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LIQUID CRYSTAL DISPLAY DEVICE

This application is the U.S. national phase of international
Application No. PCT/JIP2008/059587, filed 23 May 2008,
which designated the U.S. and claims priority to Japanese
Patent Application No, 2007-271697, filed Oct. 18, 2007, the
entire contents of each of which are hereby incorporated by
reference.

TECHNICAL FIELD

The technology disclosed herein relates to a liquid crystal
display device which controls a viewing angle of a display
panel.

BACKGROUND ART

Generally, a display device is required to have a viewing
angle as wide as possible so that a viewer can view displayed
images clearly from any viewing point. In order to achieve
such a wide viewing angle, various technical development
has been undertaken, particularly, a liquid crystal display
device, which has been widely used recently. This is because
the liquid crystal display device employs liquid crystal which
itself has a viewing angle characteristic.

However, in some environments a user wishes to privately
look at content displayed on a display screen. In such a case,
it is preferable that the viewing angle be narrow. Such may be
the case for a user who uses an electronics device, such as a
laptop personal computer, a mobile terminal (PDA: Personal
Digital Assistant), or a mobile phone, in a place where other
people are near the user, such as on a train, or on a plane. In
such environments, the user wishes to prevent other people
near the user from seeing the displayed content in view of
preservation of confidentiality, privacy protection, and the
like. Therefore, in those cases it is preferable that the display
device has a narrow viewing angle. For this reason, recently
there has been growing demand for a display device whose
viewing angle can be switched between a wide viewing angle
and a narrow viewing angle in accordance with an environ-
ment in which the user uses the display device. Not only is this
demanded for the liquid crystal display device, but is also
demanded for any liquid crystal display device in common.

In response to such demand, the following Patent Litera-
ture 1 discloses a technique of changing a viewing angle
characteristic of a display device by (i) providing a display
device for displaying images with a phase difference control
device, and (ii) controlling a voltage applied to the phase
difference control device, for example. Patent Literature 1
describes that the liquid crystal display device functioning as
the phase difference control device may employ, as the liquid
crystal mode, chiral nematic liquid crystal, homogeneous
liquid crystal, or nematic liquid crystal in random alignment,
for example.

Patent Literature 1 describes that a switchover between the
wide viewing angle and the narrow viewing angle can be
realized by using the liquid crystal display device for phase
difference control. However, the switchover between the
wide viewing angle and the narrow viewing angle is not
absolutely necessary.

The switchover of the viewing angle requires the display
device to have a more complicated arrangement, and also
requires an increase in cost. In consideration of a reduction in
cost of manufacture of the display device, there has been
demand for a display device which does not have a function of
the switchover of the viewing angle but is capable of narrow-
ing its viewing angle.
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The following Patent Literature 2 discloses a technique of
narrowing a viewing angle of a display device which does not
have the function of the switchover between the wide viewing
angle and the narrow viewing angle. Patent Literature 2 dis-
closes a viewing angel control sheet which takes the place of
the phase difference control device having the function of the
switchover of the viewing angle. As illustrated in FIG. 23, a
louver film 102, which functions as the viewing angle control
sheet, is stacked on an upper surface of a liquid crystal panel
101 having a liquid crystal cell 111 containing TN (Twisted
Nematic) liquid crystal. As illustrated in FIG. 24, this louver
film 102 includes: base material sections 121, which are made
of a transparent material; and light absorbing walls 122,
which are made ofa light absorbing material and are arranged
in a louver pattern. The light absorbing walls 122 made of the
light absorbing material are lower in refractive index than the
base material sections 121 made of the transparent material.
The louver film 102 prevents light that enters into the louver
film 102 at an angle not less than a specific incident angle
from being emitted from the louver film 102. Therefore, it is
possible to realize the viewing angle control sheet having an
effect of preventing other people from seeing the displayed
content.

Recently, this louver film disclosed in Patent Literature 2
has been mainly used in a viewing angle control panel without
the switchover of the viewing angle.

The louver film disclosed in Patent Literature 2, however,
can limit visibility only in oblique directions, opposite to each
other, toward a light receiving surface of the light absorbing
wall 122. In other words, the louver film has a problem that it
is impossible to arbitrarily set a direction in which the vis-
ibility is limited.

Further, the louver film has another problem of high cost
due to such a periodical structure that the light transparent
material and the light absorbing material are arranged alter-
natively.

In consideration of the aforementioned problems of the
louver film, Patent Literature 3 discloses a viewing angle
limiting element which has another arrangement in place of
the above louver film.

This viewing angle limiting element has such an arrange-
ment that (i) a liquid crystal layer in which liquid crystal
molecules have hybrid alignment is sandwiched between a
first polarizing layer and a second polarizing layer, and (ii) an
absorption axis of the first polarizing layer and an absorption
axis of the second polarizing layer are parallel to each other.
The liquid crystal layer employs a discotic nematic mode.

