrates, including the pair
of transparent substrates, i.e. is the thickness-direction retar-
dation measured using the entire LC cell as a sample. When
the other constituent members of the LC cell besides the LC
layer, namely the transparent substrates, the color filter layers
and so forth have also retardation, then the thickness-direc-
tion retardation of the LC cell is the sum total including the
retardation of the foregoing. In the present description, the
term red denotes preferably a color whose dominant wave-
length ranges from 620 nm to 680 nm, more preferably a color
whose dominant wavelength ranges from 630 nm to 670 nm.
The term green denotes preferably a color whose dominant
wavelength ranges from 520 nm to less than 580 nm, more
preferably a color whose dominant wavelength ranges from
530 nm to 570 nm. The term blue denotes preferably a color
whose dominant wavelength ranges from 420 nm to less than
480 nm, more preferably a color whose dominant wavelength
ranges from 430 nm to 470 nm. Thus, the LC cell may have a
pair of transparent substrates, and sandwiched therebetween,
an LC layer as well as a blue color filter layer that transmits
(separates)blue, a green color filter layer that transmits (sepa-
rates) green, and a red color filter layer that transmits (sepa-
rates) red.

So long as the LCD device of the present invention com-
prises the above-described constituent elements, the LCD
device may also be provided with other members, not par-
ticularly limited, as constituent elements.

Preferred embodiments of the LCD device of the present
invention are explained in detail below.

The above LCD device may have a first polarizer; a first
retardation film; an LC cell; a second retardation film; and a
second polarizer having an absorption axis azimuth that is
orthogonal, in a plan view of the display surface, to that of the
first polarizer, in this order, wherein the first retardation film
is a reverse wavelength dispersion-type biaxial retardation
film whose in-plane slow axis is orthogonal, in a plan view of
the display surface, to the absorption axis of the first polarizer,
and such that the first retardation film satisfies equations (1) to
(4) above, and wherein the second retardation film is a reverse
wavelength dispersion-type biaxial retardation film whose
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in-plane slow axis is orthogonal, in a plan view of the display
surface, to the absorption axis of the second polarizer, and
such that the second retardation film satisfies equations (1) to
(4) above. Such a configuration allows preventing contrast
ratio drops in the front direction, and allows realizing a high
contrast ratio, free of coloring, over a wide viewing angle
range.

The above LCD device may have (a) afirst polarizer; a first
retardation film; an LC cell; a second retardation film; and a
second polarizer having an absorption axis azimuth that is
orthogonal, in a plan view of the display surface, to that of the
first polarizer, in this order, wherein the first retardation film
is a reverse wavelength dispersion-type biaxial retardation
film whose in-plane slow axis is orthogonal, in a plan view of
the display surface, to the absorption axis of the first polarizer,
and such that the first retardation film satisfies equations (1) to
(4) above, and the second retardation film is a negative C plate
whose in-plane slow axis is orthogonal or parallel, in a plan
view of the display surface, to the absorption axis of the
second polarizer, such that the negative C plate satisfies equa-
tions (1)to (4) above. Alternatively, the LCD device may have
(b) a first polarizer; a first retardation film; an LC cell; a
second retardation film; and a second polarizer having an
absorption axis azimuth that is orthogonal, in a plan view of
the display surface, to that of the first polarizer, in this order,
wherein the first retardation film is a reverse wavelength
dispersion-type biaxial retardation film whose in-plane slow
axis is orthogonal, in a plan view of the display surface, to the
absorption axis of the first polarizer, and such that the first
retardation film satisfies equations (1) to (4) above, and the
second retardation film is a negative C plate whose in-plane
retardation is zero and that satisfies equations (2) and (4)
above. Such configurations allow preventing contrast ratio
drops in the front direction, and allow realizing high contrast
ratio, free of coloring, over a wide viewing angle range. The
above embodiment (a) is not limited to a configuration
wherein the in-plane slow axis of the second retardation film
is perfectly orthogonal or parallel, in a plan view of the
display surface, to the absorption axis ofthe second polarizer.
So long as a high contrast ratio can be obtained in the front
direction, the angle formed by the in-plane slow axis of the
second retardation film and the absorption axis of the second
polarizer, in a plan view of the display surface, may deviate
from 90° by about +1° (more preferably +0.5°), in the case of
orthogonal axes. In the case of parallel axes, the angle formed
by the in-plane slow axis of the second retardation film and
the absorption axis of the second polarizer, in a plan view of
the display surface, may deviate by about +1° (more prefer-
ably +0.5°), from perfect parallelism. In the present descrip-
tion, thus, orthogonality between two given axes or directions
preferably denotes that the two axes or directions form strictly
an angle of 90°, but the angle need not be strictly 90° so long
as high contrast ratio can be obtained in the front direction,
and thus the two axes or two directions need only be substan-
tially orthogonal. Specifically, the advantageous effect of the
present invention can be elicited provided that the angle is
within a range of 90+1° (more preferably 90°+0.5°). In the
present description, parallelism between two given axes or
directions preferably denotes that the two axes or directions
form strictly an angle of 0°, but the angle need not be strictly
0° so long as high contrast ratio can be obtained in the front
direction, and thus the two axes or two directions need only be
substantially parallel. Specifically, the advantageous effect of
the present invention can be elicited provided that the angle is
within a range of 0°+1° (more preferably 0°+0.5°). Interms of
simplifying the manufacturing process and lowering manu-
facturing costs, a TAC (triacetyl cellulose) film, which is
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ordinarily used as a protective film of polarizers, is preferably
employed as the above second retardation film.

In terms of suppressing blue coloring during black display,
the retardation film preferably satisfies RO(B)/R0(G)=0.965
(more preferably 0.940). More preferably, Rth(B)/Rth(G) in
the retardation film is substantially identical to RO(B)/RO(G),
in terms of suppressing blue coloring more effectively during
black display by equalizing the biaxial parameter of blue with
the biaxial parameter of green. More preferably, the retarda-
tion film satisfies RO(B)/R0(G)=0.818 in terms of suppress-
ing effectively blue coloring during black display without
increasing film thickness. That is because, although the theo-
retical optimal value of wavelength dispersion in reverse
wavelength dispersion-type retardation films is ordinarily
RO(B)/R0O(G)=0.818(=450/550), the retardation that is
brought about in a reverse wavelength dispersion-type retar-
dation film tends to be smaller, and the retardation film
thicker, fora smaller RO(B)/R0(G). Herein, a value 0of0.828 is
preferable to 0.808 for a same deviation of 0.010 from the
theoretical optimal value 0.818.

In terms of suppressing red coloring during black display,
the retardation film preferably satisfies RO(R)/R0(G)=1.015
(more preferably 1.040). More preferably, Rth(R)/Rth(G) in
the retardation film is substantially identical to RO(R)/RO(G),
in terms of suppressing red coloring more effectively during
black display by equalizing the biaxial parameter of red with
the biaxial parameter of green. More preferably, the retarda-
tion film satisfies RO(R)/RO(G)=1.181 in terms of suppress-
ing effectively red coloring during black display without
increasing film thickness. That is because, although the theo-
retical optimal value of wavelength dispersion in reverse
wavelength dispersion-type retardation films is ordinarily
ROR)/RO(G)=1.181(=650/550), the retardation that is
brought about in a reverse wavelength dispersion-type retar-
dation film tends to be smaller, and the retardation film
thicker, fora greater RO(R)/R0(G). Herein, a value of 1.171 is
preferable to 1.191 for a same deviation of 0.010 from the
theoretical optimal value 1.181.

In terms of suppressing blue coloring during black display,
the LC cell satisfies preferably 0.818=Rth_LC(B)/Rth_
LC(G)=1.000, more preferably 0.818=Rth_LC(B)/Rth_
LC(G)=0.965.

