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(57) ABSTRACT

The present invention provides a liquid-crystal display device
that can achieve high contrast ratios in a wide range of view-
ing angles and reduce coloration during black display. The
liquid-crystal display device according to the present inven-
tion includes a polarizer, a first quarter-wave plate adapted to
satisfy nx>ny=nz, a vertically aligned liquid crystal cell, a
second quarter-wave plate provided with substantially the
same Nz factor as the first quarter-wave plate and adapted to
satisfy nx>ny=nz, a birefringent layer adapted to satisfy
nx<ny=nz and, a polarizer, all of which are stacked in this
order, wherein the liquid crystal cell includes a liquid crystal
layer and blue, green, and red color filter layers and satisfies
at least one of the expressions below:

R(BYR(G)>An(B)/An(G)

R(RYR(G)<An(RYAn(G)
where R(B), R(G), and R(R) represents perpendicular phase
difference of the liquid crystal cell at wavelengths of 450 nm,
550 nm, and 650 nm, respectively, and An(B), An(G), and
An(R) represent birefringence values of a liquid crystal mate-
rial of the liquid crystal layer at wavelengths of 450 nm, 550
nm, and 650 nm, respectively.
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Fig. 3
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LIQUID-CRYSTAL DISPLAY DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a liquid-crystal dis-
play device. More specifically, the present invention relates to
a liquid-crystal display device of a VA (vertical alignment)
mode that uses a circularly polarizing plate.

BACKGROUND ART

[0002] Liquid-crystal display devices are widely used as
display devices for various information-processing devices
including computers and television sets. In particular, TFT
liquid-crystal display devices (hereinafter also referred to as
TFT-LCDs) have become widespread and the market is
expected to grow further. Consequently, there is demand for
further improvements in image quality. Although a TFT-LCD
will be taken as an example in the following description, the
present invention is not limited to TFT-LCDs and is appli-
cable to liquid-crystal display devices in general, including,
for example, passive matrix liquid-crystal display devices and
plasma address liquid-crystal display devices.

[0003] To date, the most widely used system for TFT-LCDs
is a so-called TN (twisted nematic) mode in which liquid
crystal with a positive dielectric anisotropy is aligned hori-
zontally between substrates placed facing each other. The TN
liquid-crystal display devices are characterized in that an
alignment direction of liquid crystal molecules adjacent to
one of the substrates are twisted 90° with respect to an align-
ment direction of liquid crystal molecules adjacent to the
other substrate. The TN liquid-crystal display technology is
an industrially mature technology and inexpensive manufac-
turing techniques have been established, but it is difficult for
the TN liquid-crystal display devices to achieve high contrast
ratios.

[0004] On the other hand, so-called VA liquid-crystal dis-
play devices are known in which liquid crystal with a negative
dielectric anisotropy is aligned vertically between substrates
placed facing each other. In VA liquid-crystal display devices,
when no voltage is applied, since liquid crystal molecules are
aligned in a direction substantially vertical to a substrate
surface, a liquid crystal cell exhibits almost no birefringence
or rotatory polarization, and consequently light passes
through the liquid crystal cell almost without changing a
polarization state of the liquid crystal cell. Therefore, if a pair
of polarizers (linear polarizers) are placed above and below
the liquid crystal cell such that absorption axes of the polar-
izers will be orthogonal to each other (hereinafter also
referred to as cross-Nicol polarizers), an almost completely
black display can be realized when no voltage is applied.
When a voltage equal to or higher than a threshold voltage is
applied (hereinafter simply referred to as “when a voltage is
applied”), the liquid crystal molecules tilt and become sub-
stantially parallel to the substrate, exhibiting high birefrin-
gence and realizing a white display. Thus, the VA liquid-
crystal display devices can easily achieve very high contrast
ratios.

[0005] With such a VA liquid-crystal display device, if a tilt
direction of the liquid crystal molecules when a voltage is
applied is unidirectional, asymmetry appears in viewing
angle characteristics of the liquid-crystal display device. To
deal with this, multi-domain VA mode is widely used in
which the liquid crystal molecules in the pixel are divided in
terms of the tilt direction into multiple directions, for
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example, by devising the structure of pixel electrodes or
providing protrusions or other alignment control means in the
pixel. Regions of liquid crystal molecules differing in tilting
orientation are also referred to as domains, hence the name
“multi-domain VA mode” is also referred to as “MVA mode”.

[0006] Inthe MVA mode, from the viewpoint of maximiz-
ing the transmittance in a white display state, the axial orien-
tation of the polarizer is normally set to be at an angle of 45°
from the tilting orientation of liquid crystal molecules when a
voltage is applied. This is because if a (in rads) is the angle
between the axes of the polarizers and slow axis of the bire-
fringent medium, the transmittance is proportional to sin®
(20) when a birefringent medium is sandwiched between
cross-Nicol polarizers. In a typical MVA mode, liquid crystal
molecules can be divided in terms of tilting orientation into
four domains: 45°, 135°, 225°, and 315°. In the MVA mode
with division into four domains, schlieren orientation or ori-
entation in unintended directions is often observed near
domain boundaries or alignment control means, resulting in
loss of transmittance.

[0007] To solve this problem, VA liquid-crystal display
devices that use circularly polarizing plates are being studied
(see, for example, Patent Document 1). With such liquid-
crystal display devices, when a birefringent medium is sand-
wiched between a left-handed circularly polarizing plate and
a right-handed circularly polarizing plate which are orthogo-
nal to each other, the transmittance does not depend on the
angle between the axes of the polarizers and slow axis of the
birefringent medium. Consequently, even when the tilting
orientation of liquid crystal molecules is other than 45°, 135°,
225°, and 315°, desired transmittance can be secured as long
as the tilt of the liquid crystal molecules can be controlled.
Therefore, for example, the liquid crystal molecules may be
tilted in all orientations with a circular protrusion provided in
the center of the pixel or may be tilted in random orientations
without controlling the tilting orientation. Herein, the VA
mode that uses circularly polarizing plates is also referred to
as a circularly polarized VA mode or circular polarization
mode. On the other hand, the VA mode that uses linearly
polarizing plates is also referred to as a linearly polarized VA
mode or linear polarization mode. Also, as is well known, the
circularly polarizing plate is typically made up of a combi-
nation of a linearly polarizing plate and quarter-wave plate.

[0008] Furthermore, a circularly polarizing plate is known
to have an optical antireflection function as follows: since
circularly polarized light has the property of changing chiral-
ity between right and left when the circularly polarized light
is reflected off a mirror, or the like, light incident, for example,
upon a left-handed circularly polarizing plate placed on a
mirror is converted into left-handed circularly polarized light
by being transmitted through the circularly polarizing plate,
and light reflected off the mirror is converted into right-
handed circularly polarized light, which, however, cannot be
transmitted through the left-handed circularly polarizing
plate. Being capable of preventing unnecessary reflection
when a display device is viewed in bright environments such
as outdoors, the optical antireflection function of the circu-
larly polarizing plate is known to have the effect of improving
a bright-room contrast ratio of display devices including VA
liquid-crystal display devices. It is believed that the unneces-
sary reflection is caused mainly by metal wiring and the like
for transparent electrodes and TFT elements in the display
device. Unless the unnecessary reflection is prevented, evenif
a display device realizes an almost completely black display
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when viewed in dark-room environments, the quantity of
light during black display becomes excessive when the dis-
play device is viewed in bright environments, resulting in a
reduced contrast ratio.

[0009] As described above, the circularly polarized VA
mode that uses circularly polarizing plates can provide the
effects of improving transmittance and preventing unneces-
sary reflection, but liquid-crystal display devices of a conven-
tional circularly polarized VA mode have low contrast ratios
at oblique viewing angles, and have room for improvement in
that sufficient viewing angle characteristics are not available.
Under these circumstances, various techniques for improving
viewing angle characteristics using a birefringent layer
(phase difference film) have been proposed. For example,
Patent Documents 1, 2, 3, and 4 disclose methods (A), (B),
(C), and (D) below, respectively, and Non-patent Document 1
discloses method (E) below.

(A) Method using two quarter-wave plates that satisfy the
relationship nx>ny>nz.

(B) Method using a combination of two quarter-wave plates
that satisfy the relationship nx>ny>nz and one or two second-
class birefringent layers that satisfy the relationship
nx<ny=nz.

(C) Method using a combination of two quarter-wave plates
that satisfy the relationship nx>nz>ny and a third-class bire-
fringent layer that satisfies the relationship nx=ny>nz.

(D) Method using one or two half-wave plates in addition to
the combination used in method (C).

(E) Method using a combination of two uniaxial quarter-wave
plates (so-called A-plates that satisfy the relationship
nx>ny=nz), a third-class birefringent layer that satisfies the
relationship nx=ny>nz, and a birefringent layer that satisfies
the relationship nx>nz>ny.

CITATION LIST
[0010] Patent Document
[0011] [Patent Document 1] JP 2002-40428A
[0012] [Patent Document 2] JP 2009-37049A
[0013] [Patent Document 3] JP 2003-207782A
[0014] [Patent Document 4] JP 2003-186017A
[0015] Non-Patent Document

[0016] [Non-patent Document 1] Zhibing Ge and 6 others,
“Wide-View Circular Polarizers for Mobile Liquid Crystal
Displays,” IDRCO8, 2008, p. 266-268

SUMMARY OF THE INVENTION

[0017] However, studies conducted by the inventor show
that methods (A), (B), and (C) above still leave room for
improvement in viewing angle characteristics. Also, methods
(C), (D), and (E) above have room for improvement in that the
methods require a high-cost, difficult-to-produce, biaxial
phase difference film that satisfies the relationship nx>nz>ny
(satisfies the relationship 0<Nz<1).

[0018] The inventor has conducted various studies to solve
the above problem, paid attention to phase difference condi-
tions of a birefringent layer between a pair of polarizers (a
first polarizer and second polarizer) disposed in a cross-Nicol
state, found that by appropriately placing a first-class bire-
fringent layer that satisfies the relationship nx>ny=nz (satis-
fies the relationship Nz=1.0) and a second-class birefringent
layer that satisfies the relationship nx<ny=nz (satisfies the
relationship Nz=0.0) between the first polarizer and second
polarizer, it is possible to maintain orthogonality of the first
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polarizer and second polarizer in oblique direction while
maintaining orthogonality of the first polarizer and second
polarizer in front direction, and proposed method (F) below (a
“birefringent layer that satisfies the relationship nx>ny=nz"
is defined herein as a first-class birefringent layer and a “bire-
fringent layer that satisfies the relationship nx<ny=nz” is
defined herein as a second-class birefringent layer). Further-
more, the inventor has found that the first-class and second-
class birefringent layers can be produced in a simple and easy
way using a material with appropriate intrinsic birefringence
unlike a biaxial phase difference film controlled to satisfy
nx>nz>ny (0<Nz<1), and has applied for a patent earlier (AN
2008-099526).

(F) Method using a combination of two quarter-wave plates,
a third-class birefringent layer that satisfies the relationship
nx=ny>nz, a first-class birefringent layer that satisfies the
relationship nx>ny=nz, and a second-class birefringent layer
that satisfies the relationship nx<ny=nz.

[0019] However, the use of five or more birefringent layers
(phase difference films) is suitable for method (F) above, and
there is room for improvement in terms of manufacturing
cost. Also, with method (F) above, whereas viewing angle
characteristics can be improved by optimally designing an Nz
factor (parameter that represents biaxiality) of two quarter-
wave plates, under design conditions in which two general-
purpose biaxial quarter-wave plates that satisfy the relation-
ship nx>ny=Znz (NzZ1.0) are used, there is room for
improvement in the viewing angle characteristics.

[0020] Thus, the inventors have conducted further studies
ona circularly polarized VA liquid-crystal display device that
can be manufactured easily at low cost and can achieve high
contrast ratios in a wide range of viewing angles. Conse-
quently, the inventors have found that light leakage in a black
display state can be reduced, thereby achieving high contrast
ratios in a wide range of viewing angles if general-purpose
biaxial quarter-wave plates that satisfy the relationship
nx>ny=nz are used as the two quarter-wave plates (first and
second quarter-wave plates) needed for the circularly polar-
ized VA mode, the Nz factors of the two quarter-wave plates
are adjusted to be substantially the same, and a birefringent
layer that satisfies the relationship nx<ny=nz is placed
between the second quarter-wave plate and second polarizer.
Furthermore, the inventors have found that the first-class and
second-class birefringent layers can be produced in a simple
and easy way using a material with appropriate intrinsic bire-
fringence unlike a biaxial phase difference film controlled to
satisfy nx>nz>ny (0<Nz<1), and have applied for a patent
earlier (AN 2009-015927).

[0021] In this way, the inventors have conducted various
studies on improvements of the viewing angle characteristics
in the circularly polarized VA mode and found that with every
technique studied, the phase difference conditions of birefrin-
gent layers are optimally designed only for short wavelengths
(normally around 550 nm) and consequently there is room for
improvement in that light leakage occurs at wavelengths
other than design wavelengths during black display, causing a
coloration phenomenon at oblique viewing angles. Espe-
cially if a high contrast ratio is achieved as in the case of the
liquid-crystal display device described in the aforementioned
patent application (AN 2009-015927), light leakage occurs at
wavelengths other than design wavelengths at oblique view-
ing angles during black display, resulting in a coloration
phenomenon. Incidentally, when the contrast ratio is low, i.e.,
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when there is a large amount of light leakage during black
display, coloration rarely occurs normally even if no special
measures are devised.

[0022] The present invention has been made in view of the
above circumstances and an object of the present invention is
to provide a liquid-crystal display device that can achieve
high contrast ratios in a wide range of viewing angles and
reduce light leakage in wide ranges of viewing angles and
wavelengths during black display.

DISCLOSURE OF THE INVENTION

[0023] The inventors have conducted various studies on a
liquid-crystal display device that can achieve high contrast
ratios in a wide range of viewing angles and reduce light
leakage in wide ranges of viewing angles and wavelengths
during black display, paid attention to perpendicular phase
difference of a member between the two quarter-wave plates
(first and second quarter-wave plates), and found that wave-
length dispersion characteristics of the perpendicular phase
difference of the member between the two quarter-wave
plates affect coloration at oblique viewing angles during
black display. Furthermore, the inventors have found that the
light leakage at wavelengths other than design wavelengths
when viewed at oblique viewing angles during black display
can be reduced by increasing wavelength dispersion charac-
teristics of the liquid crystal cell (and third-class birefringent
layer) with respect to intrinsic wavelength dispersion charac-
teristics (An) of a liquid crystal material after reducing light
leakage in a black display state and thereby achieving high
contrast ratios in a wide range of viewing angles by using
general-purpose biaxial quarter-wave plates that satisfy the
relationship nx>ny=nz as the two quarter-wave plates,
adjusting the Nz factors of the two quarter-wave plates to be
substantially the same, and placing a birefringent layer that
satisfies the relationship nx<ny=nz between the second quar-
ter-wave plate and second polarizer as described above. Hav-
ing realized that this idea can beautifully solve the above
problem, the inventors have arrived at the present invention.
[0024] That is, the present invention provides a liquid-crys-
tal display device, in which when a birefringent layer that
satisfies the relationship nx>ny=nz is defined as a first-class
birefringent layer, a birefringent layer that satisfies the rela-
tionship nx<ny=nz is defined as a second-class birefringent
layer, and a birefringent layer that satisfies the relationship
nx=ny=nz is defined as a third-class birefringent layer, the
liquid-crystal display device comprising: a first polarizer; a
first first-class birefringent layer (hereinafter also referred to
as a “first quarter-wave plate”) whose in-plane phase differ-
ence is adjusted to a quarter wave; a liquid crystal cell pro-
vided with a pair of substrates facing each other; a second
first-class birefringent layer (hereinafter also referred to as a
“second quarter-wave plate””) whose Nz factor is substantially
the same as the first first-class birefringent layer and whose
in-plane phase difference is adjusted to a quarter wave; a
second-class birefringent layer; and a second polarizer, all of
which are stacked in this order, wherein an in-plane slow axis
of the first first-class birefringent layer is at an angle of sub-
stantially 45° to an absorption axis of the first polarizer, an
in-plane slow axis of the second first-class birefringent layer
is substantially orthogonal to the in-plane slow axis of the first
first-class birefringent layer, an absorption axis of the second
polarizer is substantially orthogonal to the absorption axis of
the first polarizer, an in-plane fast axis of the second-class
birefringent layer is substantially orthogonal to the absorp-

Aug. 9, 2012

tion axis of the second polarizer, and the liquid crystal cell is
a vertically aligned liquid crystal cell that has a liquid crystal
layer and color filter layers between the pair of substrates, the
color filter layers including at least blue, green, and red color
filter layers adapted to separate any color of blue, green, and
red, respectively, and the liquid crystal cell being configured
to satisfy at least one of expressions (1) and (2) below:

Rth_all(B)/Rth_all(G)>An_LC(B)/An_LC(G) @

Rth_all(R)/Rth_all(G)<An__LC(R)/An_LC(G) @)

where if at least one third-class birefringent layer exists at
least one of between the first first-class birefringent layer and
the liquid crystal cell and between the liquid crystal cell and
the second first-class birefringent layer, Rth_all(B), Rth_all
(G), and Rth_all(R) represent values obtained by adding val-
ues of perpendicular phase difference of the third-class bire-
fringent layer at wavelengths of 450 nm, 550 nm, and 650 nm
to perpendicular phase difference of the liquid crystal cell at
wavelengths of 450 nm, 550 nm, and 650 nm, respectively;
and An_LC(B), An_LC(G), and An_LC(R) represent bire-
fringence values of a liquid crystal material of the liquid
crystal layer at wavelengths of 450 nm, 550 nm, and 650 nm,
respectively.