This arrangement causes the liquid crystal layer in which
the liquid crystal molecules have the hybrid alignment to
generate a phase difference with respect to linearly-polarized
light traveling in an oblique direction from the second polar-
izing layer toward the liquid crystal layer, so that a polariza-
tion state of the linearly-polarized light is changed. Because
of this, the linearly-polarized light is absorbed by the first
polarizing layer, so that a transmissivity of the linearly-polar-
ized light is reduced.

CITATION LIST
Patent Literature 1

Japanese Patent Application Publication, Tokukaihei, No.
11-174489 A (1999) (Publication Date: Jul. 2, 1999)
Patent Literature 2

Japanese Patent Application Publication, Tokukai, No. 2000-
137294 A (Publication Date: May 16, 2000)
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Patent Literature 3

Japanese Patent Application Publication, Tokukai, No. 2006-

139160 A (Publication Date: Jun. 1, 2006)

The viewing angle limiting element disclosed in Patent
Literature 3 essentially requires a multilayer arrangement.
Therefore, if the viewing angle limiting element is provided
to a display device, there arises a problem of a reduction in
transmissivity of the display device. The inevitability of the
multilayer arrangement is due to the way that the viewing
angle limiting element limits the viewing angle. That is, in the
method of Patent Literature 3, (i) the first polarizing layer
temporarily converts light into the linearly-polarized light,
(i1) the liquid crystal layer changes the polarization state of
the linearly-polarized light, and then (iii) the second polariz-
ing layer absorbs the polarized light whose polarization state
has been changed. Therefore, all of the layers are essential in
the method of Patent Literature 3.

Further, such a multilayer arrangement causes an increase
in cost of manufacture of the display device.

The technology disclosed herein is made in view of the
conventional problems described above.

SUMMARY

The technology disclosed herein provides a liquid crystal
display device whose viewing angle can be narrowed with a
simple arrangement by arbitrarily setting a direction in which
visibility is limited.

Aliquid crystal display device according to the technology
disclosed herein includes: a liquid crystal panel of a reflec-
tive-type; a polarizing plate provided on a light incident side
of the liquid crystal panel; and a phase difference member
provided between the liquid crystal panel and the polarizing
plate, the phase difference member having a retardation and
being set such that the retardation for such a light path that a
display surface of the liquid crystal panel is viewed in a
direction at a specific polar angle ®k (0°<dk<90°) deter-
mines a direction in which visibility is limited.

“The phase difference member having a retardation and
being set such that the retardation for such a light path that a
display surface of the liquid crystal panel is viewed in a
direction at a specific polar angle ®k (0°<dk<90°) deter-
mines a direction in which visibility is limited” described
above can be replaced with “the phase difference member
whose retardation is set so as to limit visibility in a case where
a display surface of the liquid crystal panel is viewed in a
direction at a specific polar angle ®k (0°<dk<90°)”.

With the arrangement, the phase difference member whose
retardation is set to determine the direction in which the
visibility is limited is provided between the liquid crystal
panel of the reflective-type and the polarizing plate.

Linearly-polarized light which has passed through the
single polarizing plate provided on a light incident side of the
liquid crystal panel enters into the phase difference member
and the liquid crystal panel, and then is reflected inside the
liquid crystal panel. After that, the light thus reflected passes
through the phase difference member again, and returns to the
polarizing plate. At this point, the phase difference member
limits the exit of the light which returns to the polarizing plate
in the light path in a case where the liquid crystal panel is
viewed in the direction at the specific polar angle ®k
(0°<®k<90°).

The following explains how to set the retardation of the
phase difference member in view of the principle of the opti-
cal effect. In short, the retardation may be set so that, either in
a period during which the liquid crystal panel is driven to
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display images, or in a period during which the liquid crystal
panel is not driven to display images (in other words, either in
a case where liquid crystal molecules stand perpendicular to
the substrate, or in a case where the liquid crystal molecules
lie parallel to the substrate), the linearly-polarized light enter-
ing into the polarizing plate at the specific polar angle @k (i)
is converted into polarized light having a polarization com-
ponent parallel to the absorption axis of the polarizing plate at
the same proportion in both a period during which white is
displayed, and a period during which black is displayed, and
(i1) returns to the polarizing plate.

With this setting, the polarization component parallel to the
absorption axis is absorbed at the same proportion in both the
period during which white is displayed, and in the period
during which black is displayed, so that the same brightness
with no contrast difference (gray) is displayed. Therefore, it
becomes hard for a viewer to recognize the displayed content.
That is, for the viewer viewing the display surface at the
specific polar angle ®k, gray is always displayed over the
display surface, so that the visibility is limited.

Further, it is possible to change the value of the polar angle
@k by changing the retardation.