In terms of suppressing red coloring during black display,
the LC cell satisfies preferably 1.000=Rth_LC(R)/Rth_
LC(G)=1.181, more preferably 1.015=Rth_LC(R)/Rth_
LC(G)=1.181.

In the above LCD device, preferably, at least one of the
thicknesses d(R), d(G) and d(B) of the LC layer, correspond-
ing to regions where the blue, green and red color filter layers
are respectively provided, is different from the others of the
thicknesses d(R), d(G) and d(B); more preferably, d(R), d(G)
and d(B) are different from each other. Such configurations
allow realizing easily an LC cell that satisfies equations (5)
and (6) above.

Effect of the Invention

The present invention allows realizing an LCD device hav-
ing a high contrast ratio, and free of coloring during black
display, over a wide viewing angle range.

Best Modes for Carrying out the Invention

The present invention will be explained in detail below on
the basis of embodiments, with reference to accompanying
drawings. The present invention, however, is not limited to
these embodiments alone.
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(First Embodiment of the Present Invention)

A first embodiment of the LCD device in which the present
invention is used will be explained with reference to FIGS. 1
to 4. F1G. 11is across-sectional schematic diagram illustrating
the configuration of an LCD device of a first embodiment of
the present invention. FIG. 2 is a diagram for explaining the
transition of polarization states in the LCD device of the first
embodiment of the present invention, and illustrates a S1-S3
plane in the Poincare sphere. FIG. 3 is a diagram for explain-
ing the transition of polarization states in a conventional LCD
device, wherein (a) illustrates an instance of wavelength 450
nm, (b) an instance of wavelength 550 nm, and (¢) an instance
of wavelength 650 nm. FI1G. 4 is a diagram for explaining the
transition of polarization states in the LCD device of the first
embodiment of the present invention, wherein (a) illustrates
an instance of wavelength 450 nm, (b) an instance of wave-
length 550 nm, and (c) an instance of wavelength 650 nm.

As illustrated in FIG. 1, the LCD device of the present
invention includes a VA LC cell 10; a pair of polarizers 14/,
14r disposed so as to sandwich the LC cell 10; a first biaxial
retardation film 157 disposed between the LC cell 10 and the
first polarizer 14r; and a second biaxial retardation film 15/
disposed between the LC cell 10 and the second polarizer 14f.
The first polarizer 14r and the second polarizer 14/ are dis-
posed in such a manner that the absorption axes thereof are
substantially orthogonal to each other (the angle formed by
the axes is within 90°+1°, more preferably within 90°+0.5°)
in a plane view of the display surface of the LC cell 10
(cross-Nicol arrangement). A backlight unit (not shown), as a
light source, is disposed on the face side that does not oppose
the LC cell 11 of the polarizing film 147. Protective films such
as TAC (triacetyl cellulose) films are disposed on respective
outer sides of the first polarizer 147 and the second polarizer
14f. The first biaxial retardation film 15» and the second
biaxial retardation film 15/ may also function as protective
films that protect the first polarizer 147 and the second polar-
izer 14f respectively. Except for the backlight unit, all mem-
bers are bonded to each other by way of an adhesive or a
cohesive. The LC cell 10 includes a first and a second trans-
parent substrate 117, 11f; and an LC layer 13, interposed
between the transparent substrates 117, 11/, and containing
LCs that are vertically aligned with respect to the transparent
substrates 117, 11/ On the transparent substrate 11fthere are
arranged, in a given order, a blue pixel on which a blue color
filter layer 12B is disposed, a green pixel on which a green
color filter layer 12G is disposed, and a red pixel in which a
red color filter layer 12R is disposed. One pixel includes three
mutually adjacent blue, green and red sub-pixels, to enable
display of various colors. In the first embodiment of the
present invention (FIG. 1), the color filter layers 12B, 12G,
12R are formed on the side of the second transparent substrate
11/, but may be formed on the side of the first transparent
substrate 117

The various constituent members are explained in detail
next.

The LC cell 10 is a vertical alignment LC cell in which
black is displayed by aligning the LC molecules in the LC
layer 13 vertically with respect to the surface of the transpar-
ent substrates 117, 11f. Examples of LCD modes in which
black display is carried out through vertical alignment of LC
molecules inthe LC layer 13 with respect to the surface of the
transparent substrates 117, 11f include, for instance, TN
mode, ECB mode, VA mode and OCB mode. In the present
description, the term “VA LC cell” does not always mandate
astrict vertical alignment of the LC molecules with respect to
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a substrate surface, and may denote an L.C cell in which the
LC molecules are aligned substantially vertically to a sub-
strate surface.

Conventional transparent substrates, for instance glass
substrates, may be appropriately used as the transparent sub-
strates 117, 11f. Likewise, conventional polarizers may be
used as the polarizers 147, 14f. for instance a polyvinyl alco-
hol (PVA) film with a dichroic anisotropic material such as
iodine complex adsorbed and aligned thereon. A conventional
LC layer can be used as the LC layer 13, for instance a
nematic LC having negative dielectric anisotropy. Vertical
alignment can be typically realized by using a VA film (not
shown) that includes a polyimide or the like.

The biaxial retardation films 157, 15f'satisfy each the rela-
tionship nx>ny>nz, wherein nx and ny (nx>ny) denote the
principal refractive indices of the retardation film in the in-
plane direction, nz denotes the principal refractive index in
the out-of-plane direction, and d denotes the thickness of the
retardation film. The biaxial retardation films 15#, 15/ are
so-called reverse wavelength dispersion-type retardation
films, wherein the in-plane retardation R0 of the retardation
film is defined as (nx-ny)xd and the thickness-direction retar-
dation Rth of the retardation film is defined as (nz—(nx+ny)/
2)xd, and wherein the in-plane retardations RO(B), R0(G) and
RO(R) of the retardation film at the wavelength 450 nm, the
wavelength 550 nm and the wavelength 650 nm, respectively,
and the thickness-direction retardations Rth(B), Rth(G), Rth
(R) of the retardation film at the wavelength 450 nm, the
wavelength 550 nm and the wavelength 650 nm, respectively,
satisfy equations (1) to (4) below. As such reverse wavelength
dispersion-typebiaxial retardation films there can be used, for
instance, modified polycarbonate films having a fluorene
backbone, or modified cellulose films in which the degree of
acetylation is appropriately controlled. The method for form-
ing the biaxial retardation films 157, 15/'is not particularly
limited, and may involve, for instance, solvent casting, melt
extrusion or the like for forming a film. A plurality of retar-
dation films may be formed simultaneously through co-ex-
trusion. So long as the desired retardation can be achieved, the
retardation films may be unstretched, or may be appropriately
stretched. The stretching method is not especially limited.
The polymer films may be stretched under tension between
rolls, compressed and stretched between rolls, uniaxially
stretched in a transverse direction with a tenter, or biaxially
stretched in longitudinal and transverse directions. Alterna-
tively, the polymer films may be specially stretched under the
influence of contractile force of a thermo-shrinkable film.

RO(BYRO(G)=0.965 (more preferably 0.940) €8}

Rth(B)/Rth(G)=0.965 (more preferably 0.940) 2

RO(R)/RO(G)=1.015 (more preferably 1.040)

Rth(RY/Rth(G)=1.015 (more preferably 1.040) 4

In terms of effectively suppressing coloring during black
display without increasing film thickness, the RO(B), R0O(G),
and RO(R), and Rth(B), Rth(G), and Rth(R) of each biaxial
retardation film 157, 15/ satisfy preferably equations (A) to
(D) below.