[0025] As used herein, the term “polarizer” means an ele-
ment that has a function to convert natural light into linearly
polarized light and is synonymous with the terms “polarizing
plate” and “polarizing film.” The term “birefringent layer”
means a layer that has an optical anisotropy and is synony-
mous with the terms “phase difference film,” “phase differ-
ence plate,” “optically anisotropic layer,” “birefringent
medium,” and the like. In order to fully achieve the operation
and effects of the present invention, the “birefringent layer”
herein is such that one of the absolute value of in-plane phase
difference R and absolute value of perpendicular phase dif-
ference Rth described later is 10 nm or above, and preferably
20 nm or above. Also, as described above herein the “first-
class birefringent layer” is a birefringent layer that satisfies
the relationship nx>ny=nz, the “second-class birefringent
layer” is a birefringent layer that satisfies the relationship
nx<ny=nz, and the “third-class birefringent layer” is a bire-
fringent layer that satisfies the relationship nx=ny>nz, where
nx and ny are principal indices of refraction in an in-plane
direction for light with a wavelength of 550 nm while nz is a
principal index of refraction in an out-of-plane direction (per-
pendicular direction) for light with a wavelength of 550 nm.
[0026] Asused herein, the “in-plane phase difference R” is
defined by R=Inx-nylxd (in nm) when the principal indices of
refraction of a birefringent layer (including the liquid crystal
cell and quarter-wave plate) in the in-plane direction are
defined to be nx and ny, the principal index of refraction in the
out-of-plane direction (perpendicular direction) is defined to
be nz, and the thickness of the birefringent layer is defined to
be d. On the other hand, the “perpendicular phase difference
Rth” is out-of-plane (in perpendicular direction) phase differ-
ence (in nm) defined by Rth=(nz-(nx+ny)/2)xd. The term
“quarter-wave plate” means a layer that has a substantially
quarter-wave (137.5 nm to be exact, but may be any value
between 115 nm and 160 nm, both exclusive) optical anisot-
ropy with respect to light with a wavelength of at least 550 nm
and is synonymous with a quarter-wave phase difference film
and a quarter-wave phase difference plate.

[0027] The “in-plane slow axis (fast axis)” corresponds to a
direction of principal dielectric axis (direction of x- or y-axis)
that in turn corresponds to the principal index of refraction ns
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(nf) if the larger and smaller of the in-plane principal indices
of refraction nx and ny are redefined to be ns and nf, respec-
tively. Furthermore, the “Nz factor” is a parameter that rep-
resents the extent of biaxiality of a birefringent layer defined
by Nz=(ns-nz)/(ns-nf). Incidentally, a measuring wave-
length for the principal index of refraction and for phase
difference is assumed herein to be 550 nm unless otherwise
noted. Even if birefringent layers have the same Nz factor,
differences in an average index of refraction=(nx+ny+nz)/3
of the birefringent layers result in differences in effective
phase difference of the birefringent layers at oblique inci-
dence under the influence of an angle of refraction, compli-
cating design principles. To avoid this problem, the Nz factor
of each birefringent layer is calculated herein by standardiz-
ing the average index of refraction to 1.5 unless otherwise
noted. Regarding a birefringent layer whose average index of
refraction is not actually 1.5, a conversion is carried out by
assuming that average index of refraction is 1.5. Also, the
perpendicular phase difference Rth is treated in a similar
manner.

[0028] When it is stated herein that “the Nz factor of the
first first-class birefringent layer is substantially the same as
that ofthe second first-class birefringent layer,” the difference
in the Nz factor is less than 0.1, and preferably less than 0.05.
When it is stated that the “in-plane slow axis of the first
first-class birefringent layer is at an angle of substantially 45°
to the absorption axis of the first polarizer,” the angle between
the in-plane slow axis of the first first-class birefringent layer
and the absorption axis of the first polarizer may be 40 to 50°,
and particularly preferably is 45°. Even when a relative angle
between the in-plane slow axis of the first first-class birefrin-
gent layer and the absorption axis of the first polarizer is not
exactly 45°, if the in-plane slow axis of the first first-class
birefringent layer is orthogonal to the in-plane slow axis of
the second first-class birefringent layer, sufficient preventive
effect against light leakage is available in a direction normal
to a substrate surface. On the other hand, in terms of antire-
flection function and transmittance improvement, marked
effects are available when the relative angle is 45°. When it is
stated that the “in-plane slow axis of the second first-class
birefringent layer is substantially orthogonal to the in-plane
slow axis of the first first-class birefringent layer,” the angle
between the in-plane slow axis of the second first-class bire-
fringent layer and the in-plane slow axis of the first first-class
birefringent layer may be 88 to 92°, and particularly prefer-
ably is 90°. When it is stated that the “absorption axis of the
second polarizer is substantially orthogonal to the absorption
axis of the first polarizer,” the angle between the absorption
axis of the second polarizer and the absorption axis of the first
polarizer may be 88 to 92°, and particularly preferably is 90°.
When it is stated that the “in-plane fast axis of the second-
class birefringent layer is substantially orthogonal to the
absorption axis of the second polarizer,” the angle between
the in-plane fast axis of the second-class birefringent layer
and the absorption axis of the second polarizer may be 88 to
92°, and particularly preferably is 90°.

[0029] Aslongas the first polarizer, first first-class birefrin-
gent layer, liquid crystal cell, second first-class birefringent
layer, second-class birefringent layer, and second polarizer
are included as components, the liquid-crystal display device
according to the present invention is not particularly limited
by other members. From the viewpoint of reliably changing a
polarization state (described later) of display light according
to the present invention, in a preferable embodiment of the
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liquid-crystal display device of the present invention, other
than the first polarizer, first first-class birefringent layer, lig-
uid crystal cell, second first-class birefringent layer, second-
class birefringent layer, and second polarizer, no birefringent
medium is placed between the first polarizer and second
polarizer. Also, from the viewpoint of reducing cost by
decreasing the number of birefringent layers used for the
liquid-crystal display device, in a more preferable embodi-
ment of the liquid-crystal display device according to the
present invention, other than the first polarizer, first first-class
birefringent layer, liquid crystal cell, second first-class bire-
fringent layer, second-class birefringent layer, and second
polarizer, no birefringent medium is included in the liquid-
crystal display device. On the other hand, other than the first
polarizer, first first-class birefringent layer, liquid crystal cell,
second first-class birefringent layer, second-class birefrin-
gent layer, and second polarizer, a birefringent medium may
be included in the liquid-crystal display device. For example,
to adjust wavelength dispersion of the birefringent layers and
the like, a half-wave plate whose in-plane phase difference
has been adjusted to a half wave may be internally added to
the liquid-crystal display device.

[0030] Also, the inventors have found that factors that
impede a complete black display vary depending on the ori-
entation and that if a third-class birefringent layer is placed
between the first and second quarter-wave plates, optical
phase difference compensation can be made for multiple
orientations. When a third-class birefringent layer is pro-
vided, by adjusting a phase difference value of the third-class
birefringent layer first, conditions for optical phase difference
compensation for the third-class birefringent layer at a O-de-
gree orientation can be optimized. Next, by appropriately
adjusting a phase difference value of the second-class bire-
fringent layer, conditions for optical phase difference com-
pensation at a45-degree orientation can be optimized without
changing the conditions for optical phase difference compen-
sation at the 0-degree orientation. This allows light leakage in
oblique directions to be reduced in a wide range of orienta-
tions during black display. Consequently, high contrast ratios
can be achieved in a wide range of viewing angles in terms of
both orientation and polar angle. Furthermore, the third-class
birefringent layer can be produced in a simple and easy way
using a material with appropriate intrinsic birefringence
unlike a biaxial phase difference film controlled to satisfy
nx>nz>ny (0<Nz<1). As used herein, the term “orientation”
means orientation in a direction parallel to the substrate sur-
face of the liquid crystal cell, and available values are O to
360°. The term “polar angle” means a tilt angle from the
direction normal to the substrate surface of the liquid crystal
cell, and available values are 0 to 90°.

[0031] That is, the liquid-crystal display device according
to the present invention may have at least one third-class
birefringent layer at least one of between the first quarter-
wave plate and the liquid crystal cell and between the liquid
crystal cell and the second quarter-wave plate. The third-class
birefringent layer is used suitably especially when the Nz of
the first first-class birefringent layer and second first-class
birefringent layer is less than 2.00. Preferably the third-class
birefringent layer is placed next to the liquid crystal cell. The
phrase “placed next to”” means that no birefringent medium is
provided between the third-class birefringent layer and liquid
crystal cell, and, for example, an isotropic film may be placed
between the third-class birefringent layer and liquid crystal
cell. When multiple third-class birefringent layers are pro-
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vided, preferably at least, one of the multiple third-class bire-
fringent layers is placed next to the liquid crystal cell and the
third-class birefringent layers are placed next to each other.
When the Nz of the first first-class birefringent layer and
second first-class birefringent layer is equal to or larger than
2.00, the liquid-crystal display device according to the
present invention does not need to have a third-class birefrin-
gent layer between the first quarter-wave plate and the liquid
crystal cell or between the liquid crystal cell and the second
quarter-wave plate.

[0032] In relation to the third-class birefringent layer,
nx=can be translated into [nx—ny|=0. Specifically, this means
that the in-plane phase difference R=Inx-ny|xd is less than 20
nm, and preferably the in-plane phase difference R is less than
10 nm. Regardless of whether the third-class birefringent
layer has a single-layer structure or multi-layer structure, as
long as the third-class birefringent layer is placed on the inner
side of the first quarter-wave plate and the second quarter-
wave plate (on the side of the liquid crystal cell) and the sum
total of perpendicular phase difference is constant, character-
istics of transmitted light intensity of the liquid-crystal dis-
play device is exactly the same in principle. Also, even when
the liquid-crystal display device actually does not have a
third-class birefringent layer, there is no harm, in principle, in
assuming that the liquid-crystal display device virtually has a
third-class birefringent layer with zero perpendicular phase
difference. Thus, for the simplicity of explanation, in the
description of the liquid-crystal display device according to
the present invention, it is assumed hereinafter only that one
third-class birefringent layer is placed between the second
quarter-wave plate and the liquid crystal cell unless otherwise
noted.

[0033] The polarizers described above are typically made,
for example, of a polyvinyl alcohol (PVA) film with a dichroic
anisotropic material such as an iodine complex absorbed and
aligned therein. In practical use, both sides of the PVA film is
normally laminated with a protective film such as a triacetyl
cellulose (TAC) film to ensure mechanical strength and heat
and moisture resistance, but the term “polarizer” herein
means only an element that has a polarizing function without
including a protective film, unless otherwise noted. Inciden-
tally, regardless of which of the first and second polarizers
produces polarized light (polarizer on the back side) and
which acts as an analyzer (polarizer on the side of a viewing
surface), the transmitted light intensity of the liquid-crystal
display device is exactly the same in principle. For the sim-
plicity of explanation, in the description of the liquid-crystal
display device, it is assumed hereinafter only that the first
polarizer is the back-side polarizer unless otherwise noted.

[0034] Theliquid crystal cell described above is a vertically
aligned (vertical alignment mode: VA mode) liquid crystal
cell that has a liquid crystal layer and color filter layers
between a pair of transparent substrates, where the color filter
layers include at least blue, green, and red color filter layers
adapted to separate any color of blue, green, and red, respec-
tively. The liquid crystal cell produces a black display by
aligning liquid crystal molecules in the liquid crystal layer
substantially vertically to the substrate surface. VA modes
include Multi-domain VA (MVA) mode, Continuous Pin-
wheel Alignment (CPA) mode, Patterned VA (PVA) mode,
Biased VA (BVA) mode, Reverse TN (RTN) mode, and In-
Plane Switching-VA (IPS-VA) mode. Incidentally, “aligning
liquid crystal molecules substantially vertically to the sub-
strate surface” herein means that an average pretilt angle of

Aug. 9, 2012

the liquid crystal molecules may be 80° or above. Preferably
the red color is a color with a dominant wavelength of
between 620 nm and 680 nm (both inclusive), and more
preferably with a dominant wavelength of between 630 nm
and 670 nm (both inclusive). Preferably the green color is a
color with a dominant wavelength of between 520 nm (inclu-
sive) and 580 nm (exclusive), and more preferably with a
dominant wavelength of between 530 nm and 570 nm (both
inclusive). Preferably the blue coloris a color with a dominant
wavelength of between 420 nm (inclusive) and 480 nm (ex-
clusive), and more preferably with a dominant wavelength of
between 430 nm and 470 nm (both inclusive). In this way, the
liquid crystal cell may include a blue color filter layer adapted
to pass (separate) blue color, a green color filter layer adapted
to pass (separate) green color, and a red color filter layer
adapted to pass (separate) red color.

[0035] The liquid crystal cell described above satisfies at
least one of expressions (1) and (2) above. Consequently,
phase difference conditions are optimally designed not only
for light (green light) with a wavelength of around 550 nm,
but also for light (blue light) with a short wavelength of
around 450 nm and/or light (red light) with along wavelength
of around 650 nm. This makes it possible to reduce light
leakage in wide ranges of viewing angles and wavelengths
during black display. More specifically, when only expres-
sion (1) above is satisfied, leakage of blue light can be reduced
and when only expression (2) above is satisfied, leakage of
red light can be reduced. On the other hand, when both
expressions (1) and (2) above are satisfied, light leakage can
be reduced in an almost entire visible light range, and conse-
quently, occurrence of a coloration phenomenon at oblique
viewing angles during black display can be curbed efficiently.
Incidentally, when a state in which both blue color and red
color leak and a state in which only blue color or red color
leaks are compared, i.e., when a state of magenta coloration
and a state of blue or red coloration are compared, generally
the latter state is “lighter in coloration.” Therefore, it can be
said that coloration can be reduced even when only one of
expressions (1) and (2) above is satisfied. However, the per-
pendicular phase difference of the liquid crystal cell herein is
the total value of perpendicular phase difference of all the
media inside the pair of transparent substrates (above-de-
scribed substrates) including the pair of transparent substrates
(above-described substrates), i.e., the perpendicular phase
difference when the entire liquid crystal cell is measured as a
specimen. Therefore, in the liquid crystal cell, when not only
the liquid crystal layer, but also the transparent substrates,
color filters, and other components of the liquid crystal cell
have phase difference, the perpendicular phase difference of
the liquid crystal cell is the total phase difference value of all
these components.

[0036] Now Rth_all(B), Rth_all(G), and Rth_all(R) will be
described in more detail. When no third-class birefringent
layer exists between the first first-class birefringent layer and
the liquid crystal cell or between the liquid crystal cell and the
second first-class birefringent layer, Rth_all(B), Rth_all(G),
and Rth_all(R) represent the perpendicular phase difference
of the liquid crystal cell at wavelengths of 450 nm, 550 nm,
and 650 nm, respectively. When at least one third-class bire-
fringent layer exists at least one of between the first first-class
birefringent layer and the liquid crystal cell and between the
liquid crystal cell and the second first-class birefringent layer,
Rth_all(B), Rth_all(G), and Rth_all(R) represent values
obtained by adding values of perpendicular phase difference
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of'the third-class birefringent layer at wavelengths of 450 nm,
550 nm, and 650 nm to perpendicular phase difference of the
liquid crystal cell at wavelengths of 450 nm, 550 nm, and 650
nm, respectively.

[0037] In the liquid-crystal display device, if d(R), d(G),
and d(B) respectively denote thicknesses of the liquid crystal
layer in regions where the blue, green, and red color filter
layers are provided, preferably at least one of d(R), d(G), and
d(B) differs from the others, and more preferably d(R), d(G),
and d(B) differ from one another. This makes it possible to
easily implement a liquid crystal cell that satisfies at least one
of expressions (1) and (2) above.

[0038] From a similar viewpoint, in the liquid-crystal dis-
play device described above, if perpendicular phase differ-
ence of the red color filter layer at a wavelength of 650 nm is
Rth_cf(R), if perpendicular phase difference of the green
color filter layer at a wavelength of 550 nm is Rth_cf(G), and
if perpendicular phase difference of the blue color filter layer
at a wavelength of 450 nm is Rth_cf(B), at least one of
Rtf_cf(R), Rth_cf(G), and Rth_cf(B) may differ from the
others. In that case, more preferably Rtf_cf(R), Rth_cf(G),
and Rth_cf(B) differ from one another.

[0039] Between the first polarizer and second polarizer, the
liquid-crystal display device according to the present inven-
tion has a first first-class birefringent layer (first quarter-wave
plate) whose in-plane phase difference is adjusted to a quarter
wave, a second first-class birefringent layer (second quarter-
wave plate) whose in-plane phase difference is adjusted to a
quarter wave, and a second-class birefringent layer. As
described above, the present invention may further have a
third-class birefringent layer between the first polarizer and
second polarizer. For example, preferably a combination of
the second quarter-wave plate and second-class birefringent
layer, a combination of the second quarter-wave plate and
third-class birefringent layer, and a combination of the first
quarter-wave plate and third-class birefringent layer are
stacked structures produced without the use of an adhesive.
The stacked structures can be produced by a method that
involves laminating films with an adhesive simultaneously
when the films are produced by a co-extrusion or other film
extrusion process or a method that involves forming one of
the birefringent layers in the stacked structure from a polymer
film and forming or stacking the other birefringent layer made
of'aliquid crystalline material or non-liquid crystalline mate-
rial on the polymer film by application or transfer. The latter
method, which uses application or transfer, is suitably used to
produce the stacked structure of the second quarter-wave
plate and third-class birefringent layer or the stacked struc-
ture of the first quarter-wave plate and third-class birefringent
layer especially because the third-class birefringent layer is
often produced by the application of a non-liquid crystalline
material such as polyimide or a liquid crystalline material
such as cholesteric liquid crystal.

[0040] In the liquid-crystal display device according to the
present invention, light incident upon the first polarizer from
front direction is converted into linearly polarized light by the
first polarizer, converted from the linearly polarized light into
circularly polarized light by the first quarter-wave plate,
transmitted through the liquid crystal cell and third-class
birefringent layer by maintaining the polarization state,
reconverted, by the second quarter-wave plate orthogonal to
the first quarter-wave plate, from the circularly polarized light
into linearly polarized light as just after passing through the
first polarizer, and transmitted through the second-class bire-
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fringent layer by maintaining the polarization state. Then, the
linearly polarized light is blocked by the second polarizer
orthogonal to the first polarizer, creating a good black display.
That is, the second-class and third-class birefringent layers
are not intended to transform the polarization state of the light
incident from the front direction.