Accordingly, with the arrangement, the phase plate whose
retardation is set as described above is merely added. There-
fore, itis possible to provide a liquid crystal display device of
a reflective-type, whose viewing angle can be narrowed with
the simple arrangement by arbitrarily setting the direction in
which the visibility is limited.

In an example embodiment a liquid crystal display device
includes: a liquid crystal panel of a transmissive-type; a first
polarizing plate provided on a light incident side of the liquid
crystal panel; a second polarizing plate provided on a light
exit side of the liquid crystal panel; and a phase difference
member provided in at least one of (i) a position between the
liquid crystal panel and the first polarizing plate, and (ii) a
position between the liquid crystal panel and the second
polarizing plate, the phase difference member having a retar-
dation and being set such that the retardation for such a light
path that a display surface of the liquid crystal panel is viewed
in a direction at a specific polar angle ®k (0°<®Pk<90°) deter-
mines a direction in which visibility is limited.

“The phase difference member having a retardation and
being set such that the retardation for such a light path that a
display surface of the liquid crystal panel is viewed in a
direction at a specific polar angle ®k (0°<dk<90°) deter-
mines a direction in which visibility is limited” can be
replaced with “the phase difference member whose retarda-
tion is set so as to limit visibility in a case where a display
surface of the liquid crystal panel is viewed in a direction at a
specific polar angle ®k (0°<Pk<90°)”.

Regardless of whether the liquid crystal panel is the trans-
missive-type or the reflective-type, the principle of the optical
effect of the phase difference member in the above arrange-
ment is the same. That is, for example, the retardation may be
set so that, either in the case where the liquid crystal mol-
ecules stand perpendicular to the substrate, or in the case
where the liquid crystal molecules lie parallel to the substrate,
the linearly-polarized light entering into the second polariz-
ing plate at the specific polar angle @k is converted into the
polarized light having the polarization component parallel to
the absorption axis of the polarizing plate at the same propor-
tion, and is lead to the first polarizing plate.

Further, it is possible to change the value of the polar angle
@k by changing the retardation.

Accordingly, with the arrangement, the phase plate whose
retardation is set as described above is merely added. There-
fore, it is possible to provide a transmissive liquid crystal
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display device whose viewing angle can be narrowed with the
simple arrangement by arbitrarily setting a direction in which
the visibility is limited.

In the case where the display surface of the liquid crystal
panel is viewed in the direction at the specific polar angle ®k
(0°<®k<90°), a combination of the phase difference member
and the liquid crystal panel preferably generates a phase
difference of nA/2+A/4 (where n is 0, or a positive or negative
integer) in total through the light path from entry of light into
the liquid crystal display device to exit of the light from the
liquid crystal display device.

With the arrangement, in the case of the liquid crystal panel
of'the reflective-type, the combination of the phase difference
member and the liquid crystal panel gives the polarized light
which passed through the polarizing plate, the phase differ-
ence of nA/2+4A/4 (where n is 0, or a positive or negative
integer) in total through the light path from the entry of the
light into the liquid crystal display device to the exit of the
light from the liquid crystal display device.

More specifically, in a case where n is 0, the linearly-
polarized light is given the phase difference of “A/4”. In this
case, the linearly-polarized light is converted into the circu-
larly-polarized light, and returns to the polarizing plate. Since
the polarizing plate absorbs the polarization component par-
allel to its absorption axis, the polarizing plate emits such
linearly-polarized light that the light amount of the circularly-
polarized light is reduced. This reduction in light amount is
the same in both the period during which white is displayed,
and the period during which black is displayed, so that the
contrast difference is hardly generated. Thereby, the visibility
is limited.

Further, in the case wheren is 1, the linearly-polarized light
is given the phase difference of “3\/4”. Therefore, the lin-
early-polarized light is also converted into the circularly-
polarized light, and returns to the polarizing plate. In the case
where n is 2, the linearly-polarized light is given the phase
difference of “5A/4”, which is equivalent to the phase differ-
ence of “A/4”. Thus, even if n is 0, or any positive or negative
integer, the circularly-polarized light returns to the polarizing
plate. Therefore, the visibility can be limited.

Meanwhile, in the case of the transmissive liquid crystal
display device, the combination of the phase difference mem-
ber and the liquid crystal panel gives the linearly-polarized
light which has passed through the second polarizing plate,
the phase difference of “nA/2+A/4 (n is 0, or a positive or
negative integer)”, for example. That is, the optical effect of
limiting the visibility is the same as with the liquid crystal
display device of the reflective-type.

The phase difference member is preferably a phase plate
having a relationship of nx=ny>nz or nx=ny<nz (where nx is
a principal refractive index in an x axis direction, ny is a
principal refractive index in a y axis direction, and nz is a
principal refractive index in a z axis direction, the x axis
direction, the y axis direction, and the z axis direction being
orthogonal to each other); and the phase plate is preferably
arranged such that an xy plane of the phase plate, and an
absorption axis of the polarizing plate are parallel to each
other, the xy plane being related to the principal refractive
index nx and the principal refractive index ny.