RO(B)/RO(G)=0.818 A)

Rth(B)Rth(G)=0.818 B
ROR)/RO(G)=1.181 ©

Rth(RY/Rth(G)=1.181 )]
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In terms of suppressing coloring during black display more
effectively, Rth(B)/Rth(G) is more preferably substantially
identical to RO(B)/R0(G), and Rth(R)/Rth(G) is more prefer-
ably substantially identical to RO(R)/R0(G), for each biaxial
retardation film 157, 15/’

The specific conditions of the retardations of the biaxial
retardation films 157, 15/ are not particularly limited as long
as the effect of improving the viewing angle of the LCD
device is exhibited, and appropriate optimal values can be
selected in consideration of the below-described thickness-
direction retardation Rth_L.C of the entire LC cell 10. For
instance, a biaxial retardation film having an in-plane retar-
dation RO(G)=55 nm and Rth(G)==125 nm can be selected
foran LC cell having Rth_LC(G)=320 nm. The in-plane slow
axis (x-axis direction) of the biaxial retardation film 157 is
substantially orthogonal to the absorption axis of the polar-
izer 14r, in a plan view of the display surface (the angle
formed by both axes is set to lie within 90°+1°, more prefer-
ably within 90°+0.5°. The in-plane slow axis (x-axis direc-
tion) of the biaxial retardation film 15f is substantially
orthogonal to the absorption axis ofthe polarizer 14f,1in a plan
view of the display surface (the angle formed by both axes is
set to lie within 90°£1°, more preferably within 90°£0.5°.

Thus, the “in-plane slow axis of the retardation films” in the
present description is the direction (x-axis direction) of the
principal dielectric axis corresponding to the principal refrac-
tive index nx. The term “optic axis” herein does not represent
the optic axis strictly used in crystal optics, and is defined as
follows. Assuming that the average value of the three princi-
pal refractive indices of the retardation film is calculated and
then the difference between each principal refractive index
and the average value is calculated, the principal axis which
corresponds to the principal refractive index having the maxi-
mum absolute value of the difference is the “optic axis”
herein. Thus, an optically biaxial retardation film has not two
but a single “optic axis.” As mentioned here, the “optic axis”
of the biaxial retardation film corresponds to the optic axis of
the conventional definition when it is optically approximated
to a uniaxial retardation film.

Conventional color filter layers can be appropriately used
as the color filter layers 12B, 12G, 12R. Herein there can be
used, for instance, pigment dispersion color filter layers. The
color filter layers 12B, 12G, 12R in the first embodiment of
the present invention (FIG. 1) are set in such a manner that
(thickness of the blue color filter layer 12B)>(thickness ofthe
green color filter layer 12G)>(thickness of the red color filter
layer 12R). Accordingly, the thickness of the L.C layer 13
satisfies the relationship (thickness of the L.C layer 13 in red
pixels)>(thickness of the LC layer 13 in green pixels )>(thick-
ness of the LC layer 13 in blue pixels). As described below,
this relationship is established to optimize the wavelength
dispersion of the thickness-direction retardation for the LC
cell 10 as a whole. So long as the thickness-direction retar-
dation ofthe LC cell 10 satisfies the relationships of equations
(5) and (6) below, the thickness of the LC layer 13 for each
color pixel is not limited to the above-mentioned relation-
ships. That is because the optimal thickness of the LC layer 13
varies depending on the retardation, and the wavelength dis-
persion, of each color filter layer 12B, 12G, 12R, and on the
birefringence wavelength dispersion of the LC material that
forms the LC layer 13.

Rth_ LC(BYRth_LC(G)£1.000 (more preferably

0.963) (&)

Rth_ LC(RYRth_LC(G)=1.000 (more preferably

1.015) O]



US 8,237,899 B2

11

In equations (5) and (6), Rth_LC(B), Rth_LC(G) and Rth_
LC(R) denote, respectively, the thickness-direction retarda-
tions of the L.C cell 10 at the wavelength 450 nm, the wave-
length 550 nm and the wavelength 650 nm. Herein, the thick-
ness-direction retardation is defined as Rth=(nz-(nx+ny)/2)x
d, wherein nx, ny (n=ny) denote the principal refractive
indices in the in-plane direction of the medium, nz denotes the
principal refractive index in the out-of-plane direction, and d
denotes the thickness of the medium. In the present descrip-
tion, the thickness-direction retardation of an LC cell is the
sum value of the thickness-direction retardations of all the
media between the pair of transparent substrates, including
the pair of transparent substrates, i.e. is the thickness-direc-
tion retardation measured using the entire L.C cell as a sample.
Accordingly, when constituent members of the LC cell other
than the LC layer, i.e. the transparent substrates, color filter
layers and so forth have also retardation, the thickness-direc-
tion retardation of the LC cell is a sum value that includes the
retardation of the foregoing.

In terms of suppressing coloring more effectively during
black display, Rth_LC(B), Rth_LC(G) and Rth_LC(R) pref-
erably satisfy equations (E) and (F) below.

Rth_LC(BYRth_LC(G)=0.818 ()

Rth_LC(RYRth_LC(G)=1.181 F)

In the first embodiment of the present invention, the thick-
ness of the LC layer 13 is adjusted by adjusting the thickness
of the color filter layers 12B, 12G, 12R for each color pixel.
However, the thickness of the color filter layers 12B, 12G,
12R may be constant for each color pixel, and the thickness of
the LC layer 13 may be adjusted by providing a thickness
adjustment layer composed of a transparent material, sepa-
rately from the color filter layers 12B, 12G, 12R. Obviously,
the thickness of the LC layer 13 may also be adjusted by
setting a dissimilar thickness for the color filter layers 12B,
12G, 12R and also for the thickness adjustment layer, for each
color pixel.

Conventional constituent members can be appropriately
used as the other constituent members of the LC cell that have
been omitted in the drawings and the above explanation, (for
instance alignment layers, transparent electrodes, TFT ele-
ments, metal wiring and so forth).

An explanation follows next on retardation in the LC cell
10. Research by the inventors has revealed that conventional
color filter layers exhibit ordinarily a C plate-type retardation.
In C plate-type retardation, the optic axis is in the out-of-
plane direction and there is satisfied the relationship
nx=ny=nz, wherein nx, ny denote the principal refractive
indices in the in-plane direction (x direction, y direction), and
nz denotes the principal refractive index in the out-of-plane
direction (z direction). Birefringence does not occur for light-
ray incidence from the z direction, and hence optical charac-
teristics are not influenced when the LCD device is observed
from the normal direction. However, birefringence affects
optical characteristics when the LCD device is observed from
an oblique direction. C plates can be divided into positive C
plates and negative C plates according to the positive or
negative sign of the value (extraordinary index)—(ordinary
index). That is, the C plate is a positive C plate when
nx=ny<nz, and a negative C plate when nx=~ny>nz. Studies by
the inventors have revealed that green color filter layers have
a strong tendency to become positive C plates, and blue color
filter layers and red color filter layers to become negative C
plates. For instance, an analysis of dismantled elements of a
commercially available LC television A yielded Rth values
for the color filter layer, for each wavelength, of Rth(B)=-1
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nm, Rth(G)=+14 nm and Rth(R)=-6 nm. An analysis of dis-
mantled elements of another commercially available LC tele-
vision B yielded Rth values for the color filter layer, for each
wavelength, of Rth(B)=-18 nm, Rth(G)=+12 nm and
Rth(R)=-8 nm. An analysis of dismantled elements of yet
another commercially available LC television C yielded Rth
values for the color filter layer, for each wavelength, of Rth
(B)=-13 nm, Rth(G)=+7 nm and Rth(R)=-11 nm.