[0041] Description has been given above of how a black
display can be realized by keeping track of the polarization
state that changes as the light passes through each layer, but
this can also be understood intuitively from the following
description. Specifically, in the front direction, (1) the first
and second quarter-wave plates placed between the first and
second polarizers are neutralized because the first and second
quarter-wave plates are orthogonal to each other and equal in
phase difference (to a quarter wave), thereby cancelling out
each other’s phase difference, (2) the second-class birefrin-
gent layer placed between the first and second polarizers is
practically neutralized because the second-class birefringent
layer has a fast axis that is orthogonal to the absorption axis of
the second polarizer, (3) the third-class birefringent layer and
liquid crystal cell placed between the first and second polar-
izers are practically neutralized because the third-class bire-
fringent layer and liquid crystal cell have zero phase differ-
ence in the front direction, and (4) the first and second
polarizers are oriented orthogonal to each other, forming
so-called cross-Nicol polarizers. Consequently, the liquid-
crystal display device according to the present invention cre-
ates a complete black display between the cross-Nicol polar-
izers.

[0042] On the other hand, in oblique direction, if it is
assumed that the polarization state is not transformed by the
second-class and third-class birefringent layers, the light inci-
dent obliquely upon the first polarizer is not blocked by the
second polarizer for the three reasons described below. Con-
sequently, the liquid-crystal display device according to the
present invention cannot create a complete black display.
That is, the second-class and third-class birefringent layers
are intended to transform the polarization state and carry out
viewing angle compensation only for the light incident
obliquely.

[0043] Thus, the second-class and third-class birefringent
layers according to the present invention allows a good black
display to be created in oblique direction as well while main-
taining a good black display in the front direction. This makes
it possible to improve contrast ratios in the oblique direction
and thereby implement a liquid-crystal display device with
excellent viewing angle characteristics.

[0044] Next, detailed description will be given of the three
reasons why the light incident from oblique direction is sub-
jected to transformation of polarization state and viewing
angle compensation by the second-class and third-class bire-
fringent layers. Now, as shown in FIG. 1, consider a circularly
polarized VA liquid-crystal display device 100 of the simplest
configuration that includes a first polarizer 110 (90-degree
absorption axis orientation), a first quarter-wave plate 120
(135-degree slow axis orientation), a VA liquid crystal cell
130, a second quarter-wave plate 140 (45-degree slow axis
orientation), and a second polarizer 150 (0-degree absorption
axis orientation) stacked in this order, but does not include
any second-class or third-class birefringent layer. In FIG. 1,
the arrows drawn on the first and second polarizers 110 and
150 indicate the orientations of the respective absorption
axes, the arrows drawn on the first and second quarter-wave
plates 120 and 140 indicate the orientations of the respective
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slow axes, and the ellipsoids drawn on the VA liquid crystal
cell 130 represent the shape of an optical indicatrix of the VA
liquid crystal cell 130.

[0045] First, consider a black display in the front direction.
Light incident upon the first polarizer 110 from the front
direction is converted into linearly polarized light by the first
polarizer 110, converted from the linearly polarized light into
circularly polarized light by the first quarter-wave plate 120,
transmitted through the liquid crystal cell 130 by maintaining
the polarization state, and reconverted, by the second quarter-
wave plate 140 orthogonal to the first quarter-wave plate 120,
from the circularly polarized light into linearly polarized light
as just after passing through the first polarizer 110. Then, the
linearly polarized light is blocked by the second polarizer 150
orthogonal to the first polarizer 110, creating a good black
display. In other words, in the front direction, (1) the first and
second quarter-wave plates 120 and 140 placed between the
first and second polarizers 110 and 150 are neutralized
because the first and second quarter-wave plates 120 and 140
are orthogonal to each other and equal in phase difference (a
quarter wave), thereby cancelling out each other’s phase dif-
ference, (2) the liquid crystal cell 130 placed between the first
and second polarizers 110 and 150 is practically neutralized
because the liquid crystal cell 130 has zero phase difference in
the front direction, and (3) the first and second polarizers 110
and 150 are oriented orthogonal to each other, forming so-
called cross-Nicol polarizers.

[0046] Consequently, the liquid-crystal display device 100
creates a complete black display.

[0047] Next, consider a black display in oblique direction.
A complete black display is not available due to viewing
angle constraints (1) to (3) below. (1) The first and second
quarter-wave plates 120 and 140, which are not orthogonal to
each other or not equal in phase difference, are not neutral-
ized, (2) the liquid crystal cell 130 is not neutralized because
of non-zero phase difference, and, (3) the first and second
polarizers 110 and 150, which are not orthogonal to each
other, do not form cross-Nicol polarizers.

[0048] Viewing angle constraints (1) to (3) will be
described in more detail with reference to FIG. 2. As sche-
matically shown in FIG. 2(a), in the front direction (a direc-
tion normal to the substrate surface), a slow axis 121 of the
first quarter-wave plate 120 and a slow axis 141 of the second
quarter-wave plate 140 are orthogonal to each other. On the
other hand, at a 0-degree orientation in oblique direction, the
slow axis 121 of the first quarter-wave plate 120 and the slow
axis 141 of the second quarter-wave plate 140 are no longer
orthogonal to each other. Consequently, the first quarter-wave
plate 120 and second quarter-wave plate 140 do not cancel out
each other’s phase difference, and thus are not neutralized.
Also, as schematically shown in FIG. 2(5), in the front direc-
tion, the slow axis 121 of the first quarter-wave plate 120 and
the slow axis 141 of the second quarter-wave plate 140 are
orthogonal to each other. On the other hand, at a 45-degree
orientation in oblique direction, although the slow axis 121
and slow axis 141 are orthogonal to each other, the first and
second quarter-wave plates 120 and 140 are no longer equal in
phase difference, and thus do not cancel out each other’s
phase difference. This is because the phase difference is
determined by birefringence (refractive index difference)
multiplied by thickness, but effective birefringence differs
between front and oblique directions and, moreover, depends
on the orientation. For the same reason, the phase difference
of'the VA liquid crystal cell 130 is zero in the front direction,
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but becomes non-zero in any oblique direction. Only in the
front direction, the effective birefringence is zero, and so is
the phase difference. Furthermore, as schematically shown in
FIG. 2(c), an absorption axis 111 of the first polarizer 110 and
an absorption axis 151 of the second polarizer 150 are
orthogonal to each other in the front direction, but are no
longer orthogonal to each other at a 45-degree orientation in
oblique direction.

[0049] As described above, with the circularly polarized
VA liquid-crystal display device 100 of the minimum con-
figuration, a complete black display is not available in oblique
direction due to three viewing angle constraints (1) to (3)
described above. To put it the other way around, if the con-
straints can be dealt with, i.e., if optical compensation can be
done, a good black display can be created even in oblique
direction. Viewing angle improvement techniques (A) to (E)
described earlier actually take such measures. In many cases,
viewing angle constraints (1) and (2) described above are
encountered in a combined form. Thus, in the optical com-
pensation, a technique may be used that optimally deals with
viewing angle constraints (1) and (2) collectively rather than
individually.

[0050] Based on design principles described in detail
below, the circularly polarized VA liquid-crystal display
device according to the present invention has been designed
to simultaneously carry out optical compensation for viewing
angle constraints (1) to (3) described above. Specifically, this
has been achieved using general-purpose biaxial quarter-
wave plates (first-class birefringent layers) that satisfy the
relationship nx>ny=nz as the first and second quarter-wave
plates, adjusting the Nz factors of the first and second quarter-
wave plates to be substantially the same, placing a birefrin-
gent layer (second-class birefringent layer) that satisfies the
relationship nx<ny=nz between the second quarter-wave
plate and second polarizer, and placing, as required, a bire-
fringent layer (third-class birefringent layer) that satisfies the
relationship nx=ny>nz between the first and second quarter-
wave plates.

[0051] Now design principles of the birefringent layers in
the present invention will be described. The inventor has
conducted various studies in order to carry out optical com-
pensation for the above-described viewing angle constraints
easily and effectively, and noticed that the necessity for opti-
cal compensation varies with the orientation. Consequently,
the inventor has found that optical compensation of polarizers
for viewing angle constraint (3) is not necessary at a 0-degree
orientation as shown in Table 1 below and that in this orien-
tation, it is necessary to carry out only optical compensation
of quarter-wave plates for viewing angle constraint (1) and
optical compensation of the liquid crystal cell for viewing
angle constraint (2).

TABLE 1

Necessity of optical compensation

(1) Quarter-wave (2) Liquid
Direction plate crystal cell (3) Polarizer
0° needed needed not needed
45° needed needed needed
[0052] Furthermore, based on illustrations of polarization

states using the Poincare sphere and on computer simulations,
the inventor has realized that optical compensation for view-
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ing angle constraints (1) and (2) at a 0-degree orientation can
be carried out simultaneously in an effective manner by opti-
mally adjusting the Nz factor Nzq of the first and second
quarter-wave plates and the perpendicular phase difference
Rlc of the liquid crystal cell and placing, as required, a third-
class birefringent layer that satisfies the relationship
nx=ny>nz between the first and second quarter-wave plates
and optimally adjusting the perpendicular phase difference
R3 of the third-class birefringent layer. Herein, the process of
selecting optimal values of the Nz factor Nzq of the first and
second quarter-wave plates, perpendicular phase difference
Rlc of the liquid crystal cell, and perpendicular phase differ-
ence R3 ofthe third-class birefringent layer for the purpose of
optical compensation at the 0-degree orientation as described
above will be referred to as a 1st step.

[0053] Then, the inventor has realized that optical compen-
sation for viewing angle constraints (1) to (3) described above
at a 45-degree orientation can be carried out simultaneously
in an effective manner after the 1st step by placing a second-
class birefringent layer that satisfies the relationship
nx<ny=nz between the second quarter-wave plate and sec-
ond polarizer such that the in-plane fast axis of the second-
class birefringent layer will be substantially orthogonal to the
absorption axis of the second polarizer and optimally adjust-
ing an Nz factor Nz2 and in-plane phase difference R2 of the
second-class birefringent layer. Herein, the process of select-
ing optimal values of the Nz factor Nz2 and in-plane phase
difference R2 of the second-class birefringent layer for the
purpose of optical compensation at the 45-degree orientation
after the 1st step as described above will be referred to as a
2nd step.

[0054] Since the in-plane fast axis of the second-class bire-
fringent layer added in the 2nd step is placed so as to be
substantially orthogonal to the absorption axis of the adjacent
second polarizer, there is no change in optical characteristics
at the absorption axis orientation of the second polarizer, i.e.,
at the 0-degree orientation. An optical compensation process
according to the present invention is characterized in that an
optimized state established in the 1st step is maintained as
before even after the 2nd step. In this way, the 1st step and 2nd
step can be treated completely independently of each other,
making it easy to design birefringent layers.

[0055] Details of optical compensation principles in the 1st
step and 2nd step are explained described above by illustra-
tions using the Poincare sphere as follows. The idea of the
Poincare sphere is well known in the field of crystal optics and
the like as a useful technique for keeping track of polarization
state that changes through birefringent layers (see, for
example, Hiroshi Takasaki “Crystal Optics,” Morikita Pub-
lishing, 1975, pp. 146-163).

[0056] With the Poincare sphere, the northern hemisphere
represents clockwise polarization, the southern hemisphere
represents counter-clockwise polarization, the equator repre-
sents linearly polarized light, and the north and south poles
respectively represent right-handed circularly polarized light
and left-handed circularly polarized light. Two polarization
states symmetrical with respect to the center of the sphere are
equal in the absolute value of ellipticity angle but opposite in
polarity, forming a pair of orthogonal polarizations.

[0057] The effect of a birefringent layer on the Poincare
sphere is to rotationally translate a point that represents the
polarization state just before passage through the birefringent
layer counter-clockwise around the slow axis (more specifi-
cally, the position, on the Poincare sphere, of the point that
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represents the polarization state of the slower of two natural
vibration modes of the birefringent layer) on the Poincare
sphere by an angle given by 27x“phase difference”/“wave-
length” (in rads) (even if the point is rotationally translated
clockwise around the fast axis, the result is the same).
[0058] The center of rotation and angle of rotation when
observed obliquely are determined by the slow axis (or fast
axis) and phase difference at the observation angle. This can
be calculated from vibration directions and wave vectors of
the natural vibration modes of the birefringent layer, which in
turn can be calculated, for example, by solving Fresnel’s
equation of wave normals although detailed description is
omitted. The slow axis observed obliquely depends on the
observation angle and Nz factor while the phase difference
observed obliquely depends on the observation angle, Nz
factor, and in-plane phase difference R (or perpendicular
phase difference Rth).

(Compensation Principles in the 1st Step)

[0059] To begin with, consider the polarization state when
the circularly polarized VA liquid-crystal display device 100
in FIG. 1 is observed from the front direction. Under this
condition, the light emitted from a backlight (located below
the first polarizer although not illustrated in FIG. 1) is trans-
mitted through the polarizers 110 and 150, birefringent layers
120 and 140, and liquid crystal cell 130, changing its polar-
ization state upon transmission through each object as illus-
trated on an S1-S2 plane of the Poincare sphere in FIG. 3.
Points that represent the polarization states are located actu-
ally on the Poincare sphere, but projected onto the S1-S2
plane. The points that represent the polarization states are
indicated by circles and points that represent the slow (fast)
axes of the birefringent layers are indicated by x.

[0060] The polarization state of light just after transmission
through the first polarizer 110 is located at point PO on the
Poincare sphere. This coincides with the polarization state
which is represented by point E and in which the light can be
absorbed by the second polarizer 150, i.e., with the extinction
position (absorption axis orientation) of the second polarizer
150. Then, as the light is transmitted through the first quarter-
wave plate 120, the polarization state located at point PO is
rotationally transformed a specific angle around the slow axis
of'the first quarter-wave plate 120 represented by point Q1 on
the Poincare sphere, and reaches point P1. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point Q1.

[0061] Next, the light is transmitted through the VA liquid
crystal cell 130, but the polarization state does not change
because the VA liquid crystal cell 130 has zero phase differ-
ence in the front direction. Finally, as the light is transmitted
through the second quarter-wave plate 140, its polarization
state is rotationally transformed a specific angle around the
slow axis ofthe second quarter-wave plate 140 represented by
point Q2, and reaches point P2, which coincides with the
extinction position E of the second polarizer 150. In this way,
the liquid-crystal display device 100 in FIG. 1 can block the
light from the backlight when observed from the front direc-
tion and create a good black display.

[0062] Furthermore, consider the polarization state when
the circularly polarized VA liquid-crystal display device 100
in FIG. 1 is observed at a O-degree absorption axis orientation
of the second polarizer 150, from a direction tilted 60° from
the normal line direction (hereinafter also referred to as a
60-degree tilt from the normal line). Under this condition, the
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light emitted from the backlight is transmitted through the
polarizers 110 and 150, birefringent layers 120 and 140, and
liquid crystal cell 130, changing its polarization state upon
transmission through each object as illustrated on the S1-S2
plane of the Poincare sphere in FIG. 4.

[0063] The polarization state of light just after transmission
through the first polarizer 110 is located at point PO on the
Poincare sphere. This coincides with the polarization state
which is represented by point E and in which the light can be
absorbed by the second polarizer 150, i.e., with the extinction
position (absorption axis orientation) of the second polarizer
150. Then, as the light is transmitted through the first quarter-
wave plate 120, the polarization state located at point PO is
rotationally transformed a specific angle around the slow axis
of'the first quarter-wave plate 120 represented by point Q1 on
the Poincare sphere, and reaches point P1. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point Q1.

[0064] Next, as the light is transmitted through the VA
liquid crystal cell 130, its polarization state is rotationally
transformed a specific angle around the slow axis of the liquid
crystal cell 130 represented by point L on the Poincare sphere,
and reaches point P2. At this time, the rotational direction is
counter-clockwise when viewed in the direction of the origin
O from point L. Finally, as the light is transmitted through the
second quarter-wave plate 140, its polarization state is rota-
tionally transformed a specific angle around the slow axis of
the second quarter-wave plate 140 represented by point Q2,
and reaches point P3, which does not coincide with the
extinction position E of the second polarizer 150. In this way,
the liquid-crystal display device 100 in FIG. 1 cannot block
the light from the backlight when observed at a 0-degree
orientation, with a 60-degree tilt from the normal line.
[0065] In FIGS. 3 and 4, the positions of points P1 to P3
depend on the Nz factor Nzq of the first and second quarter-
wave plates 120 and 140 as well as on the perpendicular phase
difference Rlc of the liquid crystal cell 130. As an example,
FIGS. 3 and 4 illustrate an embodiment in which Nzq=1.6 and
R1c=320 nm. To make it easier to understand transformation
of polarization states, the positions of the points are shown
roughly and are not always strictly accurate. Also, to make the
drawings clear, arrows that indicate transformation directions
ofpoints P1 to P3 are not illustrated. The Rlc of the VA liquid
crystal cell 130 is typically about 320 nm, and is generally
adjusted within a range of 270 to 400 nm. For example, the
Rlc is sometimes set to be larger than 320 nm in order to
increase transmittance. The Nz factor Nzq of the first and
second quarter-wave plates 120 and 140 is generally adjusted
within a range of 1.0 to 2.9. For example, in the case of a VA
liquid crystal cell whose Rlc is set to around 400 nm and
which does not use any third-class birefringent layer, a quar-
ter-wave plate with Nzg=2.9 is used suitably.