That is, since the phase difference member has the rela-
tionship of “nx=ny”, the phase difference member does not
have the optical anisotropy with respect to the light traveling
in the direction along the z axis direction. Therefore, in a case
where the viewer views the liquid crystal panel in the z axis
direction, that is, in the front direction, the phase difference
member creates no effect, and the visibility is not limited.
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On the other hand, the phase difference member has the
optical anisotropy with respect to the light traveling along the
direction at the specific polar angle @k (0°<Pk<90°), so that,
as described above, the visibility can be limited by setting the
retardation of the phase difference member.

In a case where the phase difference member has the rela-
tionship of “nx=ny>nz”, if the principal refractive indexes nx,
ny, and nz are shown in a three-dimensional manner, these
forms an elliptic sphere whose height is shorter than its width.
Further, in a case where the phase difference member has the
relationship of “nx=ny<nz”, if the principal refractive indexes
nx, ny, and nz are shown in the three-dimensional manner,
these forms an elliptic sphere whose shape is like a standing
egg. Whichever is the shape of the elliptic sphere, when the
liquid crystal panel is viewed in the direction at the polar
angle ®k (0°<®Pk<90°) thus set, uniform luminance is dis-
played except in directions at specific azimuth angles, and no
negative effect, such as a strain, is caused on the displayed
images. In other words, it is possible to limit the visibility in
the case where the liquid crystal panel is viewed in the direc-
tion at the polar angle @k (0°<Pk<90°) thus set, that is, the
oblique direction, while securing the state where there is no
azimuth angle dependence in an oblique viewing angle.

Further, for example, in order that the combination of the
phase plate and the liquid crystal panel generates the phase
difference of “3A/4” through the entire light path in the case
where the liquid crystal panel is viewed in the direction at the
polar angle ®k (0°<®Pk-90°) thus set, the thickness of the
phase plate, the ratio of the principal refractive index nx (or
ny) to the principal refractive index nz, and the retardation of
the liquid crystal panel may be set so that the phase difference
of “3A/4” is generated.

The phase difference member is preferably a phase plate
having a relationship of nx>ny=nz, nz=nx>ny, nx>ny>nz,
nx>nz>ny, or nz>nx>ny (where nx is a principal refractive
index in an x axis direction, ny is a principal refractive index
in a y axis direction, nz is a principal refractive index in a z
axis direction, the x axis direction, the y axis direction, the z
axis direction being orthogonal to each other); and the phase
plate is preferably arranged such that either an axis direction
of'nx or an axis direction of ny is parallel to an absorption axis
of the polarizing plate.

That is, even if nx and ny are not equal to each other, by
arranging the phase plate so that either the nx axis direction or
the ny axis direction is parallel to the direction of the absorp-
tion axis, no phase difference will be generated in the plane
parallel to the display surface. Therefore, a positive A plate
(nx>ny=nz), a negative A plate (nz=nx>ny), an X plate
(nx>ny>nz), or the like can be used as the phase plate, as long
as it satisfies the above condition.

The phase difference member may include a laminate of a
plurality of phase plates.

That is, if the phase difference member includes the lami-
nate of the plurality of phase plates, the following two effects
can be achieved.

The first effect is that the combination of the plurality of
phase plates and the liquid crystal panel can generate the
phase difference of “nA/2+A/4 (nis 0, or a positive or negative
integer)” in the case where the liquid crystal panel is viewed
in the direction at the constant polar angle @k (0°<®k<90°)
thus set. This makes it possible to satisfy the above condition
by use of the plurality of phase plates even if a single phase
plate cannot generate the above phase difference.

The second effect is that the combination of the first phase
plate, the second phase plate, and the liquid crystal panel can
generate (i) a first phase difference of “nA/2+A/4 (nis 0, or a
positive or negative integer)” in a case where the liquid crystal
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panel is viewed in a direction at a constant first polar angle ®k
(0°<Pk<90°), and simultaneously (ii) a second phase differ-
ence of “nA/2+\/4 (nis 0, or a positive or negative integer)” in
a case where the liquid crystal panel is viewed in a direction
ata constant second polar angle @k (0°<Pk<90°), the second
phase difference being different from the first phase differ-
ence. This can limit the visibility in the directions at a plural-
ity of polar angles @Kk, so that it becomes possible to limit the
visibility in a wider range of the oblique viewing directions.

The absorption axis of the polarizing plate and a slow axis
of the phase difference member are preferably parallel to a
top-bottom direction of the display surface or a left-right
direction of the display surface in a case where a viewer views
information displayed on the display surface of the liquid
crystal display device.