When the alignment state of the LC layer is a vertical
alignment, the thickness-direction retardation Rth of the LC
layer is expressed as the product Anxd of the birefringence An
of the LC and the cell gap d of the LC. In ordinary LC
materials, the birefringence of the LC, expressed as An(B),
An(G) and An(R), takes on values of An(G)=0.09,
ABYA(G)=1.05 and A(R)/A(G)=0.97, at the wavelength 450
nm, the wavelength 550 nm and the wavelength 650 nm,
respectively. Therefore, the Rth value of the LC layer in a
conventional LC cell manufactured to, for instance, a cell gap
d=3.4 um, is Rth(B)=321.3 nm, Rth(G)=306 nm and
Rth(R)=296.82 nm, for the respective wavelengths. For
example, in a case where the LC cell has the same color filter
layer as used in the above-mentioned LC television A, the
values of the thickness-direction retardation Rth_LC of the
LC cell, for the respective wavelengths, are Rth_
LC(B)=321.3 nm-1 nm=320.3 nm, Rth_LC(G)=306 nm+14
nm=320 nm and Rth_LC(R)=296.82 nm-6 nm=293.82 nm.
These values do not satisfy the conditions of equations (5) and
(6) as required for achieving the effect of the present inven-
tion.

The relative relationship between the thickness-direction
retardations Rth_L.C(B), Rth_LC(G) and Rth_LC(R) of the
LC cell can be adjusted arbitrarily by adjusting the thickness
of the LC layer, for each color pixel, through adjustment of
the thickness of the color filter layer for each color pixel. For
instance, the values of the thickness-direction retardation
Rth_LC of the LC cell, for each wavelength, become Rth_
LC(B)=302.4 nm-1 nm=301.4 nm, Rth_LC(G)=306 nm+14
nm=320 nm and Rth_LC(R)=340.47 nm-6 nm=334.47 nm
by setting the thickness of the L.C layer d(B), d(G) and d(R)
for the regions at which the blue, green and red color filter
layer areprovided, to 3.2 um, 3.4 um and 3.9 um, respectively.
These values satisfy the conditions of equations (5) and (6) as
required for achieving the effect of the present invention.

The advantageous effect of the present invention is
explained next by tracking transitions of the polarization state
on the Poincare sphere. The concept behind the Poincare
sphere is widely known in the field of, for instance, crystal
optics, as a method for effectively tracking the polarization
state as it changes through a retardation element (see, for
instance, Hiroshi Takasaki’s “Kessho Kogaku (Crystal
Optics)” by Morikita Publishing Co., Ltd., 1975, p. 146-163).
On the Poincare sphere, right-handed polarized light is rep-
resented on the upper hemisphere, left-handed polarized light
is represented on the lower hemisphere, linearly polarized
light is represented on the equator, and right-handed circu-
larly polarized light and left-handed circularly polarized light
are represented on the upper and lower poles, respectively.
Two polarization states having a symmetric relationship with
respect to the center of the sphere have the same absolute
value of ellipticity angle but opposite polarities, and thus form
an orthogonal polarized light pair. The effect of the retarda-
tion film on the Poincare sphere is to convert a point that
represents the polarization state immediately before passage
through the retardation film, into a point rotationally shifted,
about the slow axis on the Poincare sphere, by an angle that is
determined by (2)x(retardation)/(wavelength) (units in rad).
In the case of observation from an oblique direction, the
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rotation center and rotation angle are determined by the slow
axis and the retardation at that observation angle. Without
going into a detailed explanation, the rotation center and the
rotation angle can be calculated by working out a vibration
direction in the eigenmode of vibration and a wave vector in
the retardation film, for instance by solving Fresnel equation
for the normal incidence. The slow axis in the case of obser-
vation in an oblique direction depends on the observation
angle and on the biaxial parameter NZ, which is defined as
(nx-nz)/(nx-ny)(=Rth/R0+0.5), and the retardation in the
case of observation in an oblique direction depends on the
observation angle, the biaxial parameter NZ, and R0 or Rth.
That is, the rotation center (slow axis) is the same for an
identical biaxial parameter NZ. The rotation angle (retarda-
tion) is considered to be proportional to R0 or Rth.

An instance will be assumed in which the LCD device of
the first embodiment ofthe present invention is observed from
a direction that is tilted by 60° (hereafter, polar angle 60°)
relative to the azimuth (hereafter, azimuth angle 45°) that
bisects the absorption axis azimuths of the first polarizer 147
and the second polarizer 14f. The polarization state of the
light emitted by the backlight, immediately after having
passed through the first polarizer 147, is located at point P0 of
the Poincare sphere, and does not coincide with the polariza-
tion state that can be absorbed by the second polarizer 14f,
represented by point E, i.e. does not coincide with the extinc-
tion position of the second polarizer 14f. This situation is
illustrated in FIG. 2 on the S1-S3 plane of the Poincare
sphere. The points that indicate the respective polarization
states are actually on the surface of the Poincare sphere, but
are depicted in the figure as projected on the S1-S3 plane. For
simplicity, the absorptions and interfacial reflection of the
various optical elements have been disregarded. The Anofthe
retardation films 157, 15/ (typically, 0.0001 to 0.1) was
assumed to be sufficiently small with respect to the average
refractive index (1.4 to 1.6) of a retardation film.

Point P0 and point E that would overlap in the case (not
shown) of front direction observation overlap no longer upon
observation in the oblique direction having an azimuth angle
of 45° and a polar angle of 60°. Therefore, light leakage
would occur upon observation in the oblique direction if the
LC cell 10 and the retardation films 157, 15fwere absent. The
situation, however, is different in that the LC cell 10 and
retardation films 157, 15/ are actually present. Firstly, upon
passage through the first biaxial retardation film 15r, the
polarization state at point P0 shifts to point P1, as a result of
a rotational transform by a predetermined angle about the
slow axis of the first biaxial retardation film 15#, represented
by point B1 on the Poincare sphere. Upon passage through the
LC cell 10 next, the polarization state shifts to point P2, as a
result of a rotational transform by a predetermined angle
about the slow axis of the L.C cell 10, represented by the axis
S1 on the Poincare sphere. Lastly, upon passage through the
second biaxial retardation film 15/, the polarization state
shifts finally to point P3, which overlaps with point E, as a
result of a rotational transform by a predetermined angle
about the slow axis of the second biaxial retardation film 15f,
represented by pointB2 on the Poincare sphere. In the LCD
device of the first embodiment of the present invention, thus,
light from the backlight can be blocked, in the same way as in
the front direction, for observation at an azimuth angle of 45°
and a polar angle of 60°. The explanation of polarization
states on the above-described Poincare sphere deals funda-
mentally with monochromatic light of specific wavelength
(ordinarily, a wavelength of about 550 nm). In the concept of
the Poincare sphere, as explained above, the variation (the
length of the arrows in the figure, more accurately the rotation
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angle thereof) in the polarization state as a result of retarda-
tion by aretardation film is determined by (2m)x(retardation)/
(wavelength) (units in rad). Therefore, the retardation
required for achieving the same variation in polarization state
differs depending on the wavelength. Specifically, a greater
retardation is required for longer wavelengths.

In other words, the variation in polarization state is differ-
ent for each wavelength when not using a retardation film and
LC cell that yield greater retardation as the wavelength
becomes longer. For instance, when using a retardation film
and LC cell optimally designed for green monochromatic
light at the wavelength 550 nm, the green light of wavelength
550 nm is converted to point P3 that overlaps with point E, but
other light, for instance blue light of wavelength 450 nm or
red light of wavelength 650 nm, change to a point P3 that
differs from point E, as illustrated in FIGS. 3(a) to 3(¢). Blue
and red light leakage occurs as a result, which gives rise to the
known problem of coloring during black display in conven-
tional LCD devices.