[0066] Next, consider a circularly polarized VA liquid-
crystal display device 200 that includes a third-class birefrin-
gent layer. Specifically, as shown in FIG. 5, the circularly
polarized VA liquid-crystal display device 200 includes a first
polarizer 210 (90-degree absorption axis orientation), a first
quarter-wave plate 220 (135-degree slow axis orientation), a
VA liquid crystal cell 230, a third-class birefringent layer 235,
a second quarter-wave plate 240 (45-degree slow axis orien-
tation), and a second polarizer 250 (0-degree absorption axis
orientation) stacked in this order. Incidentally, in FIG. 5, the
arrows drawn on the first and second polarizers 210 and 250
indicate the orientations of the respective absorption axes, the
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arrows drawn on the first and second quarter-wave plates 220
and 240 indicate the orientations of the respective slow axes,
and the ellipsoids drawn on the VA liquid crystal cell 230 and
third-class birefringent layer 235 represent the shapes of opti-
cal indicatrices of the VA liquid crystal cell 230 and third-
class birefringent layer 235.

[0067] To begin with, consider the polarization state when
the circularly polarized VA liquid-crystal display device 200
in FIG. 5 is observed from the front direction. Under this
condition, the light emitted from a backlight (located below
the first polarizer 210 although not illustrated in FIG. 5) is
transmitted through the polarizers 210 and 250, birefringent
layers 220 and 240, and liquid crystal cell 230, changing its
polarization state upon transmission through each object as
illustrated on the S1-S2 plane of the Poincare sphere in FIG.
6.

[0068] The polarization state of light just after transmission
through the first polarizer 210 is located at point PO on the
Poincare sphere. This coincides with the polarization state
which is represented by point E and in which the light can be
absorbed by the second polarizer 250, i.e., with the extinction
position (absorption axis orientation) of the second polarizer
250. Then, as the light is transmitted through the first quarter-
wave plate 220, the polarization state located at point PO is
rotationally transformed a specific angle around the slow axis
of'the first quarter-wave plate 220 represented by point Q1 on
the Poincare sphere, and reaches point P1. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point Q1.

[0069] Next, the light is transmitted through the VA liquid
crystal cell 230 and third-class birefringent layer 235, but the
polarization state does not change because the VA liquid
crystal cell 230 and third-class birefringent layer 235 have
zero phase difference in the front direction. Finally, as the
light is transmitted through the second quarter-wave plate
240, its polarization state is rotationally transformed a spe-
cific angle around the slow axis of the second quarter-wave
plate 240 represented by point Q2, and reaches point P2,
which coincides with the extinction position E of the second
polarizer 250. In this way, the liquid-crystal display device
200 in FIG. 5 can block the light from the backlight when
observed from the front direction and create a good black
display, as in the case of the liquid-crystal display device 100
in FIG. 1.

[0070] Furthermore, consider the polarization state when
the circularly polarized VA liquid-crystal display device 200
in FIG. 5 is observed from a direction tilted 60°, at a 0-degree
absorption axis orientation of the second polarizer 210. Under
this condition, the light emitted from the backlight is trans-
mitted through the polarizers 210 and 250, birefringent layers
220 and 240, and liquid crystal cell 230, changing its polar-
ization state upon transmission through each object as illus-
trated on the S1-S2 plane of the Poincare sphere in FIG. 7.
[0071] First, the polarization state of light just after trans-
mission through the first polarizer 210 is located at point PO
on the Poincare sphere. This coincides with the polarization
state which is represented by point E and in which the light
can be absorbed by the second polarizer 250, i.e., with the
extinction position (absorption axis orientation) of the second
polarizer 250. Then, as the light is transmitted through the
first quarter-wave plate 220, the polarization state located at
point PO is rotationally transformed a specific angle around
the slow axis of the first quarter-wave plate 220 represented
by point Q1 on the Poincare sphere, and reaches point P1. At
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this time, the rotational direction is counter-clockwise when
viewed in the direction of the origin O from point Q1.
[0072] Next, as the light is transmitted through the VA
liquid crystal cell 230, its polarization state is rotationally
transformed a specific angle around the slow axis of the liquid
crystal cell 230 represented by point L on the Poincare sphere,
and reaches point P2. At this time, the rotational direction is
counter-clockwise when viewed in the direction of the origin
O from point L. Next, as the light is transmitted through the
third-class birefringent layer 235, its polarization state is rota-
tionally transformed a specific angle around the slow axis of
the third-class birefringent layer 235 represented by point R3
on the Poincare sphere, and reaches point P3. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point R3. Finally, as the light is
transmitted through the second quarter-wave plate 240, its
polarization state is rotationally transformed a specific angle
around the slow axis of the second quarter-wave plate 240
represented by point Q2, and reaches point P4, which coin-
cides with the extinction position E of the second polarizer
250. In this way, the liquid-crystal display device 200 in FIG.
5 can also block the light from the backlight when observed
obliquely at a 0-degree orientation, with a 60-degree tilt from
the normal line, as when observed from the front direction.
[0073] In FIGS. 6 and 7, the positions of points P1 to P4
depend on the Nz factor Nzq of the first and second quarter-
wave plates 220 and 240, the perpendicular phase difference
Rlc of the liquid crystal cell 230, and the perpendicular phase
difference R3 of the third-class birefringent layer 235. As an
example, FIGS. 6 and 7 illustrate an embodiment in which
Nzg=1.6, Rlc=320 nm, and R3=-129 nm. To make it easier to
understand transformation of polarization states, the posi-
tions of the points are shown roughly and are not always
strictly accurate. Also, to make the drawings clear, arrows that
indicate transformation directions of points P1 to P4 are not
illustrated.

[0074] Studies conducted by the inventor show that the
third-class birefringent layer 235 has an optimal phase differ-
ence value R3 according to the Nz factor Nzq of the first and
second quarter-wave plates 220 and 240. FIGS. 8 and 9 illus-
trate polarization states on the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device 200 in FIG. 5 is observed from a direction tilted
60°, at a O-degree absorption axis orientation of the second
polarizer 250. FIG. 8 illustrates an embodiment in which
Nzg=2.0, RIc=320 nm, and R3=-61 nm while FIG. 9 illus-
trates a form in which Nzq=2.35, Rlc=320 nm, and R3=0 nm.
[0075] As can be seen from FIGS. 7, 8, and 9, with
increases in the Nz factor Nzq of the first and second quarter-
wave plates 220 and 240, point P1 that represents the polar-
ization state just after transmission through the first quarter-
wave plate 220 and point P2 that represents the polarization
state just after transmission through the VA liquid crystal cell
230 approach points symmetrical with respect to an S1 axis,
resulting in decreases in an amount of P2-to-P3 transforma-
tion needed to superimpose point P4 and point E on each
other, i.e., the absolute value of required phase difference R3
of the third-class birefringent layer 235. Since the Rlc of the
VA liquid crystal cell 230 is generally adjusted within a range
0f270t0 400 nm as described above, when Nzq of the first and
second quarter-wave plates 220 and 240 exceeds 2.00, the
required phase difference R3 of the third-class birefringent
layer 235 becomes substantially zero. That is, the third-class
birefringent layer 235 becomes unnecessary. At a phase dif-
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ference value Rlc=320 nm of a typical VA liquid crystal cell,
when Nzq=2.35, the required phase difference R3 of the
third-class birefringent layer becomes substantially zero.
[0076] A relationship between the Nz factor Nzq of the first
and second quarter-wave plates 220 and 240 and the optimal
value of the perpendicular phase difference R3 of the third-
class birefringent layer 235 was studied using computer
simulations and results are shown in Table 2 and FIG. 10. In
theillustrations in FIGS. 7, 8, and 9 using the Poincare sphere,
the transformation of polarization state from point P1 to point
P3 are divided into transformation from P1 to P2 based on the
perpendicular phase difference Rlc of the VA liquid crystal
cell 230 and transformation from P2 to P3 based on the
perpendicular phase difference R3 of the third-class birefrin-
gent layer 235. However, the two transformations have the
same center of rotation and opposite rotational directions.
The rotational direction is determined by the sign of perpen-
dicular phase difference and the angle of rotation is deter-
mined by the absolute value of the perpendicular phase dif-
ference. Therefore, the two transformations can also be
regarded as a direct P1-to-P3 transformation of “the total
perpendicular phase difference (Rlc+R3)” of “the VA liquid
crystal cell 230 and third-class birefringent layer 235.” In
other words, as long as Rlc+R3 is equal, the optical charac-
teristics of the liquid-crystal display device are the same
regardless of the perpendicular phase difference Rlc of the VA
liquid crystal cell 230. Thus, optimal values of Rlc+R3 cal-
culated from computer simulations are shown in Table 2. As
can be seen from Table 2 and FIG. 10, the relationship
between Nzq and the optimal value of Rlc+R3 is approxi-
mated fairly well by expression (A) below within a range of
1.0 Nzq 2.9. The solid line in FIG. 10 represents expression
(A) below.

RIc+R3=169 nmxNzq-81 nm (A)

[0077] From the viewpoint of implementing a liquid-crys-
tal display that can achieve high contrast ratios in a wide range
of viewing angles, most preferably, during black display
(when no voltage is applied to the liquid crystal layer), Rlc+
R3, i.e., the sum of the perpendicular phase difference Rlc of
the VA liquid crystal cell 230 and perpendicular phase differ-
ence R3 of the third-class birefringent layer 235, takes the
optimal value shown in Table 2 and FIG. 10, but may deviate
more or less from the optimal value as long as the contrast
ratios at oblique viewing angles do not lower greatly. In order
to fully achieve the operation and effects of the present inven-
tion, preferably the sum Rlc+R3 is within a range of the
optimal value 30 nm.

TABLE 2
Nzq Rlc + R3 (nm)
1.00 88
1.10 105
1.20 122
1.30 140
1.40 157
1.50 174
1.60 191
1.70 208
2.00 259
2.30 309
2.40 325
2.50 342
2.90 406
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(Compensation Principles in the 2nd Step)

[0078] To begin with, consider a case where after the 1st
step, the liquid-crystal display device 200 in FIG. 5 is
observed from a direction tilted 60°, at an orientation (here-
inafter sometimes referred to as a 45-degree orientation)
obtained by dividing an interval between a 90-degree absorp-
tion axis orientation of the first polarizer 210 and a 0-degree
absorption axis orientation of the second polarizer 250 into
two parts. As described above, in the 1st step, the liquid-
crystal display device 200 undergoes optical compensation at
the O-degree orientation by selecting the optimal values of the
perpendicular phase difference Rlc of the liquid crystal cell
230 and perpendicular phase difference R3 of the third-class
birefringent layer 235 according to the Nz factor Nzq of the
first and second quarter-wave plates 220 and 240. Under this
condition, the light emitted from the backlight is transmitted
through the polarizers 210 and 250, birefringent layers 220
and 240, and liquid crystal cell 230, changing its polarization
state upon transmission through each object as illustrated on
the S1-S2 plane of the Poincare sphere in FIG. 11.

[0079] First, the polarization state of light just after trans-
mission through the first polarizer 210 is located at point PO
on the Poincare sphere. This does not coincide with the polar-
ization state which is represented by point E and in which the
light can be absorbed by the second polarizer 250, i.e., with
the extinction position (absorption axis orientation) of the
second polarizer 250. The first and second polarizers 210 and
250 are no longer orthogonal to each other at a 45-degree
orientation in oblique direction, indicating the need for opti-
cal compensation. Then, as the light is transmitted through the
first quarter-wave plate 220, the polarization state located at
point PO is rotationally transformed a specific angle around
the slow axis of the first quarter-wave plate 220 represented
by point Q1 on the Poincare sphere, and reaches point P1. At
this time, the rotational direction is counter-clockwise when
viewed in the direction of the origin O from point Q1.
[0080] Next, as the light is transmitted through the VA
liquid crystal cell 230, its polarization state is rotationally
transformed a specific angle around the slow axis of the liquid
crystal cell 230 represented by point L on the Poincare sphere,
and reaches point P2. At this time, the rotational direction is
counter-clockwise when viewed in the direction of the origin
O from point L. Next, as the light is transmitted through the
third-class birefringent layer 235, its polarization state is rota-
tionally transformed a specific angle around the slow axis of
the third-class birefringent layer 235 represented by point R3
on the Poincare sphere, and reaches point P3. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point R3. Finally, as the light is
transmitted through the second quarter-wave plate 240, its
polarization state is rotationally transformed a specific angle
around the slow axis of the second quarter-wave plate 240
represented by point Q2, and reaches point P4, which does not
coincide with the extinction position E of the second polarizer
250. In this way, the liquid-crystal display device 200 in FIG.
5 cannot block the light from the backlight when observed
obliquely at a 45-degree orientation, with a 60-degree tilt
from the normal line. That is, after going through only the 1st
step, the liquid-crystal display device 200 has not undergone
optical compensation at a 45-degree orientation.

[0081] In FIG. 11, the positions of points P1 to P4 depend
on the Nz factor Nzq of the first and second quarter-wave
plates 220 and 240, the perpendicular phase difference Rlc of
the liquid crystal cell 230, and the perpendicular phase dif-
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ference R3 of the third-class birefringent layer 235. As an
example, FIG. 11 illustrates an embodiment in which Nzq=1.
6, Rlc=320 nm, and R3=-129 nm. To make it easier to under-
stand transformation of polarization states, the positions of
the points are shown roughly and are not always strictly
accurate. Also, to make the drawings clear, arrows that indi-
cate transformation directions of points P1 to P4 are not
illustrated.

[0082] Next, consider a circularly polarized VA liquid-
crystal display device 300 that includes a second-class bire-
fringent layer. Specifically, as shown in FIG. 12, the circularly
polarized VA liquid-crystal display device 300 includes a first
polarizer 310 (90-degree absorption axis orientation), a first
quarter-wave plate 320 (135-degree slow axis orientation), a
VA liquid crystal cell 330, a third-class birefringent layer 335,
a second quarter-wave plate 340 (45-degree slow axis orien-
tation), a second-class birefringent layer 345 (90-degree fast
axis orientation), and a second polarizer 350 (0-degree
absorption axis orientation) stacked in this order. The second-
class birefringent layer has been added to the configuration in
FIG. 5 to carry out optical compensation at a 45-degree ori-
entation. Incidentally, in FIG. 12, the arrows drawn on the first
and second polarizers 310 and 350 indicate the orientations of
the respective absorption axes, the arrows drawn on the first
and second quarter-wave plates 320 and 340 indicate the
orientations of the respective slow axes, the arrow drawn on
the second-class birefringent layer 345 indicates its fast axis,
and the ellipsoids drawn on the VA liquid crystal cell 330 and
third-class birefringent layer 335 represent the shapes of opti-
cal indicatrices of the VA liquid crystal cell 330 and third-
class birefringent layer 335.

[0083] To begin with, consider the polarization state when
the circularly polarized VA liquid-crystal display device 300
in FIG. 12 is observed from the front direction. The light
emitted from a backlight (located below the first polarizer 310
although not illustrated in FIG. 12) is transmitted through the
polarizers 310 and 350, birefringent layers 320 and 340, and
liquid crystal cell 330, changing its polarization state upon
transmission through each object as illustrated on the S1-S2
plane of the Poincare sphere in FIG. 13.

[0084] First, the polarization state of light just after trans-
mission through the first polarizer 310 is located at point PO
on the Poincare sphere. This coincides with the polarization
state which is represented by point E and in which the light
can be absorbed by the second polarizer 350, i.e., with the
extinction position (absorption axis orientation) of the second
polarizer 350. Then, as the light is transmitted through the
first quarter-wave plate 320, the polarization state located at
point PO is rotationally transformed a specific angle around
the slow axis of the first quarter-wave plate 320 represented
by point Q1 on the Poincare sphere, and reaches point P1. At
this time, the rotational direction is counter-clockwise when
viewed in the direction of the origin O from point Q1.
[0085] Next, the light is transmitted through the VA liquid
crystal cell 330 and third-class birefringent layer 335, but the
polarization state does not change because the VA liquid
crystal cell 330 and third-class birefringent layer 335 have
zero phase difference in the front direction. Next, as the light
is transmitted through the second quarter-wave plate 340, its
polarization state is rotationally transformed a specific angle
around the slow axis of the second quarter-wave plate 340
represented by point Q2, and reaches point P2. Finally, as the
light is transmitted through the second-class birefringent
layer 345, the polarization state located at point P2 is rota-
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tionally transformed a specific angle around the fast axis of
the second-class birefringent layer 345 represented by point
R2 on the Poincare sphere, but remains at point P2, which
coincides with the extinction position E of the second polar-
izer 350. In this way, the liquid-crystal display device 300 in
FIG. 12 can block the light from the backlight when observed
from the front direction and create a good black display, as in
the case of the liquid-crystal display device 100 in FIG. 1.
[0086] Now, consider the polarization state when the circu-
larly polarized VA liquid-crystal display device 300 in FIG.
12 is observed from a direction tilted 60°, at a 45-degree
orientation. Under this condition, the light emitted from the
backlight is transmitted through the polarizers 310 and 350,
birefringent layers 320 and 340, and liquid crystal cell 330,
changing its polarization state upon transmission through
each object as illustrated on the S1-S2 plane of the Poincare
sphere in FIG. 14.