For example, if the absorption axis of the polarizing plate
and the slow axis of the phase difference member are set to be
parallel to the top-bottom direction of the display screen, it is
possible to obtain a liquid crystal display device which dis-
plays (i) white with respect to the left-right direction and the
front direction, and (ii) black with respect to the other direc-
tions. Accordingly, it becomes possible to successfully pre-
vent other people from looking at the content displayed on the
display surface, in the top-bottom direction, or an oblique
direction.

Further, if the absorption axis of the polarizing plate and
the slow axis of the phase difference member are set to be
parallel to the left-right direction of the display screen, it
becomes possible to obtain a liquid crystal display device
which displays (i) white with respect to the top-bottom direc-
tion and the front direction, and (ii) black with respect to the
other directions. Accordingly, it becomes possible to success-
fully prevent other people from looking at the content dis-
played on the display surface in the left-right direction, or an
oblique direction.

Further, it is possible to set (i) the absorption axis of the
polarizing plate to be parallel to the top-bottom direction or
the left-right direction of the display screen, the top-bottom
direction and the left-right direction being the ones in a case
where the viewer views the information displayed on the
display surface ofthe liquid crystal display device, and simul-
taneously (ii) the slow axis of the phase difference member to
be perpendicular to the display screen.

For example, if the absorption axis of the polarizing plate is
set to be parallel to the top-bottom direction of the display
screen, and the slow axis of the phase difference member is
set to be perpendicular to the display screen, it becomes
possible to obtain a liquid crystal display device which dis-
plays (i) white with respect to the top-bottom direction and
the front direction, and (ii) black with respect to the other
directions. Accordingly, it becomes possible to successfully
prevent other people from looking at the content displayed on
the display surface, in the left-right direction, or an oblique
direction.

Further, if the absorption axis of the polarizing plate is set
to be parallel to the left-right direction of the display screen,
and the slow axis of the phase difference member is set to be
perpendicular to the display screen, it becomes possible to
obtain a liquid crystal display device which displays (i) white
with respect to the left-right direction and the front direction,
and (ii) black with respect to the other directions. Accord-
ingly, it becomes possible to successfully prevent other
people from looking at the content displayed on the display
surface, in the top-bottom direction, or an oblique direction.

A combination of an arrangement recited in a certain claim
and another arrangement recited in another claim is not lim-
ited to a combination of the arrangement recited in the certain
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claim and an arrangement recited in a claim from which the
certain claim depends from. Any combination of the arrange-
ment recited in the certain claim and other claims from which
the certain claim does not depend is possible.

Objects, features, and strengths of the technology dis-
closed herein will be made clear by the description below.
Further, the advantages of the technology disclosed herein
will be evident from the following explanation in reference to
the drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross-sectional view schematically illustrating
an arrangement of a reflective liquid crystal display device,
showing a liquid crystal display device in accordance with an
embodiment of the technology disclosed herein.

FIG. 2 is a plan view illustrating a main part of a liquid
crystal cell constituting the liquid crystal display device.

FIG. 3 is a cross-sectional view illustrating a main arrange-
ment of the liquid crystal cell.

FIG. 4 is a cross-sectional view illustrating an arrangement
of a liquid crystal panel of the liquid crystal display device.

FIG. 5 is a view illustrating polarization properties of the
liquid crystal panel: (a) of FIG. 5 illustrates a polarization
property while no voltage is applied to the liquid crystal
panel; and (b) of FIG. 5 illustrates a polarization property
while a voltage is applied to the liquid crystal panel.

FIG. 6 is a plan view of a liquid crystal panel, showing a
display property while the voltage is applied to the liquid
crystal panel.

FIG. 7 is a view illustrating refractive indexes of a negative
C plate: (a) of FIG. 7 illustrates a relationship between three
principal refractive indexes “nx”, “ny”, and “nz”; and (&) of
FIG. 7 illustrates the relationship in an optical indicatrix.

FIG. 8 is a perspective view explaining how the visibility is
limited in a case where the liquid crystal display device is
viewed in an oblique direction.

FIG.9 is a view schematically illustrating a definition of an
angle formed by a viewing point and the liquid crystal display
device.

FIG. 10 is a plan view illustrating a display property of the
liquid crystal display device.

FIG. 11 is a plan view illustrating the display properties of
the liquid crystal display device: (a) of FIG. 11 illustrates a
display property in a case where the absorption axis of the
polarizing plate illustrated in FIG. 10 is rotated by —-45°; and
(b) of FIG. 11 illustrates a display property in a case where the
absorption axis is rotated by +45°.

FIG. 12 is a cross-sectional view schematically illustrating
an arrangement of a modified example of the liquid crystal
display device.

FIG. 13 is a cross-sectional view illustrating an arrange-
ment of another modified example of the liquid crystal dis-
play device.