In the LCD device of the first embodiment of the present
invention, by contrast, the retardation films 15r, 15/ and the
LC cell 10 satisfy equations (1) to (6), as described above, and
hence blue light of wavelength 450 nm and red light of wave-
length 650 nm are converted also to point P3 that overlaps
with point E, as illustrated in FIGS. 4(a) to 4(c), as in the case
of green light of wavelength 550 nm, which is converted to
point P3 that overlaps with point E. Coloring-free high-qual-
ity black display can be achieved as a result. Although the
most ideal wavelength dispersion characteristic of retardation
films and the LC cell is (retardation)oc(wavelength), research
by the inventors has revealed that coloring-free high-quality
black display can be achieved when equations (1) to (6) above
are satisfied.

(Second Embodiment of the Present Invention)

A second embodiment of the LCD device in which the
present invention is used will be explained with reference to
FIGS. 5 to 7. FIG. 5 is a cross-sectional schematic diagram
illustrating the configuration of an LCD device of a second
embodiment of the present invention. FIG. 6 is a diagram for
explaining the transition of polarization states in the LCD
device of the second embodiment of the present invention,
and illustrates a S1-83 plane in the Poincare sphere. FIG. 7 is
a diagram for explaining the transition of polarization states
in the LCD device of the second embodiment of the present
invention, wherein (a) illustrates an instance of wavelength
450 nm, (b) an instance of wavelength 550 nm, and (c) an
instance of wavelength 650 nm.

As illustrated in FIG. 5, the LCD device of the present
invention includes a VA LC cell 20; a pair of polarizers 24f,
24y disposed so as to sandwich the LC cell 20; a biaxial
retardation film 257 disposed between the LC cell 20 and one
polarizer 14r; and a TAC (triacetyl cellulose) film 26/ dis-
posed between the LC cell 20 and the second polarizer 24f.
The first polarizer 24~ and the second polarizer 24/ are dis-
posed in such a manner that the absorption axes thereof are
substantially orthogonal to each other (the angle formed by
the axes is within 90°x1°, more preferably within 90°+0.5°)
in a plane view of the display surface of the LC cell 20
(cross-Nicol arrangement). A backlight unit (not shown), as a
light source, is disposed on the face side of that does not
oppose the LC cell 20 of the polarizing film 24r. Protective
films such as TAC (triacety] cellulose) films are disposed on
respective outer sides of the first polarizer 24r and the second
polarizer 24f. The first biaxial retardation film 257 and the
TAC film 26/may also function as protective films that protect
the first polarizer 24 and the second polarizer 24f. Except for
the backlight unit, all members are bonded to each other by
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way of an adhesive or a cohesive. The LC cell 20 includes a
first and a second transparent substrate 217, 21f; and an L.C
layer 23, interposed between the transparent substrates 21r,
21/, and including [.Cs that are vertically aligned with respect
to the transparent substrates 217, 21/ On the transparent
substrate 21f'there are arranged, in a given order, a red pixel
on which a blue color filter layer 22B is disposed, a green
pixel on which a green color filter layer 22G is disposed, and
a red pixel in which a red color filter layer 22R is disposed.
One pixel includes three mutually adjacent blue, green and
red sub-pixels, to enable display of various colors. In the
second embodiment of the present invention (FIG. 5), the
color filter layers 22B, 22G, 22R are formed on the side of the
second transparent substrate 217, but may be formed on the
side of the first transparent substrate 21r.

The various constituent elements are explained in detail
below. Except for the biaxial retardation film 25r and the TAC
film 26f; other constituents are completely identical to those
of the first embodiment, and an explanation thereof will be
omitted. For instance, an LC cell exactly identical to the LC
cell 10 of the first embodiment can be used as the L.C cell 20
of the second embodiment of the present invention. Also,
polarizers exactly identical to the polarizers 14f, 14r of first
embodiment of the present invention can be respectively used
as the polarizers 24f, 24r of the second embodiment of the
present invention. The same is true of other members.

The relationship nx>ny>nz holds in the biaxial retardation
film 257, wherein nx, ny(nx>ny) denote the principal refrac-
tive indices in the in-plane direction of the retardation film, nz
denotes the principal refractive index in the out-of-plane
direction, and d denotes the thickness of the retardation film.
The biaxial retardation film 25~ is a so-called reverse wave-
length dispersion-type retardation film, wherein the in-plane
retardation R0 of the retardation film is defined as (nx-ny)xd
and the thickness-direction retardation Rth of the retardation
film is defined as (nz—-(nx+ny)/2)xd, and wherein the in-plane
retardations RO(B), RO(G) and RO(R) for the wavelength 450
nm, the wavelength 550 nm and the wavelength 650 nm,
respectively, and the thickness-direction retardations Rth(B),
Rth(G), Rth(R) of the retardation film at the wavelength 450
nm, the wavelength 550 nm and the wavelength 650 nm,
respectively, satisfy equations (1) to (4) above (equations (1)
to (4) in the first embodiment). As such a reverse wavelength
dispersion-type biaxial retardation film there can be used, for
instance, a modified polycarbonate film having a fluorene
backbone, or a modified cellulose film in which the degree of
acetylation is appropriately controlled. The method for form-
ing the biaxial retardation film 25 is not particularly limited,
and may involve, for instance, solvent casting, melt extrusion
or the like for forming a film. A plurality of retardation films
may be formed simultaneously through co-extrusion. So long
as the desired retardation can be achieved, the retardation film
may be unstretched, or may be appropriately stretched. The
stretching method is not especially limited. The polymer
films may be stretched under tension between rolls, com-
pressed and stretched between rolls, uniaxially stretched in a
transverse direction with a tenter, or biaxially stretched in
longitudinal and transverse directions. Alternatively, the
polymer films may be specially stretched under the influence
of contractile force of a thermo-shrinkable film.

In terms of effectively suppressing coloring during black
display without increasing film thickness, the RO(B), R0O(G),
and RO(R), and Rth(B), Rth(G), and Rth(R) of the biaxial
retardation film 257 satisfy preferably equations (A) to (D)
above (equations (A) to (D) in the first embodiment).

In terms of more effectively suppressing coloring during
black display. Rth(B)/Rth(G) is more preferably substantially
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identical to RO(B)/R0(G), and more preferably Rth(R)/Rth
(G) is substantially identical to RO(R)/R0(G), in the biaxial
retardation film 257

The TAC film 26f7is a so-called negative C plate in which
there holds the relationship nx=ny (or nx=ny)>nz, in which
nx, ny denote the principal refractive indices in the in-plane
direction, nz denotes the principal refractive index in the
out-of-plane direction, and d denotes the film thickness. Thus,
the TAC film 26/ functions as a protective film and also as a
retardation film.

The specific conditions of the retardation of the biaxial
retardation film 257 are not particularly limited as long as the
effect of improving the viewing angle of the LCD device is
exhibited, and appropriate optimal values can be selected in
consideration of the thickness-direction retardation Rth L.C
of the entire LC cell 20, and the thickness-direction retarda-
tion Rth of the TAC film 26. For instance, a biaxial retarda-
tion film having an in-plane retardation RO(G)=65 nm and
Rth(G)=-225 nm can be used for an LC cell having Rth_
LC (G)=320 nm and a TAC film having Rth(G)=-50 nm. The
in-plane slow axis (x-axis direction) of the biaxial retardation
film 257 is substantially orthogonal to the absorption axis of
the polarizer 247, in a plan view of the display surface (the
angle formed by both axes is set to lie within 90°+1°, more
preferably within 90°+0.5°. Preferably, the in-plane retarda-
tion RO(G) of the TAC film 26/ is zero, but studies by the
inventors have showed that the same effect can be elicited as
when the in-plane retardation is zero, provided that the in-
plane retardation is no greater than 10 nm. If the in-plane
retardation RO(G) of the TAC film 26f1s not zero, the in-plane
slow axis (x-axis direction) of the TAC film 26/ and the
absorption axis of the polarizer 24f are preferably substan-
tially orthogonal (the angle formed by the axes is within
90°+1°, more preferably within 90°+0.5°, or substantially
parallel (the angle formed by the axes is within 0°£1°, more
preferably within 0°+0.5°, in a plane view of the display
surface.