[0087] First, the polarization state of light just after trans-
mission through the first polarizer 310 is located at point PO
on the Poincare sphere. This does not coincide with the polar-
ization state which is represented by point E and in which the
light can be absorbed by the second polarizer 350, i.e., with
the extinction position (absorption axis orientation) of the
second polarizer 350. Then, as the light is transmitted through
the first quarter-wave plate 320, the polarization state located
at point PO is rotationally transformed a specific angle around
the slow axis of the first quarter-wave plate 320 represented
by point Q1 on the Poincare sphere, and reaches point P1. At
this time, the rotational direction is counter-clockwise when
viewed in the direction of the origin O from point Q1.
[0088] Next, as the light is transmitted through the VA
liquid crystal cell 330, its polarization state is rotationally
transformed a specific angle around the slow axis of the liquid
crystal cell 330 represented by point L on the Poincare sphere,
and reaches point P2. At this time, the rotational direction is
counter-clockwise when viewed in the direction of the origin
O from point L. Next, as the light is transmitted through the
third-class birefringent layer 335, its polarization state is rota-
tionally transformed a specific angle around the slow axis of
the third-class birefringent layer 335 represented by point R3
on the Poincare sphere, and reaches point P3. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point R3. Next, as the light is
transmitted through the second quarter-wave plate 340, its
polarization state is rotationally transformed a specific angle
around the slow axis of the second quarter-wave plate 340
represented by point Q2, and reaches point P4. Finally, as the
light is transmitted through the second-class birefringent
layer 345, its polarization state is rotationally transformed a
specific angle around the fast axis of the second-class bire-
fringent layer 345 represented by point R2 on the Poincare
sphere, and reaches point P5. At this time, the rotational
direction is clockwise when viewed in the direction of the
origin O from point R2. Point P5 coincides with the extinction
position E of the second polarizer 350. In this way, the liquid-
crystal display device 300 in FIG. 12 can also block the light
from the backlight when observed obliquely at a 45-degree
orientation, with a 60-degree tilt from the normal line, as
when observed from the front direction.

[0089] Finally, consider the polarization state when the cir-
cularly polarized VA liquid-crystal display device 300 in FIG.
12 is observed from a direction tilted 60°, at a 0-degree
orientation. Under this condition, the light emitted from the
backlight is transmitted through the polarizers 310 and 350,
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birefringent layers 320 and 340, and liquid crystal cell 330,
changing its polarization state upon transmission through
each object as illustrated on the S1-S2 plane of the Poincare
sphere in FIG. 15.

[0090] First, the polarization state of light just after trans-
mission through the first polarizer 310 is located at point PO
on the Poincare sphere. This coincides with the polarization
state which is represented by point E and in which the light
can be absorbed by the second polarizer 350, i.e., with the
extinction position (absorption axis orientation) of the second
polarizer 350. Then, as the light is transmitted through the
first quarter-wave plate 320, the polarization state located at
point PO is rotationally transformed a specific angle around
the slow axis of the first quarter-wave plate 320 represented
by point Q1 on the Poincare sphere, and reaches point P1. At
this time, the rotational direction is counter-clockwise when
viewed in the direction of the origin O from point Q1.
[0091] Next, as the light is transmitted through the VA
liquid crystal cell 330, its polarization state is rotationally
transformed a specific angle around the slow axis of the liquid
crystal cell 330 represented by point L on the Poincare sphere,
and reaches point P2. At this time, the rotational direction is
counter-clockwise when viewed in the direction of the origin
O from point L. Next, as the light is transmitted through the
third-class birefringent layer 335, its polarization state is rota-
tionally transformed a specific angle around the slow axis of
the third-class birefringent layer 335 represented by point R3
on the Poincare sphere, and reaches point P3. At this time, the
rotational direction is counter-clockwise when viewed in the
direction of the origin O from point R3. Next, as the light is
transmitted through the second quarter-wave plate 340, its
polarization state is rotationally transformed a specific angle
around the slow axis of the second quarter-wave plate 340
represented by point Q2, and reaches point P4. Finally, as the
light is transmitted through the second-class birefringent
layer 345, the polarization state located at point P4 is rota-
tionally transformed a specific angle around the fast axis of
the second-class birefringent layer 345 represented by point
R2 on the Poincare sphere, but remains at point P4, which
coincides with the extinction position E of the second polar-
izer 350. In this way, the liquid-crystal display device 300 in
FIG. 12 can block the light from the backlight even when
observed obliquely at a 0-degree orientation, with a 60-de-
gree tilt from the normal line and create a good black display,
as when observed from the front direction.

[0092] Thus, after going through the 2nd step, the liquid-
crystal display device 300 in FIG. 12 can block the light from
the backlight when observed from any of oblique directions at
0-degree and 45-degree orientations as well as the front direc-
tion and thereby create a good black display.

[0093] InFIGS.13,14,and 15, the positions of points P1 to
PS5 depend on the Nz factor Nzq of the first and second
quarter-wave plates 320 and 340, the perpendicular phase
difference Rlc of the liquid crystal cell 330, the perpendicular
phase difference R3 of the third-class birefringent layer 335,
and the Nz factor Nz2 and in-plane phase difference R2 of the
second-class birefringent layer 345. As an example, FIGS.
13, 14, and 15 illustrate an embodiment in which Nzq=1.6,
R1c=320 nm, R3=-129 nm, Nz2=-0.30, and R2=118 nm. To
make it easier to understand transformation of polarization
states, the positions of the points are shown roughly and are
not always strictly accurate. Also, to make the drawings clear,
arrows that indicate transformation directions of points P1 to
P5 are not illustrated.
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[0094] Studies conducted by the inventor show that the
second-class birefringent layer 345 has optimal values of the
Nz factor Nz2 and phase difference R2 according to the Nz
factor Nzq of the first and second quarter-wave plates 320 and
340. FIGS. 16 and 17 illustrate polarization states on the
S1-S2 plane of the Poincare sphere when the circularly polar-
ized VA liquid-crystal display device 300 in FIG. 12 is
observed from a direction tilted 60°, at a 45-degree absorption
axis orientation of the second polarizer 350. FIG. 16 illus-
trates an embodiment in which Nzq=2.0, R1c=320 nm, R3=-
61 nm, Nz2=-1.00, and R2=94 nm while FIG. 17 illustrates
an embodiment in which Nzg=2.35, R1c=320 nm, R3=0 nm,
Nz2=-1.80, and R2=90 nm.

[0095] As can be seen from FIGS. 15, 16, and 17, with
increases in the Nz factor Nzq of the first and second quarter-
wave plates 320 and 340, point P4, which represents the
polarization state of light just before transmission through the
second-class birefringent layer 345, moves away from point E
that corresponds to the extinction position, making it neces-
sary to increase a radius of rotation of P4-to-P5 transforma-
tion needed to superimpose point P4 and point E on each
other. Studies conducted by the inventor show that to increase
the radius of rotation, it is necessary to increase biaxiality of
the second-class birefringent layer 345. That is, it is necessary
to reduce the Nz factor.

[0096] Relationships between the Nz factor Nzq of the first
and second quarter-wave plates 320 and 340 and the optimal
values of the Nz factor Nz2 and in-plane phase difference R2
ofthe second-class birefringent layer 345 were studied using
computer simulations and results are shown in Table 3 and
FIGS. 18 and 19. As can be seen from Table 3 and FIGS. 18
and 19, generally the relationships between Nzq and the
optimal values of Nz2 and R2 are not simple, but can be
approximated fairly well by expressions (B) and (C) below
within a range of 1.0=Nzq=2.9. The solid lines in FIGS. 18
and 19 represent expressions (B) and (C).

Nz2=-0.63xNzg?+0.56xNzq+0.40 (B)
R2=43 nmxNzg°-226 nmxNzg+370 nm (®)
[0097] From the viewpoint of implementing a liquid-crys-

tal display that can achieve high contrast ratios in a wide range
of viewing angles, most preferably Nz2 and R2 of the second-
class birefringent layer 345 take the optimal values shown in
Table 3 and FIGS. 18 and 19, but may deviate more or less
from the optimal values as long as the contrast ratios at
oblique viewing angles do not lower greatly. In order to fully
achieve the operation and effects of the present invention,
preferably Nz2 is within a range of the optimal value +0.35
and R2 is within a range of the optimal value 30 nm.

[0098] According to Table 3 and FIG. 18, within a range of
Nzqg<1.40, the optimal value of Nz2 is within a range of
0<Nz2<1. The birefringent layer whose Nz factor falls within
this range is a biaxial phase difference film that satisfies the
relationship nx>nz>ny. Such a film does not qualify as a
second-class birefringent layer and is a film high in cost and
more difficult to produce than the second-class birefringent
layer. Therefore, from this viewpoint, preferably 1.40=Nzq
is satisfied. Also, the inventor has studied a method for imple-
menting a liquid-crystal display that can achieve high contrast
ratios in a wide range of viewing angles in the range of
Nzqg<1.40 easily at lower cost. As a result, the inventor has
found that in the range of Nzq<1.40, if a second-class bire-
fringent layer with Nz2=0 and R2=138 nm is used instead of
the birefringent layer that satisfies optimal Nz2 and R2 shown
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in Table 3 and FIGS. 18 and 19, similar operation and effects
can be achieved adequately. For example, when optimal R2
was calculated for Nzq=1.00, 1.10, 1.20, and 1.30 with Nz2
fixedat 0, optimal R2 was 138 nm in all cases regardless of the
value of Nzq. In order to fully achieve the operation and
effects of the present invention, preferably —0.35=Nz2=0
and 108 nm=R2=168 nm (range corresponding to 138
nm=30 nm, where 138 nm is the optimal value) are satisfied.

TABLE 3
Nzq Nz2 R2 (nm)
1.00 0.35 186
1.10 0.25 169
1.20 0.15 154
1.30 0.10 148
1.40 -0.05 134
1.50 -0.15 127
1.60 -0.30 118
1.70 -0.45 111
2.00 -1.00 94
230 -1.65 81
2.40 -1.90 78
2.50 -2.15 75
2.90 -3.20 66

[0099] It should be noted that the aforementioned embodi-
ments may be employed in combination without departing
from the spirit of the present invention.

[0100] Also, as described above, the liquid-crystal display
device according to the present invention may or may not
have a third-class birefringent layer.

[0101] Thus, the present invention also provides a liquid-
crystal display device, comprising: a first polarizer; a first
first-class birefringent layer whose in-plane phase difference
is adjusted to a quarter wave; a liquid crystal cell provided
with a pair of substrates facing each other; a second first-class
birefringent layer whose Nz factor is substantially the same as
the first first-class birefringent layer and whose in-plane
phase difference is adjusted to a quarter wave; a second-class
birefringent layer; and a second polarizer, all of which are
stacked in this order, wherein an in-plane slow axis of the first
first-class birefringent layer is at an angle of substantially 45°
to an absorption axis of the first polarizer, an in-plane slow
axis of the second first-class birefringent layer is substantially
orthogonal to the in-plane slow axis of the first first-class
birefringent layer, an absorption axis of the second polarizer
is substantially orthogonal to the absorption axis of the first
polarizer, an in-plane fast axis of the second-class birefrin-
gent layer is substantially orthogonal to the absorption axis of
the second polarizer, and the liquid crystal cell is a vertically
aligned liquid crystal cell that has a liquid crystal layer and
color filter layers between the pair of substrates, the color
filter layers including at least blue, green, and red color filter
layers adapted to separate any color of blue, green, and red,
respectively, and the liquid crystal cell being configured to
satisfy at least one of expressions (12) and (13) below:

Rth_c(B)/Rth_c(Gy>An_LC(B)/An_LC(G) (12)
Rth_c(R)/Rth_c(Gy<An_LCR)/An_LC(G) (13)

where Rth_c(B), Rth_c(G), and Rth_c(R) represents perpen-
dicular phase difference of the liquid crystal cell at wave-
lengths of 450 nm, 550 nm, and 650 nm, respectively, and
An_LC(B), An_LC(G), and An_LC(R) represent birefrin-
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gence values of a liquid crystal material of the liquid crystal
layer at wavelengths of 450 nm, 550 nm, and 650 nm, respec-
tively.

[0102] Aslong as the first polarizer, first first-class birefrin-
gent layer, liquid crystal cell, second first-class birefringent
layer, second-class birefringent layer, and second polarizer
are included as components, the second liquid-crystal display
device according to the present invention is not particularly
limited by other members.

[0103] The second liquid-crystal display device according
to the present invention has the same configuration as the first
liquid-crystal display device according to the present inven-
tion described earlier except that there is no third-class bire-
fringent layer between the first first-class birefringent layer
and liquid crystal cell or between the liquid crystal cell and
second first-class birefringent layer. Therefore, the second
liquid-crystal display device according to the present inven-
tion can achieve effects and adopt preferable embodiments,
both of which are similar to those of the first liquid-crystal
display device according to the present invention, and so
detailed description thereof will be omitted.

[0104] Examples of the second liquid-crystal display
device according to the present invention include a circularly
polarized VA liquid-crystal display device 400 shown in FIG.
20 and configured by stacking a first polarizer 410, a first
quarter-wave plate (first-class birefringent layer) 420, a VA
liquid crystal cell 430, a second quarter-wave plate 440, a
second-class birefringent layer 445, and a second polarizer
450 in this order. That is, the liquid-crystal display device 400
shown in FIG. 20 is the same as the liquid-crystal display
device 300 in FIG. 12 except that the former does not include
a third-class birefringent layer. Incidentally, in FIG. 20, the
arrows drawn on the first and second polarizers 410 and 450
indicate the orientations of the respective absorption axes, the
arrows drawn on the first and second quarter-wave plates 420
and 440 indicate the orientations of the respective slow axes,
the arrow drawn on the second-class birefringent layer 445
indicates the orientation of the fast axis, and the ellipsoids
drawn on the VA liquid crystal cell 430 represent the shape of
an optical indicatrix of the VA liquid crystal cell 430.

[0105] Furthermore, the present invention provides a lig-
uid-crystal display device, comprising;: a first polarizer; a first
first-class birefringent layer whose in-plane phase difference
is adjusted to a quarter wave; a liquid crystal cell provided
with a pair of substrates facing each other; a second first-class
birefringent layer whose Nz factor is substantially the same as
the first first-class birefringent layer and whose in-plane
phase difference is adjusted to a quarter wave; a second-class
birefringent layer; and a second polarizer, all of which are
stacked in this order, wherein the liquid-crystal display device
further comprises at least one third-class birefringent layer at
least one of between the first first-class birefringent layer and
the liquid crystal cell and between the liquid crystal cell and
the second first-class birefringent layer, an in-plane slow axis
of the first first-class birefringent layer is at an angle of sub-
stantially 45° to an absorption axis of the first polarizer, an
in-plane slow axis of the second first-class birefringent layer
is substantially orthogonal to the in-plane slow axis of the first
first-class birefringent layer, an absorption axis of the second
polarizer is substantially orthogonal to the absorption axis of
the first polarizer, an in-plane fast axis of the second-class
birefringent layer is substantially orthogonal to the absorp-
tion axis of the second polarizer, and the liquid crystal cell is
a vertically aligned liquid crystal cell that has a liquid crystal
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layer and color filter layers between the pair of substrates, the
color filter layers including at least blue, green, and red color
filter layers adapted to separate any color of blue, green, and
red, respectively, and the liquid crystal cell being configured
to satisfy at least one of expressions (14) and (15) below:

Rth_#(B)/Rth_1(G)>An_LC(B)/An_LC(G) (14)

Rth_#(R)/Rth_(G)<An_LCR)/An_LC(G) (15)

where Rth_t(B), Rth_t(G), and Rth_t(R) respectively repre-
sent sums of perpendicular phase difference of the liquid
crystal cell at wavelengths of 450 nm, 550 nm, and 650 nm
and the perpendicular phase difference of the third-class bire-
fringent layer while An_LLC(B), An_LC(G), and An_LC(R)
represent birefringence values of a liquid crystal material of
the liquid crystal layer at wavelengths 0f 450 nm, 550 nm, and
650 nm, respectively.

[0106] Aslong asthe first polarizer, first first-class birefrin-
gent layer, liquid crystal cell, second first-class birefringent
layer, second-class birefringent layer, third-class birefringent
layer, and second polarizer are included as components, the
third liquid-crystal display device according to the present
invention is not particularly limited by other members.
[0107] The third liquid-crystal display device according to
the present invention has the same configuration as the first
liquid-crystal display device according to the present inven-
tion described earlier except that the former has at least one
third-class birefringent layer at least one of between the first
first-class birefringent layer and the liquid crystal cell and
between the liquid crystal cell and the second first-class bire-
fringent layer. Therefore, the third liquid-crystal display
device according to the present invention can achieve effects
and adopt preferable embodiments, both of which are similar
to those of the first liquid-crystal display device according to
the present invention, and so detailed description thereof will
be omitted.

[0108] Examples of the third liquid-crystal display device
according to the present invention include the liquid-crystal
display device 300 shown in FIG. 12.

Advantageous Effects of the Invention

[0109] The first to third liquid-crystal display devices
according to the present invention can achieve high contrast
ratios in a wide range of viewing angles and reduce light
leakage in wide ranges of viewing angles and wavelengths
during black display.

BRIEF DESCRIPTION OF THE DRAWINGS

[0110] FIG. 1 is an exploded diagrammatic perspective
view showing a circularly polarized VA liquid-crystal display
device of the simplest configuration that includes neither a
second-class birefringent layer nor a third-class birefringent
layer.

[0111] FIG. 2(a) shows schematic views of a slow axis of a
first quarter-wave plate and slow axis of a second quarter-
wave plate that perpendicularly intersect each other in the
front, as viewed from a front direction (upper) and as viewed
obliquely at a 0-degree orientation (lower). FIG. 2(5) shows
schematic views of the slow axis of the first quarter-wave
plate and slow axis of the second quarter-wave plate that
perpendicularly intersect each other in the front, as viewed
from the front direction (upper) and as viewed obliquely at a
45-degree orientation (lower). FIG. 2(c) shows schematic
views of an absorption axis of a first polarizer and absorption
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axis of a second polarizer that perpendicularly intersect each
other in the front, as viewed from the front direction (upper)
and as viewed obliquely at a 45-degree orientation (lower).
[0112] FIG. 3 is adiagram showing changes in polarization
state of transmitted light upon passage through each object as
projected onto an S1-S2 plane of the Poincare sphere when
the circularly polarized VA liquid-crystal display device in
FIG. 1 is observed from the front direction.

[0113] FIG. 4 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device 100 in FIG. 1 is observed obliquely at a O-degree
orientation, with a 60-degree tilt from a normal line.

[0114] FIG. 5 is an exploded diagrammatic perspective
view showing a configuration of a circularly polarized VA
liquid-crystal display device that includes a third-class bire-
fringent layer.