FIG. 14 is a cross-sectional view schematically illustrating
an arrangement of a liquid crystal display device in accor-
dance with another embodiment of the technology disclosed
herein.

FIG.151s aview illustrating refractive indexes of a positive
C plate: (a) of FIG. 15 illustrates a relationship between three
principal refractive indexes “nx”, “ny”, and “nz”; and (b) of
FIG. 15 illustrates the relationship in an optical indicatrix.

FIG. 16 is a plan view illustrating a display property of the
liquid crystal display device.

FIG. 17 is a plan view illustrating display properties of the
liquid crystal display device: (a) of FIG. 17 illustrates a dis-
play property in a case where the absorption axis of the
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polarizing plate illustrated in FIG. 16 is rotated by -45°; and
(b) of FIG. 16 illustrates a display property in a case where the
absorption axis is rotated by +45°.

FIG. 18 is a view illustrating a relationship between three
principal refractive indexes “nx”, “ny”, and “nz” of a phase
plate which can apply to a liquid crystal display device in
accordance with still another embodiment of the technology
disclosed herein: (@) of FIG. 18 illustrates a case of a positive
A plate; (b) of FIG. 18 illustrates a case of a negative A plate;
(¢) of FIG. 18 illustrates a case of an X plate; and (d) and (e)
of FIG. 18 illustrate cases of a third phase plate different from
the above plates.

FIG. 19 is an explanatory view in which such an optical
effect that the reflective liquid crystal display device illus-
trated in FIG. 1 limits the visibility in the oblique directions is
shown by changes in polarization state of light.

FIG. 20 is an explanatory view in which such an optical
effect that a transmissive liquid crystal display device illus-
trated in FIG. 21 or FIG. 22 limits the visibility in the oblique
directions is shown by changes in polarization state of light.

FIG. 21 is a cross-sectional view schematically illustrating
an arrangement of the transmissive liquid crystal display
device, showing the liquid crystal display device in accor-
dance with still another embodiment of the technology dis-
closed herein.

FIG. 22 is a cross-sectional view schematically illustrating
a modified example of the transmissive liquid crystal display
device.

FIG. 23 is a cross-sectional view schematically illustrating
a conventional arrangement of a liquid crystal display device
including a louver film for controlling a viewing angle.

FIG. 24 is a cross-sectional view illustrating the louver
film, showing how the louver film controls the viewing angle.

REFERENCE SIGNS LIST

8. REFLECTIVE ELECTRODE

10. LIQUID CRYSTAL CELL

20. LIQUID CRYSTAL PANEL

21. M4 PLATE

30. LIQUID CRYSTAL DISPLAY DEVICE

30a. LIQUID CRYSTAL DISPLAY DEVICE

305. LIQUID CRYSTAL DISPLAY DEVICE

31. NEGATIVE C PLATE (PHASE DIFFERENCE MEM-
BER, PHASE PLATE)

31a. FIRST NEGATIVE C PLATE (FIRST PHASE PLATE)

315. SECOND NEGATIVE C PLATE (SECOND PHASE
PLATE)

32. POLARIZING PLATE

40. LIQUID CRYSTAL DISPLAY DEVICE

41. POSITIVE C PLATE (PHASE DIFFERENCE MEM-
BER, PHASE PLATE)

50. LIQUID CRYSTAL PANEL

61a. FIRST NEGATIVE C PLATE (FIRST PHASE PLATE)

615. SECOND NEGATIVE C PLATE (SECOND PHASE
PLATE)

71. NEGATIVE C PLATE (PHASE DIFFERENCE MEM-
BER, PHASE PLATE)

DESCRIPTION OF EMBODIMENTS
Embodiment 1
An example embodiment of the technology disclosed
herein is described below with reference to FIGS. 1 through

13, and FIG. 19. For sake of simplicity, each of drawings
referenced below illustrates only main members of the
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example embodiments of the technology disclosed herein
technology disclosed herein. Therefore, a liquid crystal dis-
play device of the technology disclosed herein may include
other members which are not illustrated in the drawings ref-
erenced in the present specification. Further, each member in
the drawings is not exactly identical with an actual compo-
nent in size, dimensional ratio of the actual components, etc.

First, the following description deals with an arrangement
of a liquid crystal display device 30 of the present embodi-
ment withreference to FIG. 1. FIG. 1 is a cross-sectional view
schematically illustrating the arrangement of the liquid crys-
tal display device 30.

The liquid crystal display device 30 is a reflective liquid
crystal display device, and, as illustrated in FIG. 1, has such
an arrangement that a negative C plate 31, which functions as
either a phase difference member or a first phase plate, and a
polarizing plate 32 are stacked on a liquid crystal panel 20 in
this order. Further, the liquid crystal panel 20 includes a liquid
crystal cell 10, and a A/4 plate 21 for optical compensation.