Conventional color filter layers can be appropriately used
as the color filter layers 22B, 22G, 22R. Herein there can be
used, for instance, pigment dispersion color filter layers. The
color filter layers 22B, 22G, 22R in the second embodiment of
the present invention (FIG. 5) are set in such a manner that
(thickness of the blue color filter layer 22B)>(thickness ofthe
green color filter layer 22G)>(thickness of the red color filter
layer 22R). Accordingly, the thickness of the L.C layer 23
satisfies the relationship (thickness of the L.C layer 23 in red
pixels)>(thickness of the LC layer 23 in green pixels )>(thick-
ness of the LC layer 23 in blue pixels). As described below,
this relationship is established to optimize the wavelength
dispersion of the thickness-direction retardation for the LC
cell 20 as a whole. So long as the thickness-direction retar-
dation ofthe LC cell 20 satisfies the relationships of equations
(5) and (6) above (equations (5) and (6) in the first embodi-
ment), the thickness of the LC layer 23 for each color pixel is
not limited to the above-mentioned relationships. That is
because the optimal thickness of the LC layer 23 varies
depending on the retardation, and the wavelength dispersion,
of each color filter layer 22B, 22G, 22R, and on the birefrin-
gence wavelength dispersion of the LC material that forms
the LC layer 23.

In terms of suppressing coloring more effectively during
black display, Rth_L.C(B), Rth_LC(G) and Rth_LC(R) pref-
erably satisfy equations (E) and (F) above (equations (E) and
(F) in the first embodiment).

The advantageous effect of the present invention is
explained next by tracking transitions of the polarization state
on the Poincare sphere. An instance will be assumed in which
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the LCD device of the second embodiment of the present
invention is observed from an oblique direction having an
azimuth angle of 45° and a polar angle of 60°. The polariza-
tion state of the light emitted by the backlight, immediately
after having passed through the first polarizer 24r, is located
at point PO ofthe Poincare sphere, and does not coincide with
the polarization state that can be absorbed by the second
polarizer 24f, represented by point E, i.e. does not coincide
with the extinction position of the second polarizer. This
situation is illustrated in FIG. 6 on the S1-S3 plane of the
Poincare sphere. The points that indicate the respective polar-
ization states are actually on the surface of the Poincare
sphere, but are depicted in the figure as projected on the S1-S3
plane. For simplicity, the absorptions and interfacial reflec-
tion of the various optical elements have been disregarded.
The An of the biaxial retardation film 257and the TAC film 26/
(typically, 0.0001 to 0.1) was assumed to be sufficiently small
with respect to the average refractive index (1.4 to 1.6) of the
retardation film and the TAC film.

Point P0 and point E that would overlap in the case (not
shown) of front direction observation overlap no longer upon
observation in the oblique direction having an azimuth angle
of 45° and a polar angle of 60°. Therefore, light leakage
would occur upon observation in the oblique direction if the
LC cell 20 and the retardation film 257 were absent. The
situation, however, is different in that the LC cell 20 and the
retardation film 257 are actually present. Firstly, upon passage
through the biaxial retardation film 25, the polarization state
at point PO shifts to point P1, as a result of a rotational
transform by a predetermined angle about the slow axis of the
biaxial retardation film 257, represented by point B1 on the
Poincare sphere. Upon passage through the LC cell 20 next,
the polarization state shifts to point P2, as a result of a rota-
tional transform by a predetermined angle about the slow axis
of the LC cell 20, represented by the axis S1 on the Poincare
sphere. Lastly, upon passage through the TAC film 26/, the
polarization state shifts finally to point P3, which overlaps
with point E, as a result of a rotational transform by a prede-
termined angle about the slow axis of the LC cell 20, repre-
sented by the axis S1 on the Poincare sphere. In the LCD
device of the second embodiment of the present invention,
thus, light from the backlight can be blocked, in the same way
as in the front direction, for observation at an azimuth angle of
45° and a polar angle of 60°.

Inthe LCD device of the second embodiment of the present
invention, the biaxial retardation film 257 and the LC cell 20
satisfy the relationships (1) to (6) above (equations (1) to (6)
in the first embodiment). Therefore, blue light of wavelength
450 nm and red light of wavelength 650 nm are converted
both to point P2, as illustrated in FIGS. 7(a) to (¢), as in the
case of green light of wavelength 550 nm, which 1s converted
to point P2. Even if the last conversion by the TAC film 26/
elicits a dissimilar amount of polarization conversion for each
wavelength, the difference in the variation would be small
nonetheless vis-a-vis the entire conversion amount. Blue light
of wavelength 450 nm and red light of wavelength 650 nm are
converted both to point P2 that overlaps substantially with
point E, as illustrated in FIGS. 7(a) to (¢), as in the case of
green light of wavelength 550 nm, which is converted to point
P3 that overlaps with point E. Coloring-free high-quality
black display can be achieved as a result. Although the most
ideal wavelength dispersion characteristic of retardation
films and the LC cell is (retardation)o(wavelength), research
by the inventors has revealed that coloring-free high-quality
black display can be achieved when equations (1) to (6) above
are satisfied. The same research has revealed that, more pref-
erably, the in-plane retardation R0 and thickness-direction
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retardation Rth of the TAC film 261 satisfy the relationships of
equations (1) to (4) above, wherein the in-plane retardation
RO of the retardation film is defined as (nx-ny)xd and the
thickness-direction retardation Rth of the retardation film is
defined as (nz—-(nx+ny)/2)xd. TAC films that are commonly
used as a protective film of polarizers are so-called reverse
wavelength dispersion films that satisfy the relationships of
equations (1) to (4) above.

The present invention will be explained in more detail
below by way of Examples. The present invention, however,
is not limited to these Examples alone.

EXAMPLE 1

Example 1 corresponds to the actual manufacture of an
LCD device identical to that of the first embodiment of the
present invention. Table 1 summarizes the various optical
parameters (retardations and wavelength dispersions thereof)
of the LCD device, together with those of Example 2.

EXAMPLE 2

Example 2 corresponds to the actual manufacture of an
LCD device identical to that of the second embodiment of the
present invention.

COMPARATIVE EXAMPLE 1

In the LCD device of Comparative Example 1 there was
manufactured the same LCD device as in Example 1, except
that herein the material of the retardation film was changed,
and the wavelength dispersion characteristic of retardation
was likewise changed. Table 2 summarizes the various optical
parameters (retardations and wavelength dispersions thereof)
of Comparative Example 1, together with those of other Com-
parative Examples.

COMPARATIVE EXAMPLE 2

In the LCD device of Comparative Example 2 there was
manufactured the same LCD device as in Example 1, except
that herein the cell gap of the LC cell was changed, and the
wavelength dispersion characteristic of retardation was like-
wise changed.

COMPARATIVE EXAMPLE 3

In the LCD device of Comparative Example 3 there was
manufactured the same LCD device as in Example 2, except
that herein the cell gap of the LC cell was changed, and the
wavelength dispersion characteristic of retardation was like-
wise changed.