[0115] FIG. 6 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzq=1.6, Rlc=320 nm, R3=-123 nm) in FIG. §
is observed from the front direction.

[0116] FIG. 7 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzq=1.6, Rlc=320 nm, R3=-129 nm) in FIG. §
is observed obliquely at a 0-degree orientation, with a 60-de-
gree tilt from the normal line.

[0117] FIG. 8 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzq=2.0, R1c=320 nm, R3=-61 nm) in FIG. 5 is
observed obliquely at a 0-degree orientation, with a 60-de-
gree tilt from the normal line.

[0118] FIG. 9 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzq=2.35, R1c=320 nm, R3=0 nm) in FIG. 5 is
observed obliquely at a 0-degree orientation, with a 60-de-
gree tilt from the normal line.

[0119] FIG. 10 is a graph showing a relationship between
an Nz factor Nzq of first and second quarter-wave plates and
an optimal value of perpendicular phase difference R3 of the
third-class birefringent layer in the circularly polarized VA
liquid-crystal display device in FIG. 5.

[0120] FIG. 11 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device in FIG. 5 is observed obliquely at a 45-degree
orientation, with a 60-degree tilt from the normal line.
[0121] FIG. 12 is an exploded diagrammatic perspective
view showing a configuration of a circularly polarized VA
liquid-crystal display device that includes a second-class
birefringent layer and a third-class birefringent layer.

[0122] FIG. 13 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
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play device (Nzg=1.6, R1c=320 nm, R3=-129 nm, Nz2=-0.
30, and R2=118 nm) in FIG. 12 is observed from the front
direction.

[0123] FIG. 14 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzg=1.6, R1c=320 nm, R3=-129 nm, Nz2=-0.
30, and R2=118 nm) in FIG. 12 is observed obliquely at a
45-degree orientation, with a 60-degree tilt from the normal
line.

[0124] FIG. 15 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzg=1.6, R1c=320 nm, R3=-129 nm, Nz2=-0.
30, and R2=118 nm) in FIG. 12 is observed obliquely at a
0-degree orientation, with a 60-degree tilt from the normal
line.

[0125] FIG. 16 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzq=2.0, RIc=320 nm, R3=-61 nm, Nz2=-1.00,
and R2=94 nm) in FIG. 12 is observed obliquely at a 45-de-
gree orientation, with a 60-degree tilt from the normal line.
[0126] FIG. 17 is a diagram showing changes in the polar-
ization state of transmitted light upon passage through each
object as projected onto the S1-S2 plane of the Poincare
sphere when the circularly polarized VA liquid-crystal dis-
play device (Nzq=2.35, Rlc=320 nm, R3=0 nm, Nz2=-1.80,
and R2=90 nm) in FIG. 12 is observed obliquely at a 45-de-
gree orientation, with a 60-degree tilt from the normal line.
[0127] FIG. 18 is a graph showing a relationship between
an Nz factor Nzq of first and second quarter-wave plates and
an optimal value of an Nz factor Nz2 of a second-class bire-
fringent layer in the circularly polarized VA liquid-crystal
display device in FIG. 12.

[0128] FIG. 19 is a graph showing a relationship between
the Nz factor Nzq of the first and second quarter-wave plates
and an optimal value of in-plane phase difference R2 of the
second-class birefringent layer in the circularly polarized VA
liquid-crystal display device in FIG. 12.

[0129] FIG. 20 is an exploded diagrammatic perspective
view showing a configuration of a circularly polarized VA
liquid-crystal display device that includes a second-class
birefringent layer.

[0130] FIG. 21 is a schematic sectional view showing a
configuration of a liquid-crystal display device according to a
first embodiment of the present invention.

[0131] FIG. 22 is a schematic sectional view showing a
configuration of a liquid-crystal display device according to a
second embodiment of the present invention.

[0132] FIG. 23 is a schematic sectional view showing a
configuration of a liquid-crystal display device according to
Example 2.

[0133] FIG. 24 is a schematic sectional view showing a
configuration of a liquid-crystal display device according to
Comparative Example 1.

[0134] FIG. 25(a) is an enlarged schematic diagram show-
ing a cross section of moth-eye film and FIG. 25(54) is an
explanatory diagram showing changes in a refractive index on
an interface between the moth-eye film and an air layer.
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[0135] FIG. 26 is an exploded diagrammatic perspective
view showing a configuration that results when the moth-eye
film is added to the circularly polarized VA liquid-crystal
display device in FIG. 12.

[0136] FIG. 27 is an exploded diagrammatic perspective
view showing a configuration that results when the moth-eye
film is added to the circularly polarized VA liquid-crystal
display device in FIG. 20.

MODES FOR CARRYING OUT THE INVENTION

[0137] The present invention will be mentioned in more
detail in the following embodiments, but is not limited to
these embodiments.

First Embodiment of the Present Invention

[0138] A first embodiment of a liquid-crystal display
device resulting from application of the present invention will
be described with reference to FIG. 21, which is a schematic
sectional view showing a configuration of the liquid-crystal
display device according to the first embodiment of the
present invention.

[0139] As shown in FIG. 21, the liquid-crystal display
device according to the first embodiment of the present inven-
tion is a circularly polarized VA liquid-crystal display device
that includes a first polarizer 11, a first quarter-wave plate
(first-class birefringent layer) 12, a VA liquid crystal cell 10,
a third-class birefringent layer 13, a second quarter-wave
plate 14, a second-class birefringent layer 15, and a second
polarizer 16 stacked in this order.

[0140] The liquid crystal cell 10 includes first and second
transparent substrates 17 and 1f; and a liquid crystal layer 3
containing liquid crystals enclosed between the transparent
substrates 17 and 1f'and aligned vertically to the transparent
substrates 17 and 1f. Blue pixels, green pixels, and red pixels
are arrayed in a predetermined order on the transparent sub-
strate 1f; with a blue color filter layer 2B being placed on the
blue pixels, a green color filter layer 2G being placed on the
green pixels, and a red color filter layer 2R being placed on the
red pixels. Three sub-pixels—blue, green, and red sub-pix-
els—placed adjacent to each other make up a single pixel,
allowing various colors to be displayed. Incidentally,
although in the first embodiment of the present invention
(FIG. 21), the color filter layers 2B, 2G, and 2R are formed on
the side of the second transparent substrate 1f, the color filter
layers 2B, 2G, and 2R may be formed on the side of the first
transparent substrate 11~

Second Embodiment of the Present Invention

[0141] A second embodiment of a liquid-crystal display
device resulting from application of the present invention will
be described with reference to FIG. 22, which is a schematic
sectional view showing a configuration of the liquid-crystal
display device according to the second embodiment of the
present invention.

[0142] As shown in FIG. 22, the liquid-crystal display
device according to the second embodiment of the present
invention is a circularly polarized VA liquid-crystal display
device that includes a first polarizer 11, a first quarter-wave
plate (first-class birefringent layer) 12, a VA liquid crystal cell
10, a second quarter-wave plate 14, a second-class birefrin-
gent layer 15, and a second polarizer 16 stacked in this order.
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[0143] The second embodiment of the present invention is
similar to the first embodiment except that no third-class
birefringent layer is included, and thus detailed description
thereof will be omitted.

[0144] Components ofthe first and second embodiments of
the present invention will be described in detail below.

(Birefringent Layers)

[0145] Birefringent layers used in the present invention do
not have their material and optical performance particularly
limited, and may be made, for example, of a stretched poly-
mer film, a liquid crystalline material whose alignment is
fixed, a thin sheet of inorganic material, or the like. The
formation method of the birefringent layers is not particularly
limited. For example, solvent casting or melt extrusion may
be used for birefringent layers formed of polymer film. Alter-
natively, multiple birefringent layers may be formed simul-
taneously by co-extrusion. The polymer film may be
stretched or unstretched as long as desired phase difference is
produced. There is no particular limit to stretching methods.
Available stretching methods include tensile stretching
between rolls, compression stretching between rolls, tenter
transverse-uniaxial stretching, diagonal stretching, longitudi-
nal and transverse biaxial stretching, and special stretching
carried out under the contractile force of heat-shrinkable film.
In the case of quarter-wave plates, in particular, since film
needs to be stacked at an angle of substantially 45° relative to
polarizers, making up a circularly polarizing plate, it is espe-
cially preferable to use diagonal stretching that involves
stretching and orienting roll film obliquely with respect to its
flow direction. In the case of birefringent layers formed of a
liquid crystalline material, for example, available methods
include a method that applies the liquid crystalline material to
a base film subjected to aligning treatment and fixes the
alignment. Alternatively, a method that does not apply a spe-
cial aligning treatment to the base film or a method that
removes liquid crystalline material from the base film after
the alignment is fixed and transfers the liquid crystalline
material to another film may be used as long as desired phase
difference is produced. Furthermore, a method that does not
fix the alignment of the liquid crystalline material may be
used. Besides, the same formation method as birefringent
layers formed of a liquid crystalline material may be used for
birefringent layers formed of a non-liquid crystalline mate-
rial. Formation methods will be described more specifically
below according to the type of birefringent layer.

(First-Class Birefringent Layers: First and Second Quarter-
Wave Plates)

[0146] For the first-class birefringent layers, a film contain-
ing a material with positive intrinsic birefringence as a con-
stituent or a similar film may be used as appropriate after
stretching. Examples of materials whose intrinsic birefrin-
gence is positive include polycarbonate, polysulfone, poly-
ether sulfone, polyethylene terephthalate, polyethylene,
polyvinyl alcohol, norbornene, triacetyl cellulose, and
diacetyl cellulose.

(Second-Class Birefringent Layer)

[0147] For the second-class birefringent layer, a film con-
taining a material with negative intrinsic birefringence as a
constituent, a film containing a material with positive intrin-
sic birefringence as a constituent, or a similar film may be
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used as appropriate, where the film containing a material with
negative intrinsic birefringence is used after stretching and
the film containing a material with positive intrinsic birefrin-
gence is used by being stretched under the contractile force of
heat-shrinkable film. Among other things, from the viewpoint
of simplifying the manufacturing method, preferably a film
containing a material with negative intrinsic birefringence as
a constituent is used after stretching. Examples of materials
whose intrinsic birefringence is negative include a resin com-
position containing an acrylic resin and styrene resin, poly-
styrene, polyvinyl naphthalene, polyvinyl biphenyl, polyvi-
nyl pyridine, polymethyl methacrylate, polymethyl acrylate,
N-substituted maleimide copolymer, polycarbonate having a
fluorene skeleton, and triacetyl cellulose (especially, with a
low degree of acetylation). Above all, a resin composition
containing an acrylic resin and styrene resin is preferable in
terms of optical characteristics, productivity, and heat resis-
tance. A manufacturing method for a film containing such a
resin composition as constituents is disclosed, for example, in
JP 2008-146003A.

(Third-Class Birefringent Layer)

[0148] For the third-class birefringent layer, a film contain-
ing a material with positive intrinsic birefringence as a con-
stituent may be used after being processed by longitudinal
and transverse biaxial stretching, after being coated with a
liquid crystalline material such as cholesteric (chiral nematic)
liquid crystal or discotic liquid crystal, after being coated with
a non-liquid crystalline material containing polyimide,
polyamide, or the like, or after a similar treatment, as appro-
priate.

(Polarizers)

[0149] The polarizers can be made, for example, of a poly-
vinyl alcohol (PVA) film with a dichroic anisotropic material
such as an iodine complex absorbed and aligned therein, or
other similar film as appropriate.

(Liquid Crystal Cell)

[0150] The liquid crystal cell 10 uses a so-called MVA
mode (multi-domain VA mode) in which the liquid crystal
molecules in the pixel are divided in terms of'tilt direction into
multiple domains. The MVA liquid crystal cell creates a black
display by aligning the liquid crystal molecules in the liquid
crystal layer 3 vertically to the substrate surface. Available
methods for driving the liquid crystal cell include a TFT
method (active-matrix method), simple-matrix method (pas-
sive-matrix method), and plasma-addressing method. In a
possible configuration of the liquid crystal cell 10, for
example, the liquid crystal layer 3 is interposed between a pair
of substrates, an electrode is formed on each of the substrates,
and a voltage is applied between the electrodes to create a
display. Conventional material such as glass may be used, as
appropriate, for the transparent substrates 17 and 1f. Also,
regarding the liquid crystal layer 3, conventional material
such as nematic liquid crystal with a negative dielectric
anisotropy may be used, as appropriate. Vertical alignment
can be implemented using a vertical alignment layer (not
shown) typically made of polyimide.

[0151] Conventional color filter layers may be used, as
appropriate, for the color filter layers 2B, 2G, and 2R. For
example, pigment-dispersed color filter layers may be used.
In the first and second embodiments of the present invention
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(FIGS. 21 and 22), the thicknesses of the color filter layers are
set as follows: “thickness of the blue color filter layer
2B”<“thickness of the green color filter layer 2G”<“thickness
of the red color filter layer 2G.” As a result, the thickness of
the liquid crystal layer 3 satisfies the relationship: “thickness
of the liquid crystal layer 3 in the region containing red
pixels”<“thickness of the liquid crystal layer 3 in the region
containing green pixels”<“thickness of the liquid crystal
layer 3 in the region containing blue pixels.” The relationship
has been determined to optimize wavelength dispersion of the
sum of'the perpendicular phase difference of the liquid crystal
cell 10 and perpendicular phase difference of the third-class
birefringent layer 13 as described later. Therefore, in the first
embodiment of the present invention, as long as the wave-
length dispersion of the sum of the perpendicular phase dif-
ference of the liquid crystal cell 10 and perpendicular phase
difference of the third-class birefringent layer 13 satisfies at
least one of expressions (14) and (15) above, the relationship
in the thickness of the liquid crystal layer 3 among the sub-
pixels of different colors is not limited to the one described
above. Also, in the second embodiment of the present inven-
tion, as long as the wavelength dispersion of the perpendicu-
lar phase difference of the liquid crystal cell 10 satisfies at
least one of expressions (12) and (13) above, the relationship
in the thickness of the liquid crystal layer 3 among the sub-
pixels of different colors is not limited to the one described
above. This is because the optimal thickness of the liquid
crystal layer 3 varies with the phase difference of the color
filter layers 2B, 2G, and 2R, the wavelength dispersion of the
phase difference of the color filter layers 2B, 2G, and 2R, the
wavelength dispersion of the birefringence of the liquid crys-
tal material of the liquid crystal layer 3, and the wavelength
dispersion of the third-class birefringent layer.

[0152] Incidentally, although in the first and second
embodiments of the present invention, the thickness of the
liquid crystal layer 3 is adjusted by adjusting the thicknesses
of the color filter layers 2B, 2G, and 2R among the pixels of
different colors, the thickness of the liquid crystal layer 3 may
be adjusted by separately providing a thickness adjustment
layer made of transparent material, with the thicknesses of the
color filter layers 2B, 2G, and 2R kept constant among the
pixels of different colors. Of course, the thickness of the
liquid crystal layer 3 may be adjusted by varying the thick-
nesses of both the color filter layers 2B, 2G, and 2R and
thickness adjustment layer among the pixels of different col-
ors.

[0153] Incidentally, corresponding conventional compo-
nents may be used, as appropriate, for the components (align-
ment layers, transparent electrodes, TFT elements, metal wir-
ing, etc.) of the liquid crystal cell omitted in the above
description and illustration.

[0154] Next, the phase difference of the liquid crystal cell
10 will be described. Based on studies conducted by the
inventor, it is known that conventional color filter layers gen-
erally have C-plate phase difference. The C-plate phase dif-
ference is phase difference that satisfies the relationship
nx=ny=nz and has an optic axis in the out-of-plane direction,
where nx and ny are principal indices of refraction in the
in-plane direction (x direction and y direction) while nz is a
principal index of refraction in the out-of-plane direction (z
direction). Since birefringence does not occur in response to
ray incidence from the z direction, optical characteristics are
not affected when the liquid-crystal display device is viewed
in the direction of the normal line, but the optical character-
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istics are affected when the liquid-crystal display device is
viewed in oblique direction. Also, the C-plates are sometimes
classified into positive C-plates and negative C-plates accord-
ing to whether the value of an extraordinary index minus an
ordinary index is positive or negative. That is, the C-plate that
satisfies nx=ny<nz is a positive C-plate while the C-plate that
satisfies nx=ny>nz is a negative C-plate. Color regions of the
color filter layers are generally formed by applying coloring
compounds to the transparent substrate on the viewing side.
Each coloring compound is made of a transparent resin binder
and coloring matter such as a pigment. Examples of methods
for adjusting the phase difference of the color filter layers
include a method that involves controlling the type and vis-
cosity of solvent during application of a binder-pigment mix-
ture, a method that involves controlling the birefringence of
the binder resin material itself, and a method that involves
controlling the thicknesses of the color filter layers.

[0155] The perpendicular phase difference Rth of the liquid
crystal layer 3 is given by the product Anxd of the birefrin-
gence An of liquid crystal and cell thickness d when the
alignment of the liquid crystal layer 3 is vertical alignment. If
An(B), An(G), and An(R) represent birefringence of the liquid
crystal at wavelengths of 450 nm, 550 nm, and 650 nm,
respectively, in the case of typical liquid crystal material,
An(B)/An(G)=1.05 and An(R)/An(G)=0.97. Thus, if a con-
ventional liquid crystal cell is produced by setting the cell
thickness, for example, at d=3.4 pm, the wavelength disper-
sions of Rth of the liquid crystal layer are Rth(B)/Rth(G)=1.
05 and Rth(R)/Rth(G)=0.97.

[0156] On the other hand, if the thickness of the liquid
crystal layer 3 is adjusted among the pixels of different colors
by adjusting the thicknesses of the color filter layers among
the pixels of different colors, relative relationships among the
perpendicular phase difference Rth_c(B), perpendicular
phase difference Rth_c(G), and perpendicular phase differ-
ence Rth_c(R) of the liquid crystal cell 10 can be adjusted as
desired. Moreover, if the thickness of the liquid crystal layer
3 is adjusted among the pixels of different colors by taking
into consideration the wavelength dispersion characteristics
of the third-class birefringent layer 13, the conditions of
expressions (12) to (15) needed to achieve the effects of the
present invention can be satisfied.