The following description deals with an arrangement of a
liquid crystal cell 10 with reference to FIGS. 2 and 3. FIG. 2
is a plan view illustrating the arrangement of the liquid crystal
cell 10, and FIG. 3 is a cross-sectional view taken along the
line X-X of FIG. 2.

As illustrated in FIGS. 2 and 3, for example, in the liquid
crystal cell 10, a plurality of gate bus lines 2, comprising
chrome (Cr), tantalum (Ta), or the like, are provided to be
parallel to each other on a substrate 1, which comprises glass
or the like, and a plurality of gate electrodes 2a diverge from
each of the plurality of gate bus line 2. Each of the plurality of
gate bus lines 2 functions as a scanning line.

A gate insulating film 3, which comprises silicon nitride
(SiNx), oxide silicon (SiOx) or the like, is formed over an
entire surface of the substrate 1, so as to cover the plurality of
gate electrodes 2a. A semiconductor layer 4a, which com-
prises amorphous silicon, multicrystalline silicon, CdSe or
the like, is formed on the gate insulating layer 3 in a region
above each of the plurality of gate electrodes 2a. Contact
electrodes 45-4b, which comprise amorphous silicon or the
like, are formed at both ends of the semiconductor layer 4a. A
source electrode 5a, which comprises titanium, molybde-
num, aluminum or the like, is formed so as to be superim-
posed on one contact electrode 45, and a drain electrode 54,
which comprises titanium, molybdenum, aluminum or the
like in the same manner as the source electrode 5a, is formed
so as to be superimposed on the other contact electrode 44.

Asillustrated in FIG. 2, a source bus line 5, which functions
as a signal line, is connected to the source electrode 5a. The
source bus line 5 and the gate bus line 2 intersect via the gate
insulating film 3. The source bus line 5 comprises the same
metal as the source electrode 5a. A TFT 6 is constituted by the
gate electrode 24, the gate insulating film 3, the semiconduc-
tor layer 4a, the source electrode 5a, and the drain electrode
5b, and has a function of a switching element.

On the other hand, an organic insulating film 7 (see FIG. 3)
is formed over the entire surface of the substrate 1 so as to
cover the gate bus line 2, the source bus line 5, and the TFT 6.
The organic insulating film 7 has convex portions 7a . . ., each
of'which has a taper shape whose cross section has a donut or
circular shape at its end section, to which convex portions 7a
the reflective electrode 8 is to be formed. The organic insu-
lating film 7 also has a contact hole 8a, which corresponds to
a region where the drain electrode 554 is provided.

The reflective electrode 8, which comprises aluminum
(Al), silver (Ag) or the like, is formed on the donut or circular-
shaped convex portions 7a of the organic insulating layer 7,



US 8,189,147 B2

11

and is connected to the drain electrode 55 via the contact hole
8a. Further, an alignment film 9 is formed on the reflective
electrode 8.

A color filter 12 is formed on another substrate 11. The
color filter 12 is formed such that a magenta or green filter 12a
is provided at a part facing the reflective electrode 8, and a
black filter 125 is provided at the other part which does not
face the reflective electrode 8. A transparent common elec-
trode 13, which is made from ITO (Indium Tin Oxide) or the
like, is formed over an entire surface of the color filter 12, and
an alignment film 14 is formed on the transparent common
electrode 13.

The substrates 1 and 11 described above are attached to
face each other so that the reflecting electrode 8 and the
magenta or green filter 12a face correspond to each other.
Liquid crystal 15 is injected between the substrates 1 and 11.

Note that, for example, the liquid crystal cell 10 is required
to drive the liquid crystal on a pixel basis, or a segment basis,
so that the liquid crystal cell 10 has an electrode arrangement
in accordance with units of display.

In the present embodiment, for example, the liquid crystal
cell 10 of the liquid crystal panel 20 employs a VA (Vertical
Alignment) mode, as the display mode. The technology dis-
closed herein, however, is not limited to this, and the liquid
crystal cell 10 may employ a TN (Twisted Nematic) liquid
crystal mode using positive nematic liquid crystal having
twist alignment, or another display mode. Further, the liquid
crystal cell 10 may be any liquid crystal cell, which is capable
of displaying texts, images, or moving images, for example.
Furthermore, the liquid crystal cell 10 of the technology
disclosed herein may be a liquid crystal cell for color display,
or a liquid crystal cell for black-and-white display.

The following description explains display principles of
the reflective liquid crystal panel 20 having the aforemen-
tioned arrangement displays images, with reference to FIG. 4,
and (a) and (b) of FIG. 5. FIG. 4 is a cross-sectional view
illustrating an arrangement of the liquid crystal panel 20. (a)
of FIG. 5is a view illustrating a path of external light traveling
along a normal line direction of the liquid crystal panel 20,
and a polarization state of the external light, in a case of a
power-off state. (b) of FIG. 5 is a view illustrating the same
path of the external light and polarization state as in (a) of
FIG. 5, in a case of a power-on state.