COMPARATIVE EXAMPLE 4

FIG. 8 is a cross-sectional schematic diagram illustrating
the configuration of an LCD device of Comparative Example
4. The LCD device in Comparative Example 4, such as the
one illustrated in F1G. 8, was manufactured with reference to
Example 9 in Patent Document 6. As illustrated in FIG. 8, the
LCD device of Comparative Example 4 includes a vertical
alignment L.C cell 30; a pair of polarizers 341, 34~ disposed so
as to sandwich the LC cell 30; a negative C plate 35~ disposed
between the LC cell 30 and the first polarizer 347, and a
positive A plate 36/ disposed between the LC cell 30 and the
second polarizer 34f. A backlight unit (not shown), as a light
source, is disposed on the face side that does not oppose the
LC cell 20 of the polarizing film 34r. The first polarizer 34
and the second polarizer 34fare disposed so that the absorp-
tion axes thereof are substantially orthogonal to each other.
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The positive A plate 36f7s disposed in such a manner that the
slow axis thereof'is substantially orthogonal to the absorption
axis of the second polarizer 34f. The thickness of the color
filter layer (LC cell gap) is identical for all colors.
Evaluation

(Measuring Method of in-Plane Retardation R0 and Thick-
ness-Direction Retardation Rth)

Measurements were carried out using a dual-rotating
retarder polarimeter (product name: Axo-scan, by Axomet-
rics, Inc.). R0 was actually measured in the normal direction
of the retardation film. To calculate Rth, the retardation was
measured in the normal direction of the retardation films and
the LC cell, and also from an oblique direction, tilted by an
angle © (©=0° to 50°) with respect to the normal direction.
Rth was calculated then by curve fitting in accordance with a
known optical indicatrix scheme. The oblique azimuth was
set to be orthogonal to the in-plane slow axis.

(Measuring Method of Viewing Angle Dependence of Con-
trast of LCD Device)

10

15

20

The measurements were carried out using a viewing angle
measuring instrument (product name: Ez Contrast 160, by
ELDIM). As the light source there was used a backlight
installed in a commercially available LC television (LC-
42GX3 W, by Sharp Corporation). There were measuredau'v'
chromaticity point for black display in the front direction
(polar angle)0° and a u'v' chromaticity point for black display
in an oblique direction having an azimuth angle of 45° and a
polar angle of 60°. The distance between the two points was
AE (45, 60).

Evaluation Results

Tables 1 and 2 summarize the measurement results of the
optical parameters (retardation and wavelength dispersion
thereof), as well as contrast viewing angle and chromaticity
viewing angle for the respective Examples and Comparative
Examples. The evaluation results of Tables 1 and 2 show that
the LCD devices of Examples 1 and 2 of the present invention
exhibited superior display performance, namely equal or
higher CR (45, 60) and smaller AE (45, 60), than the conven-
tional LCD devices of Comparative Examples 1 to 3. The

20
The measurements were carried out using a viewing angle results also show that the LCD devices of Examples 1 and 2 of
measuring instrument (product name: Ez Contrast 160, by the present invention exhibited similar display performance
ELDIM). As the light source there was used a backlight as that of the conventional LCD device of Example 4, despite
installed in a commercially available LC television (LC- the small required retardation in the reverse wavelength dis-
42GX3W, by Sharp Corporation). Brightnesses upon dis- ,5 persion retardation film. It was thus found that the present
playing a white screen and a black screen were measured in an invention allows providing a high-contrast ratio, high-quality
oblique direction having an azimuth angle of 45° and a polar LCD device free of coloring during black display, overa wide
angle of 60°. The ratio thereof was retarded as CR (45, 60). viewing angle range, while reducing the required retardation
(Measuring Method of Viewing Angle Dependence of Chro- in a reverse wavelength dispersion retardation film, which is
maticity of LCD Device) difficult to manufacture.
TABLE 1
Example 1 Example 2
B G R B G R
Retardation ~ RO(um) 527 551 562 391 510 588
film on second RO/RO(G) 0956 1000 1.020 0767 1000 1.153
polarizer Rth(nm) 120 125 128 421 559 62.0
side RilVRth(G) 0960 1000 1.024 0756 1000 1.113
LC cell Anof LC layer 0095 0090 008 0.095 0090  0.087
Cell gap d(um) 3.2 3.4 3.9 3.2 3.4 3.9
Rth of LC layer (am) 302 306 340 302 306 340
Rth of CF and so forth (nm) -1 14 -6 -2 15 -10
Total Rth(nm) 301 320 334 300 321 330
RiW/Rth(G) 0.942 1.000 1.045 0.936 1.000 1.030
Retardation  RO(um) 527 551 562 622 652 672
flmonfirst ~ RO/RO(G) 0956 1000 1.020 0954 1.000  1.031
polarizer Rth(nm) 120 125 128 216 225 230
side RilVRth(G) 0960 1.000 1.024 0960 1000 1.022
Evaluarion CR(45, 60) 82 75
results AE(45, 60) 0.015 0.010
TABLE 2
Comparative Example 1 Comparative Example 2
B G R B G R
Retardation  RO(um) 556 550  S45 527 351 56.2
film on second  RO/RO(G) 1010 1.000 0990 0956 1.000  1.020
polarizer Rth(nm) 126 125 124 120 125 128
side Rtl/Rth(G) 1010 1.000 0990 00960 1.000  1.024
LC cell Anof LC layer 0.095 0090 0087 0095 0090  0.087
Cell gap d(um) 3.2 3.4 3.9 34 3.4 3.4
Rth of LC layer (nm) 302 306 340 321 306 297
Rth of CF and so ) 15 -10 -3 15 -9
forth {(nm)
Total Rth(nm) 300 321 330 318 321 288
Rtl/Rth(G) 0936 1000 1030 0992 1.000  0.897
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TABLE 2-continued
Retardation RO(mm) 55.6 55.0 54.5 52.7 55.1 56.2
film on first RO/ROC(G) 1.010 1.000 0990 0956 1.000 1.020
polarizer Rth(nm) 126 125 124 120 125 128
side Rth/Rth(G) 1.010 1.000 0.990  0.960 1.000 1.024
Evaluation CR(453, 60) 72 70
results AE(45,60) 0.062 0.058
Comparative Example 3 Comparative Example 4
B G R B G R
Retardation RO(nm) 3.91 5.10 5.88 122 135 142
film onsecond RO/RO(G) 0.767 1.000 1.153  0.900 1.000 1.050
polarizer Rth(nm) 42.1 55.7 62.0 69.8 71.5 81.4
side Rth/Rth(G) 0.756 1.000 1.113 0.900 1.000 1.050
LC cell Anof LC layer 0.095 0.090 0.087  0.095  0.090 0.087
Cell gap d(um) 34 34 34 34 34 34
Rth of LC layer (nm) 321 306 297 321 306 297
Rth of CF and so -3 15 -9 -3 15 -9
forth (nm)
Total Rth(nm) 318 321 288 318 321 288
Rth/Rth(G) 0.992 1.000 0.897  0.992 1.000 0.897
Retardation RO(nm) 62.2 65.2 67.2 0 0 0
film on first RO/ROC(G) 0.954 1.000 1.031 — — —
polarizer Rth(nm) 216 225 230 201 190 184
side Rth/Rth(G) 0.960 1.000 1.022 1.060 1.000 0.970
Evaluation CR(453, 60) 67 79
results ALE(45,60) 0.051 0.015
The present application claims priority to Patent Applica- [FIG. 7]

tionNo. 2008-64102 filed in Japan on Mar. 13, 2008 under the
Paris convention and provisions of national law in a desig-
nated State, the entire contents of which are hereby incorpo-
rated by reference.

BRIEF DESCRIPTION OF DRAWINGS

[FIG. 1]

FIG. 1 is a cross-sectional schematic diagram illustrating
the configuration of an LCD device of a first embodiment of
the present invention.