[0157] An evaluation method will be described in detail
below.

(Method for Measuring R, Rth, Nz Factor, nx, ny, and nz)

[0158] A dual-rotating retarder polarimeter (produced by
Axometrics Inc. under the trade name of Axo-scan) was used
for measurements. The in-plane phase difference R was actu-
ally measured in the direction normal to the birefringent
layers. The principal indices of refraction nx, ny, and nz, the
perpendicular phase difference Rth, and the Nz factor were
measured in the direction normal to the birefringent layers.
The phase difference was measured in directions tilted by
-50° to 50° from the direction of the normal line. Then,
calculations were performed by curve fitting using a known
equation of an optical indicatrix. The tilting orientation was
orthogonal to the in-plane slow axis. Also, although nx, ny,
and nz as well as Rxz and Nz depend on the average index of
refraction (=(nx+ny+nz)/3) given as a calculation condition
of curve fitting, calculations were performed by standardizing
the average index of refraction of every birefringent layer to
1.5. Regarding a birefringent layer whose average index of
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refraction is not actually 1.5, a conversion was carried out by
assuming that average index of refraction is 1.5.

(Method for Measuring Contrast Ratio Vs. Viewing Angle
Characteristics of Liquid-Crystal Display Device)

[0159] A viewing angle measuring instrument (produced
by ELDIM Co. under the trade name of EZ Contrast 160) was
used for measurements. As a light source, the backlight
mounted on a liquid crystal television (LC-42GX3W made by
Sharp Corporation) produced by Sharp Corporation was
used. Brightness of white display and black display observed
obliquely at a 45-degree orientation, with a 60-degree tilt
from the normal line was measured and the brightness ratio
between the white display and black display was designated
as CR (45, 60). Also, brightness of white display and black
display observed obliquely at a 0-degree orientation, with a
60-degree tilt from the normal line was measured and the
brightness ratio between the white display and black display
was designated as CR (0, 60).

(Method for Measuring Chromaticity Viewing Angle of Liq-
uid-Crystal Display Device)

[0160] A viewing angle measuring instrument (produced
by ELDIM Co. under the trade name of EZ Contrast 160) was
used for measurements. As a light source, the backlight
mounted on a liquid crystal television produced by Sharp
Corporation (under the trade name of LC37-GH1) was used.
A u'v' chromaticity point of black display observed from the
front direction (with a 0-degree tilt from the normal line) and
au'v' chromaticity point of black display observed obliquely
at a 45-degree orientation, with a 60-degree tilt from the
normal line were measured and the distance between the two
points was designated as AE (45, 60). Also, au'v' chromaticity
point of black display observed from the front direction (with
a 0-degree tilt from the normal line) and a u'v' chromaticity
point of black display observed obliquely at a 0-degree ori-
entation, with a 60-degree tilt from the normal line were
measured and the distance between the two points was des-
ignated as AE (0, 60).

[0161] The present invention will be described in more
detail below with reference to examples, but the present
invention is not limited to these examples.

[0162] Also, the material names, axis angles, in-plane
phase difference R, perpendicular phase difference Rth or
Rlc, and Nz factor of the polarizers, birefringent layers, and
liquid crystal cell in each example are shown in Table 4 below.
In Table 4, the axis of each birefringent layer is defined in
terms of the orientation angle of the in-plane slow axis while
the axis of each polarizer is defined in terms of the orientation
angle of the absorption axis. Incidentally, although the in-
plane slow axis of the second-class birefringent layer is
important in design, in Table 4, the axis of the second-class
birefringent layer is defined in terms of the orientation angle
of'the in-plane slow axis as with the other birefringent layers.
The in-plane fast axis of the second-class birefringent layer is
orthogonal to the in-plane slow axis of the second-class bire-
fringent layer. Also, in Table 4, the following abbreviations
are used for the material names of the birefringent layers.
NB: norbornene

ChLC: cholesteric liquid crystal

PI: polyimide

TAC: triacetyl cellulose

A: resin composition containing acrylic resin and styrene
resin
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Example 1

[0163] The liquid-crystal display device according to the
first embodiment of the present invention was actually pro-
duced and used as Example 1. Various parameters including
optical parameters (phase difference and wavelength disper-
sion thereof) are summarized in Tables 4 and 5 together with
those of other examples.

Example 2

[0164] The liquid-crystal display device according to the
second embodiment of the present invention was actually
produced and used as Example 2. Various parameters includ-
ing optical parameters (phase difference and wavelength dis-
persion thereof) are summarized in Tables 4 and 5 together
with those of other examples.

Example 3

[0165] FIG. 23 is a schematic sectional view showing a
configuration of the liquid-crystal display device according to
Example 2. A liquid-crystal display device according to
Example 3 was created based on the liquid-crystal display
device according to Example 1 by changing the thicknesses
and phase difference of the color filter layers of the liquid
crystal cell as well as the wavelength dispersion characteris-
tics of the sum of the perpendicular phase difference of the
liquid crystal cell and perpendicular phase difference of the
third-class birefringent layer, but was otherwise the same as
the liquid-crystal display device according to Example 1.
More specifically, blue pixels, green pixels, and red pixels
were arrayed in a predetermined order on the transparent
substrate 1f, with a blue color filter layer 22B being placed on
the blue pixels, a green color filter layer 22G being placed on
the green pixels, and a red color filter layer 22R being placed
on the red pixels. The thicknesses of the color filter layers
were set as follows: “thickness of the blue color filter layer
22B”=“thickness of the green color filter layer
22G”="“thickness ofthe red color filter layer 22G.” As a result,
the thickness of the liquid crystal layer 23 was set to be
constant among the pixels of different colors. On the other
hand, the relative relationships among the perpendicular
phase difference Rth_c(B), perpendicular phase difference
Rth_c(G), and perpendicular phase difference Rth_c(R) of
the liquid crystal cell 10 were adjusted by adjusting the phase
difference of the color filter layers among the pixels of dif-
ferent colors. Various parameters including optical param-
eters (phase difference and wavelength dispersion thereof)
are summarized in Tables 4 and 5 together with those of other
examples.

Example 4

[0166] A liquid-crystal display device according to
Example 4 was created based on the liquid-crystal display
device according to Example 1 by changing the thicknesses
and phase difference of the color filter layers of the liquid
crystal cell as well as the wavelength dispersion characteris-
tics of the sum of the perpendicular phase difference of the
liquid crystal cell and perpendicular phase difference of the
third-class birefringent layer, but was otherwise the same as
the liquid-crystal display device according to Example 1.
Various parameters including optical parameters (phase dif-
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ference and wavelength dispersion thereof) are summarized
in Tables 4 and 5 together with those of other examples.

Example 5

[0167] A liquid-crystal display device according to
Example 5 was created based on the liquid-crystal display
device according to Example 1 by changing the thicknesses
and phase difference of the color filter layers of the liquid
crystal cell as well as the wavelength dispersion characteris-
tics of the sum of the perpendicular phase difference of the
liquid crystal cell and perpendicular phase difference of the
third-class birefringent layer, but was otherwise the same as
the liquid-crystal display device according to Example 1.
Various parameters including optical parameters (phase dif-
ference and wavelength dispersion thereof) are summarized
in Tables 4 and 5 together with those of other examples.

Comparative Example 1

[0168] FIG. 24 is a schematic sectional view showing a
configuration of a liquid-crystal display device according to
Comparative Example 1. The liquid-crystal display device
according to Comparative Example 1 was created based on
the liquid-crystal display device according to Example 1 by
changing the thicknesses of the color filter layers of the liquid
crystal cell as well as the wavelength dispersion characteris-
tics of the sum of the perpendicular phase difference of the
liquid crystal cell and perpendicular phase difference of the
third-class birefringent layer, but was otherwise the same as
the liquid-crystal display device according to Example 1.
More specifically, blue pixels, green pixels, and red pixels
were arrayed in a predetermined order on the transparent
substrate 1f, with a blue color filter layer 32B being placed on
the blue pixels, a green color filter layer 32G being placed on
the green pixels, and a red color filter layer 32R being placed
on the red pixels. The thicknesses of the color filter layers
were set as follows: “thickness of the blue color filter layer
32B”="“thickness of the green color filter layer
32G”="“thickness of the red color filter layer 32G.” As a result,
the thickness of the liquid crystal layer 33 was set to be
constant among the pixels of different colors. However, the
phase difference of the color filter layers was not adjusted.
Various parameters including optical parameters (phase dif-
ference and wavelength dispersion thereof) are summarized
in Tables 4 and 5 together with those of other examples.

(Evaluation Results)

[0169] Measurement results of the optical parameters
(phase difference and wavelength dispersion thereof), con-
trast viewing angle, and chromaticity viewing angle in the
examples and comparative example are shown in Tables 4 and
5. As can be seen from the evaluation results shown in Table
5, it was found that the liquid-crystal display devices accord-
ing to Examples 1 to 5 of the present invention were superior
in display performance to the liquid-crystal display device
according to Comparative Example 1, with CR(45, 60) and
CR(0, 60) being equal or better and AE(0, 60) being smaller.
That is, it was demonstrated that the present invention can
provide a high-quality liquid-crystal display device capable
of achieving high contrast ratios in a wide range of viewing
angles without coloration.
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TABLE 4
Axis Phase difference Phase difference
angle R [nm] Rth or Rlc [nm] Nz
Optical material Material [?] B G R B G R factor
Example 1 Second polarizing element 0
Second-class birefringent layer A 0 124 118 114 -0.3
Second quarter-wave plate NB 45 139 138 138 153 152 152 1.6
Third-class birefringent layer PI 0 -119 -112 -108
VA-mode liquid crystal cell Liquid crystal 371 325 304
(3.7 um, 3.4 um, 3.3 um) layer
CF, etc. 0 0 0
First quarter-wave plate NB 135 139 138 138 153 152 152 1.6
First polarizing element 90
Example 2 Second polarizing element 0
Second-class birefringent layer A 0 75 71 68 -1.65
Second quarter-wave plate NB 45 139 138 138 153 152 152 1.6
VA-mode liquid crystal cell Liquid crystal 371 325 304
(3.7 pm, 3.4 pm, 3.3 pm) layer
CF, etc. 0 0 0
First quarter-wave plate NB 135 139 138 138 153 152 152 1.6
First polarizing element 90
Example 3 Second polarizing element 0
Second-class birefringent layer A 0 124 118 114 -0.3
Second quarter-wave plate NB 45 139 138 138 153 152 152 1.6
Third-class birefringent layer PI 0 -119 -112 -108
VA-mode liquid crystal cell Liquid crystal 341 325 314
(3.4 um, 3.4 um, 3.4 um) layer
CF, etc. 22 0 -10
First quarter-wave plate NB 135 139 138 138 153 152 152 1.6
First polarizing element 90
Example4  Second polarizing element 0
Second-class birefringent layer A 0 124 118 114 -0.3
Second quarter-wave plate NB 45 139 138 138 153 152 152 1.6
Third-class birefringent layer PI 0 -119 -112 -108
VA-mode liquid crystal cell Liquid crystal 321 325 324
(3.2 um, 3.4 pm, 3.5 pm) layer
CF, etc. 41 0 -22
First quarter-wave plate NB 135 139 138 138 153 152 152 1.6
First polarizing element 90
Example 5 Second polarizing element 0
Second-class birefringent layer A 0 124 118 114 -0.3
Second quarter-wave plate NB 45 139 138 138 153 152 152 1.6
Third-class birefringent layer PI 0 -119 -112 -108
VA-mode liquid crystal cell Liquid crystal 361 325 290
(3.6 um, 3.4 um, 3.1 um) layer
CF, etc. =5 0 8
First quarter-wave plate NB 135 139 138 138 153 152 152 1.6
First polarizing element 90
Comparative Second polarizing element 0
Example 1 Second-class birefringent layer A 0 124 118 114 -0.3
Second quarter-wave plate NB 45 139 138 138 153 152 152 1.6
Third-class birefringent layer PI 0 -119 -112 -108
VA-mode liquid ecrystal cell Liquid crystal 341 325 314
(3.4 pm, 3.4 um, 3.4 um) layer
CF, etc. 0 0 0
First quarter-wave plate NB 135 139 138 138 153 152 152 1.6
First polarizing element 90
TABLE 5
Chromaticity
CR viewing angle viewing angle
CR CR A4E AE
B G R (45,60) (0,60) (45,60) (0, 60)
Example 1 An of liquid crystal 0.100 0.096 0.092 35 178 0.057 0.012
An/An (G) 1.05 1.00 0.97
Cell thickness d (um) 3.7 34 3.3
Rth of liquid crystal (nm) 371 325 304
Rth/Rth (G) of liquid crystal 1.14 1.00 0.94
Rth of third-class birefringent layer (nm)  -119 -112 -108
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TABLE 5-continued

Chromaticity
CR viewing angle __viewing angle
CR CR AE AE
B G R (45,60) (0,60) (45,60) (0,60)
Rth all (nm) 252 213 197
Rth all/Rth all (G) L19 100 092
Example2  Anof liquid crystal 0.100 0.096 0.092 34 176 0.060 0.014
AW/An (G) 105 100 097
Cell thickness d (um) 3.7 3.4 33
Rth of liquid crystal (nm) 371 325 304
Rth/Rth (G) of liquid crystal 1.14 1.00 0.94
Example 3 An of liquid crystal 0.100  0.096  0.092 36 178 0.055  0.010
Aw/An (G) 1.05 1.00 0.97
Cell thickness d (um) 34 34 34
Rth of liquid crystal (nm) 363 325 304
Rth/Rth (G) of liquid crystal 1.12 1.00 0.93
Rth of third-class birefringent layer (nm)  -119 -112 -108
Rth all (nm) 244 213 196
Rth all/Rth all (G) 1.15 1.00 0.92
Example4  Anof liquid crystal 0.100 0.096 0.092 37 177 0.053 0.015
An/An (G) 1.05 1.00 0.97
Cell thickness d (um) 3.2 34 3.5
Rth of liquid crystal (nm) 362 325 302
Rth/Rth (G) of liquid crystal 1.11 1.00 0.93
Rth of third-class birefringent layer (nm) -119 -112 -108
Rth all (nm) 243 213 195
Rth all/Rth all (G) 114 100 092
Example 5  Anof liquid crystal 0.100 0.096 0.092 37 180 0.057 0.011
AW/An (G) 105 100 097
Cell thickness d (um) 3.6 34 3.1
Rth of liquid erystal (nm) 356 325 298
Rth/Rth (G) of liquid crystal 1.10 1.00 0.92
Rth of third-class birefringent layer (nm)  -119 -112 -108
Rth all (nm) 237 213 190
Rth all/Rth all (G) 1.11 1.00 0.89
Comparative An of liquid crystal 0.100  0.096  0.092 34 176 0.072  0.088
Examplel  An/An (G) 1.05 1.00 0.97
Cell thickness d (um) 34 34 34
Rth of liquid crystal (nm) 341 325 314
Rth/Rth (G) of liquid crystal 1.10 1.00 0.92
Rth of third-class birefringent layer (nm) -119 -112 -108
Rth all (nm) 222 213 206
Rth all/Rth all (G) 104 100 097
[0170] The liquid-crystal display devices in the above ambient light environments include surface-reflected light,

examples have a circularly polarizing plate made up of a
combination of a linearly polarizing plate (second polarizing
element) and quarter-wave plate on both sides of the liquid
crystal cell, and thereby create displays in circularly polarized
VA mode. The circularly polarized VA mode, which has a
transmittance improvement effect and antireflection effect is
useful in improving the contrast ratio. By the action of the
circularly polarizing plates, the antireflection function of the
circularly polarized VA mode prevents so-called internally
reflected light from getting out of the liquid-crystal display
device, where the internally reflected light is the light
reflected inside the liquid-crystal display device after enter-
ing the liquid-crystal display device from around the liquid-
crystal display device. Therefore, the circularly polarized VA
mode makes it difficult for the light reflected by surfaces of
the black matrix, wiring, electrodes, and the like in the liquid
crystal cell to get out of the liquid-crystal display device, and
thereby prevents the contrast ratio of the liquid-crystal dis-
play device from falling especially in bright surroundings
(high ambient light environment).

[0171] On the other hand, the reflected lights that can lower
the contrast ratio of the liquid-crystal display device in high

i.e., light reflected from the surface of the liquid-crystal dis-
play device without entering the liquid-crystal display device
from around the liquid-crystal display device, in addition to
the internally reflected light described above. With the circu-
larly polarized VA liquid-crystal display device, since the
internally reflected light is reduced, the amount of surface-
reflected light has a marked impact on the viewability of the
display screen. Therefore, if measures are taken to reduce the
surface-reflected light of the circularly polarized VA liquid-
crystal display device, very high contrast ratios can be
obtained in high ambient light environments, allowing the
viewer of the display screen to experience marked improve-
ments in display quality.

[0172] Examples of antireflection films used to reduce sur-
face reflection include an antireflection film formed by stack-
ing multiple films with different refractive indices and an
antireflection film that has fine projections and depressions
formed on a surface. Above all, a “moth-eye film,” which is a
type of the latter antireflection film, has a structure in which a
large number of projections smaller than the wavelengths
(380 to 780 nm) of visible light are formed, offering an
outstanding effect in reducing surface reflection. As shown in
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FIG. 25(a), light incident upon the moth-eye film reaches film
base 362 through the fine projections 361 provided on the
surface. Consequently, a region (region between A and B in
FIG. 25(a)) which is located between an air layer and the film
base and in which the projections and air layer coexist can be
regarded to have a refractive index intermediate between the
refractive index (somewhere around 1.5 in the case of a resin
film) of film material and refractive index (1.0) of air. That is,
as shown in FIG. 25(b), with changes in the volume ratio
between the projections and air layer, the refractive index of
this region increases gradually from the refractive index of air
in contact with the film surface to the refractive index of the
film material within a range shorter than the wavelengths of
visible light. Consequently, the light incident upon the moth-
eye film no longer recognize an air-film interface as an inter-
face at which the refractive index changes. This makes it
possible to greatly reduce light reflected from the interface.
With the moth-eye film, the air-film interface can reduce
surface reflectance to, for example, somewhere around
0.15%.

[0173] The moth-eye film offers the effect of reducing
reflectance if placed at an interface at which the refractive
index changes, but with the configuration shown in FIG. 12,
internal reflection occurring on the inner side of the second
polarizer 350 can be reduced by a circularly polarizing plate
made up of a combination of the second polarizer 350 and
second quarter-wave plate 340. Therefore, when added to the
configuration in FIG. 12, the moth-eye film is placed closer to
the display surface than is the second polarizer 350, as in the
case of a moth-eye film 360 shown in FIG. 26. When mem-
bers such as a protective plate are placed closer to the display
surface than is the second polarizer 350, forming multiple
interfaces, a moth-eye film may be provided at each interface,
and preferably a moth-eye film is placed at least on a surface
(display surface) exposed outside the liquid-crystal display
device.

[0174] Similarly, when added to the configuration in FIG.
20, the moth-eye film is placed closer to the display surface
than is the second polarizer 450, as in the case of a moth-eye
film 460 shown in FIG. 27. When members such as a protec-
tive plate are placed closer to the display surface than is the
second polarizer 450, forming multiple interfaces, a moth-
eye film may be provided at each interface, and preferably a
moth-eye film is placed at least on a surface exposed outside
the liquid-crystal display device.

[0175] Concrete examples of moth-eye film include a resin
film on whose surface a large number of substantially cone-
shaped projections approximately 200 nm high are formed at
peak-to-peak intervals of approximately 200 nm.

[0176] Available methods for manufacturing moth-eye film
include a so-called nano-imprint technique that involves
transferring nanometer-size asperities (1 to 1000 pm) cutina
die to a resin material applied to a substrate, by pressing the
die against the substrate. Available methods for hardening the
resin material in the nano-imprint technique include a thermal
nano-imprint technique and UV nano-imprint technique. The
UV nano-imprint technique involves forming a thin film of
ultraviolet-curing resin on a transparent substrate, pressing a
die against the thin film, irradiating the thin film with ultra-
violet rays, and thereby forming a thin film having a moth-eye
structure that is a negative shape of the die on the transparent
substrate.

[0177] In order to produce thin film with a moth-eye struc-
ture in large quantities at low cost by the nano-imprint tech-
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nique, roll-to-roll processing is more suitable than batch pro-
cessing. The roll-to-roll processing allows thin film with a
moth-eye structure to be produced continuously using die
rolls. Examples of such die rolls include rolls produced by
forming nanometer-size depressions on an outer circumfer-
ential surface of a ground columnar or cylindrical aluminum
tube by an anodic oxidation process. The anodic oxidation
process allows nanometer-size depressions to be formed on a
surface almost uniformly on a random basis, making it pos-
sible to form a seamless moth-eye structure suitable for con-
tinuous production on the surface of a die roll.

[0178] The aforementioned modes of the embodiments
may be employed in appropriate combination as long as the
combination is not beyond the spirit of the present invention.
[0179] The present application claims priority to Patent
Application No. 2009-233704 filed in Japan on Oct. 7, 2009
under the Paris Convention and provisions of national law in
a designated State, the entire contents of which are hereby
incorporated by reference.

REFERENCE SIGNS LIST
[0180] 17, 1f Transparent substrate
[0181] 2R, 2G, 2B, 22R, 22G, 22B, 32R, 32G, 32B: Color

filter layer

[0182] 3,23, 33: Liquid crystal layer
[0183] 11: First polarizer
[0184] 12: First quarter-wave plate
[0185] 10, 20, 30: VA liquid crystal cell
[0186] 13: Third-class birefringent layer
[0187] 14: Second quarter-wave plate
[0188] 15: Second-class birefringent layer
[0189] 16: Second polarizer

[0190] 100: Circularly polarized VA liquid-crystal display
device

[0191] 110: First polarizer

[0192] 111: Absorption axis of first polarizer

[0193] 120: First quarter-wave plate

[0194] 121: Slow axis of first quarter-wave plate

[0195] 130: VA liquid crystal cell

[0196] 140: Second quarter-wave plate

[0197] 141: Slow axis of second quarter-wave plate

[0198] 150: Second polarizer

[0199] 151: Absorption axis of second polarizer

[0200] 200: Circularly polarized VA liquid-crystal display
device

[0201] 210: First polarizer

[0202] 220: First quarter-wave plate

[0203] 230: VA liquid crystal cell

[0204] 235: Third-class birefringent layer

[0205] 240: Second quarter-wave plate

[0206] 250: Second polarizer

[0207] 300: Circularly polarized VA liquid-crystal display
device

[0208] 310: First polarizer

[0209] 320: First quarter-wave plate

[0210] 330: VA liquid crystal cell

[0211] 335: Third-class birefringent layer

[0212] 340: Second quarter-wave plate

[0213] 345: Second-class birefringent layer

[0214] 350: Second polarizer

[0215] 360: Moth-eye film

[0216] 361: Projection

[0217] 362: Film base
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[0218] 400: Circularly polarized VA liquid-crystal display
device

[0219] 410: First polarizer

[0220] 420: First quarter-wave plate

[0221] 430: VA liquid crystal cell

[0222] 440: Second quarter-wave plate

[0223] 445: Second-class birefringent layer

[0224] 450: Second polarizer

[0225] 460: Moth-eye film

1. A liquid-crystal display device,

in which a birefringent layer that satisfies the relationship
nx>ny=nz is defined as a first-class birefringent layer,

a birefringent layer that satisfies the relationship
nx<ny=nz is defined as a second-class birefringent
layer, and

a birefringent layer that satisfies the relationship
nxs=ny=nz is defined as a third-class birefringent layer,
the liquid-crystal display device comprising:

a first polarizer;

a first first-class birefringent layer whose in-plane phase
difference is adjusted to a quarter wave;

aliquid crystal cell provided with a pair of substrates facing
each other;

a second first-class birefringent layer whose Nz factor is
substantially the same as the first first-class birefringent
layer and whose in-plane phase difference is adjusted to
a quarter wave;

a second-class birefringent layer; and

a second polarizer, all of which are stacked in this order,

wherein an in-plane slow axis of the first first-class bire-
fringent layer is at an angle of substantially 45° to an
absorption axis of the first polarizer,

an in-plane slow axis of the second first-class birefringent
layer is substantially orthogonal to the in-plane slow axis
of the first first-class birefringent layer,

an absorption axis of the second polarizer is substantially
orthogonal to the absorption axis of the first polarizer,

an in-plane fast axis of the second-class birefringent layer
is substantially orthogonal to the absorption axis of the
second polarizer, and

the liquid crystal cell is a vertically aligned liquid crystal
cell that has a liquid crystal layer and color filter layers
between the pair of substrates, the color filter layers
including at least blue, green, and red color filter layers
adapted to separate any color of blue, green, and red,
respectively, and the liquid crystal cell being configured
to satisfy at least one of expressions (1) and (2) below:

Rth_all(B)/Rth_all(G)>An_LC(B)/An_LC(G) (1)

Rth_all(R)/Rth_all(G)<An_LC(R)/An_LC(G) 2

where if at least one third-class birefringent layer exists at
least one of between the first first-class birefringent layer
and the liquid crystal cell and between the liquid crystal
cell and the second first-class birefringent layer, Rth_all
(B), Rth_all(G), and Rth_all(R) represent values
obtained by adding values of perpendicular phase dif-
ference of the third-class birefringent layer at wave-
lengths 0f 450 nm, 550 nm, and 650 nm to perpendicular
phase difference of the liquid crystal cell at wavelengths
of 450 nm, 550 nm, and 650 nm, respectively; and
An_LC(B), An_LC(G), and An_LC(R) represent bire-
fringence values of a liquid crystal material of the liquid
crystal layer at wavelengths of 450 nm, 550 nm, and 650
nm, respectively.
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2. The liquid-crystal display device according to claim 1,
wherein if d(R), d(G), and d(B) respectively denote thick-
nesses of the liquid crystal layer in regions where the blue,
green, and red color filter layers are provided, at least one of
d(R), d(G), and d(B) differs from the others.

3. The liquid-crystal display device according to claim 1,
wherein if perpendicular phase difference of the red color
filter layer at a wavelength of 650 nm is Rth_cf(R), if perpen-
dicular phase difference of the green color filter layer at a
wavelength of 550 nm is Rth_cf(G), and if perpendicular
phase difference of the blue color filter layer at a wavelength
0f'450 nm is Rth_cf(B), at least one of Rtf_cf(R), Rth_cf(G),
and Rth_cf(B) differs from the others.

4. The liquid-crystal display device according to claim 1,
comprising at least one third-class birefringent layer at least
one of between the first first-class birefringent layer and the
liquid crystal cell and between the liquid crystal cell and the
second first-class birefringent layer.

5. The liquid-crystal display device according to claim 4,
wherein:

if Nzq denotes the Nz factor of the first and second first-

class birefringent layers,

if Rle denotes perpendicular phase difference of the liquid

crystal cell during black display, and

if R3 denotes a sum total of the perpendicular phase dif-

ference of the at least one third-class birefringent layer
placed between the first first-class birefringent layer and
the second first-class birefringent layer,

the liquid-crystal display device satisfies expressions (3) to

(5) below:

1.0=Nzg=29 ©)
(169 nmxNzg-81 nm)-30 nm=Rlc+R3 4)
Rlc+R3=(169 nmxNzg-81 nm)+30 nm (5).

6. The liquid-crystal display device according to claim 5,
wherein:
ifNz2 denotes an Nz factor of the second-class birefringent
layer and R2 denotes an in-plane phase difference of the
second-class birefringent layer,
the liquid-crystal display device satisfies expressions (6) to
(9) below:

(=0.63xNzq?+0.56xNzq+0.40)-0.35 =Nz2 (6)
Nz2=(-0.63xNzg?+0.56xNzg+0.40)+0.35 (7
(43 nmxNzg?~226 nmxNzg+370 nm)-30 nm=R2 (8)
R2=(43 nmxNzg?-226 nmxNzg+370 nm)+30 nm ).

7. The liquid-crystal display device according to claim 6,
wherein the liquid-crystal display device satisfies 1.40=Nzq.
8. The liquid-crystal display device according claim 4,
wherein
if Nzq denotes the Nz factor of the first and second first-
class birefringent layers, the liquid-crystal display
device satisfies Nzq<2.00.
9. The liquid-crystal display device according to claim 4,
wherein:
if Nzq denotes the Nz factor of the first and second first-
class birefringent layers, and
ifNz2 denotes an Nz factor of the second-class birefringent
layer and R2 denotes an in-plane phase difference of the
second-class birefringent layer,
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the liquid-crystal display device satisfies Nzg<l1.40,
-0.35=Nz2=0, and 108 nm=R2=168 nm.

10. The liquid-crystal display device according to claim 1,
wherein the liquid-crystal display device does not have the
third-class birefringent layer either between the first first-
class birefringent layer and the liquid crystal cell or between
the liquid crystal cell and the second first-class birefringent
layer.

11. The liquid-crystal display device according to claim 10,
wherein:

if Nzq denotes the Nz factor of the first and second first-

class birefringent layers, and

if Rlc denotes perpendicular phase difference of the liquid

crystal cell during black display, and

the liquid-crystal display device satisfies expressions (3),

(10), and (11) below:

1.0=Nzg=2.9 (3)
(169 nmxNzg—-81 nm)-30 nm=Rlc (10)
Ric=(169 nmxNzg-81 nm)+30 nm (11).

12. The liquid-crystal display device according to claim 11,
wherein:
ifNz2 denotes an Nz factor of the second-class birefringent
layer and R2 denotes an in-plane phase difference of the
second-class birefringent layer,
the liquid-crystal display device satisfies expressions (6) to
(9) below:

(-0.63xNzg?+0.56xNzg+0.40)-0.35=Nz2 (6)
Nz2=(=0.63xNzg?+0.56xNzq+0.40)+0.35 (7)
(43 nmxNzg?-226 nmxNzg+370 nm)-30 nm=R2 (8)
R2=(43 nmxNzg?-226 nmxNzg+370 nm)+30 nm 9).

13. The liquid-crystal display device according to claim 12,
wherein the liquid-crystal display device satisfies 1.40=Nzq.
14. The liquid-crystal display device according to claim 10,
wherein:
if Nzq denotes the Nz factor of the first and second first-
class birefringent layers, and
if Nz2 denotes an Nz factor of the second-class birefringent
layer and R2 denotes an in-plane phase difference of the
second-class birefringent layer,
the liquid-crystal display device satisfies Nzq<1.40,
=0.35-Nz2=0, and 108 nm=R2=168 nm.
15. The liquid-crystal display device according to claim 10,
wherein
if Nzq denotes the Nz factor of the first and second first-
class birefringent layers, the liquid-crystal display
device satisfies 2.00=Nzq.
16. The liquid-crystal display device according to claim 1,
further comprising a moth-eye film, wherein
the moth-eye film is placed on a display surface exposed
outside the liquid-crystal display device.
17. A liquid-crystal display device,
in which a birefringent layer that satisfies the relationship
nx>ny=nz is defined as a first-class birefringent layer,
and
a birefringent layer that satisfies the relationship
nx<ny=nz is defined as a second-class birefringent
layer, the liquid-crystal display device comprising:
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a first polarizer;

a first first-class birefringent layer whose in-plane phase
difference is adjusted to a quarter wave;

aliquid crystal cell provided with a pair of substrates facing
each other;

a second first-class birefringent layer whose Nz factor is
substantially the same as the first first-class birefringent
layer and whose in-plane phase difference is adjusted to
a quarter wave,

a second-class birefringent layer; and

a second polarizer, all of which are stacked in this order,

wherein an in-plane slow axis of the first first-class bire-
fringent layer is at an angle of substantially 45° to an
absorption axis of the first polarizer,

an in-plane slow axis of the second first-class birefringent
layer is substantially orthogonal to the in-plane slow axis
of the first first-class birefringent layer,

an absorption axis of the second polarizer is substantially
orthogonal to the absorption axis of the first polarizer,

an in-plane fast axis of the second-class birefringent layer
is substantially orthogonal to the absorption axis of the
second polarizer, and

the liquid crystal cell is a vertically aligned liquid crystal
cell that has a liquid crystal layer and color filter layers
between the pair of substrates, the color filter layers
including at least blue, green, and red color filter layers
adapted to separate any color of blue, green, and red,
respectively, and the liquid crystal cell being configured
to satisfy at least one of expressions (12) and (13) below:

Rth_c(B)/Rth_c(Gy>An_LC(B)/An_LC(G) (12)

Rth_c(R)/Rth_c(G)<An_LCR)/An_LC(G) (13)

where Rth_c(B), Rth_c(G), and Rth_c(R) represents perpen-
dicular phase difference of the liquid crystal cell at wave-
lengths of 450 nm, 550 nm, and 650 nm, respectively, and
An_LC(B), An_LC(G), and An_LC(R) represent birefrin-
gence values of a liquid crystal material of the liquid crystal
layer at wavelengths of 450 nm, 550 nm, and 650 nm, respec-
tively.

18. A liquid-crystal display device,

in which a birefringent layer that satisfies the relationship
nx>ny=nz is defined as a first-class birefringent layer,

a birefringent layer that satisfies the relationship
nx<ny=nz is defined as a second-class birefringent
layer, and

a birefringent layer that satisfies the relationship
nx=ny=nz is defined as a third-class birefringent layer,
the liquid-crystal display device comprising:

a first polarizer;

a first first-class birefringent layer whose in-plane phase
difference is adjusted to a quarter wave;

aliquid crystal cell provided with a pair of substrates facing
each other;

a second first-class birefringent layer whose Nz factor is
substantially the same as the first first-class birefringent
layer and whose in-plane phase difference is adjusted to
a quarter wave;

a second-class birefringent layer; and

a second polarizer, all of which are stacked in this order,

wherein the liquid-crystal display device comprises at least
one third-class birefringent layer at least one of between
the first first-class birefringent layer and the liquid crys-
tal cell and between the liquid crystal cell and the second
first-class birefringent layer,
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25
an in-plane slow axis of the first first-class birefringent respectively, and the liquid crystal cell being configured
layer is at an angle of substantially 45° to an absorption to satisfy at least one of expressions (14) and (15) below:
axis of the first polarizer, Rth_1(B)/Rth_t(G)>An_LC(B)/An_LC(G) (14)
an in-plane slow axis of the second first-class birefringent
layer is substantially orthogonal to the in-plane slow axis Rth_t(R)/Rth_#(G)<An_LCR)/IAn_LC(G) (15)
of the first first-class birefringent layer, where Rth_t(B), Rth_t(G), and Rth_t(R) respectively repre-

an absorption axis of the second polarizer is substantially

; . . sent sums of perpendicular phase difference of the liquid
orthogonal to the absorption axis of the first polarizer,

crystal cell at wavelengths of 450 nm, 550 nm, and 650 nm

an.in-plane f?}St axis of the second-class bir ?fﬁﬂg?m layer and the perpendicular phase difference of the third-class bire-
is substantially orthogonal to the absorption axis of the fringent layer at wavelengths of 450 nm, 550 nm, and 650 nm
second polarizer, and while An_LC(B), An_LC(G), and An_LC(R) represent bire-

the liquid crystal cell is a vertically aligned liquid crystal fringence values of a liquid crystal material of the liquid
cell that has a liquid crystal layer and color filter layers crystal layer at wavelengths of 450 nm, 550 nm, and 650 nm,
between the pair of substrates, the color filter layers respectively.
including at least blue, green, and red color filter layers
adapted to separate any color of blue, green, and red, Bow ok E
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