[FIG. 2]

FIG. 2 is a diagram for explaining the transition of polar-
ization states in the LCD device of the first embodiment of the
present invention, and illustrates a S1-S3 plane in the
Poincare sphere.

[FIG. 3]

FIG. 3 is a diagram for explaining the transition of polar-
ization states in a conventional LCD device, wherein (a)
illustrates an instance of wavelength 450 nm. (b) an instance
of wavelength 550 nm, and (c) an instance of wavelength 650
nm.
[FIG. 4]

FIG. 4 is a diagram for explaining the transition of polar-
ization states in the LCD device of the first embodiment of the
present invention, wherein (a) illustrates an instance of wave-
length 450 nm, (b) an instance of wavelength 550 nm, and (c)
an instance of wavelength 650 nm.

[FIG. 5]

FIG. 5 is a cross-sectional schematic diagram illustrating
the configuration of an LCD device of a second embodiment
of the present invention.

[FIG. 6]

FIG. 6 is a diagram for explaining the transition of polar-
ization states in the LCD device of the second embodiment of
the present invention, and illustrates a S1-S3 plane in the
Poincare sphere.
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FIG. 7 is a diagram for explaining the transition of polar-
ization states in the LCD device of the second embodiment of
the present invention, wherein (a) illustrates an instance of
wavelength 450 nm, (b) an instance of wavelength 550 nm,
and (c) an instance of wavelength 650 nm.

[FIG. 8]

FIG. 8 is a cross-sectional schematic diagram illustrating
the configuration of an LCD device of Comparative Example
4.

EXPLANATION OF NUMERALS AND
SYMBOLS

10, 20, 30: LC cell

117, 217, 317: First transparent substrate
11/, 217, 311 Second transparent substrate
12B, 22B, 32B: Blue color filter layer
12G, 22G, 32G: Green color filter layer
12R, 22R, 32R: Red color filter layer
13, 23, 33: LC layer

147, 24r, 34r: First polarizer

14/, 24f, 34f* Second polarizer

157, 25r: First biaxial retardation film
15/ Second biaxial retardation film

261 TAC film

35r: Negative C plate

35f Positive A plate

The invention claimed is:

1. A liquid crystal display device, comprising:

a first polarizer;

a liquid crystal cell;

asecond polarizer having an absorption axis azimuth that is
orthogonal, in a plan view of a display surface of the
liquid crystal cell, to that of the first polarizer, in this
order; and

a retardation film provided at least one of between the first
polarizer and the liquid crystal cell, and between the
second polarizer and the liquid crystal cell,
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wherein the retardation film is a reverse wavelength dis-
persion-type biaxial retardation film having an in-plane
slow axis that is orthogonal, in a plan view of the display
surface, to an absorption axis of a polarizer on the same
side with respect to the liquid crystal cell, and satisfying
equations (1) to (4) below, and

the liquid crystal cell is a vertical alignment liquid crystal
cell having a pair of transparent substrates, and provided
therebetween a liquid crystal layer and at least blue,
green and red color filter layers that separate three
respective colors of blue, green and red, and satisfying
equations (5) and (6) below,

0.956=R0(B)/RO(G)=0.965 (1)

0.960 <Rth(B)/Rth{G)=0.965 Q

1.020=RO(RV/RO(G)Z1.015 )

1.024=Rth(R)/Rth(G)=1.015 ©®

0.942=Rth_LC(B)/Rth_LC(G)=1.000 )

1.045=Rth_LC(R/Rth_LC(G)=1.000 (6)

where in equations (1) to (4), RO(B), R0(G) and RO(R)
denote, respectively, the in-plane retardations of the
retardation film at wavelengths 450 nm, 550 nm and 650
nm,

Rth(B), Rth(G) and Rth(R) denote, respectively, thickness-
direction retardations of the retardation film at wave-
lengths 450 nm, 550 nm and 650 nm, and

in equations (5) and (6), Rth_LC(B), Rth_LC(G) and Rth_
LC(R) denote, respectively, thickness-direction retarda-
tions of the liquid crystal cell at wavelengths 450 nm,
550 nm and 650 nm.

2. The liquid crystal display device according to claim 1,
wherein at least one of thicknesses d(R), d(G) and d(B) of the
liquid crystal layer, corresponding to regions where the blue,
green and red color filter layers are respectively provided, is
different from the others of the thicknesses d(R), d(G) and
dB).

3. The liquid crystal display device according to claim 1,
wherein the retardation film satisfies at least one of a relation-
ship where Rth(B)/Rth(G) is substantially equal to RO(B)/R0
(G) and a relationship where Rth(R)/Rth(G) is substantially
equal to RO(R)/RO(G).

4. The liquid crystal display device according to claim 2,
wherein the retardation film satisfies at least one of a relation-
ship where Rth(B)/Rth(G) is substantially equal to RO(B)R0
(G) and a relationship where Rth(R)/Rth(G) is substantially
equal to RO(R)/RO(G).

5. A liquid crystal display device, comprising:

a first polarizer;

aliquid crystal cell;

a second polarizer comprising an absorption axis azimuth
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the liquid crystal cell, to that of the first polarizer, in this
order; and
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a retardation film provided at least one of between the first
polarizer and the liquid crystal cell, and between the
second polarizer and the liquid crystal cell,

wherein the retardation film comprises a reverse wave-
length dispersion-type biaxial retardation film having an
in-plane slow axis that is orthogonal, in a plan view of
the display surface, to an absorption axis of a polarizer
on the same side with respect to the liquid crystal cell,
and satisfying equations (1) to (4) below, and

the liquid crystal cell is a vertical alignment liquid crystal
cell comprising a pair of transparent substrates, and pro-
vided therebetween a liquid crystal layer and at least
blue, green and red color filter layers, and satisfying
equations (5) and (6) below,

0.954=R0(B)/RO(G)=0.965 %)

0.960=Rth(B)/Rth(G)=0.965 %)

1.031=R0(RY/RO(G)=1.015 3)

1.022=Rth(R)/Rth(G)=1.015 @)

0.936=Rth_LC(B)/Rth_LC(G)=1.000 )

1.030=Rth_LCR)/Rth_LC(G)=1.000 (6)

where in equations (1) to (4), RO(B), RO(G) and RO(R)
denote, respectively, the in-plane retardations of the
reverse wavelength dispersion-type biaxial retardation
film at wavelengths 450 nm, 550 nm and 650 nm,

Rth(B), Rth(G) and Rth(R) denote, respectively, thickness-

direction retardations of the reverse wavelength disper-
sion-type biaxial retardation film at wavelengths 450
nm, 550 nm and 650 nm, and

in equations (5) and (6), Rth_LC(B), Rth LC(G) and Rth_

LC(R) denote, respectively, thickness-direction retarda-
tions of the liquid crystal cell at wavelengths 450 nm,
550 nm and 650 nm.

6. The liquid crystal display device according to claim 5,
wherein at least one of thicknesses d(R), d(G) and d(B) of the
liquid crystal layer, corresponding to regions where the blue,
green and red color filter layers are respectively provided, is
different from the others of the thicknesses d(R), d(G) and
d@B).

7. The liquid crystal display device according to claim 5,
wherein the retardation film satisfies at least one of a relation-
ship where Rth(B)/Rth(G) is substantially equal to RO(B)/R0
(G) and a relationship where Rth(R)/Rth(G) is substantially
equal to RO(R)/RO(G).

8. The liquid crystal display device according to claim 6,
wherein the retardation film satisfies at least one of a relation-
ship where Rth(B)/Rth(G) is substantially equal to RO(B)YR0
(G) and a relationship where Rth(R)/Rth(G) is substantially
equal to RO(R)/RO(G).
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