The reflective liquid crystal panel 20 has a parallel Nicol
arrangement in which incident light passes through a single
polarizing plate 32 (see FIG. 1) twice (when the light enters,
and when the light is reflected), as illustrated in FIG. 4.
Accordingly, circularly-polarized light is optimum for the
incident light reflected by the reflective electrode 8, since it is
low in wavelength dependence. For this reason, the A/4 plate
21 is provided between the liquid crystal cell 10 and the
polarizing plate 32 so as to adjust the incident light to be such
polarized light.

The negative C plate 31 does not have an optical anisotropy
with respect to the light traveling along the normal line direc-
tion of the liquid crystal panel 20, as described later, so that
the light does not change in polarization state while passing
through the negative C plate 31. For this reason, the following
explanation of the display principles makes no mention of the
negative C plate 31.

In the case where the voltage is off, when linearly-polar-
ized light enters from the polarizing plate 32 into the A/4 plate
21, the linearly-polarized light is changed into left-handed
circularly-polarized light, as illustrated in (@) of FIG. 5. This
left-handed circularly-polarized light is reflected to be right-
handed polarized light by the reflective electrode 8. The heli-
cal twisting direction of the circularly-polarized light is deter-
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mined such that the circularly-polarized light is observed
from a position toward which the circularly-polarized light
travels. Then, when this right-handed circularly-polarized
light passes through the A/4 plate 21 before passing through
the polarizing plate 32 again, the right-handed circularly-
polarized light becomes a linearly-polarized light being
orthogonal to the original linearly-polarized light. That is, the
original linearly-polarized light is given a phase difference of
“M2”. Because of this, the reflected light cannot pass through
the polarizing plate 32.

On the other hand, application of an on-voltage causes
liquid crystal molecules in the VA mode to lie down, so that
the liquid crystal cell 10 converts, by double refraction of the
lying liquid crystal molecules, the left-handed circularly-po-
larized light which has passed through the A/4 plate 21, into
linearly-polarized light, as illustrated in (b) of FIG. 5. A
surface ofa polarized wave of the linearly-polarized light thus
converted is rotated by 90° as compared with that of the
linearly-polarized light which has entered through the polar-
izing plate 32. When the linearly-polarized light thus con-
verted is reflected by the reflective electrode 8, and then
passes through the liquid crystal layer and the A/4 plate 21
again, a phase difference shifts by A (360°) from that of the
original linearly-polarized light. Therefore, the linearly-po-
larized light thus converted turns back into the original lin-
early-polarized light. Accordingly, the linearly-polarized
light which has turned back into the original linearly-polar-
ized light can pass through the polarizing plate 32.

As described above, a general liquid crystal panel, like the
liquid crystal panel 20 of the present embodiment, emits the
linearly-polarized light through the polarizing plate 32 by the
application of the on-voltage. Therefore, as illustrated in FIG.
6, ina case where a viewer views a display screen of the liquid
crystal display device 30, the viewer can recognize the con-
tent displayed on the liquid crystal cell 10 in any of directions
from an upper side, a lower side, a left side, and a right side of
the display screen. In FIG. 6, “X32” is an absorption axis of
the polarizing plate 32, and “white” is a direction in which the
viewer can recognize the content.

Next, the following description deals with a specific
arrangement of the present embodiment, that is, the negative
C plate 31 and the polarizing plate 32, which are stacked on
the upper surface of the liquid crystal panel 20.

The negative C plate 31 of the present embodiment is a
phase plate which (i) has three principal refractive indexes
“nx” in an x axis direction, “ny” in a y axis direction, and “nz”
in a z axis direction, which axis directions are orthogonal to
each other, and (ii) has a relationship of “nx=ny>nz”, as
illustrated in (@) and (b) of FIG. 7.

Accordingly, the negative C plate 31 does not have an
influence on the limitation of visibility in a light path parallel
to the normal line direction of the polarizing plate 32. The
light path parallel to the normal line direction of the polariz-
ing plate 32 is the one being in a front direction with respect
to the viewer, and at a polar angle ®k of 0°. The negative C
plate 31 has the characteristic of “nx=ny”, so that it does not
have an optical anisotropy with respect to the light traveling
parallel to the normal line direction. For this reason, the
linearly-polarized light passes through the negative Cplate 31
without any change on both inward and outward routes.

Further, the negative C plate 31 of the present embodiment
is set so that in a case where the liquid crystal display device
30 is viewed at a specific polar angle ®k (which will be
explained later with reference to FIG. 9), a combination of the
negative C plate 31, the A/4 plate 21 and the liquid crystal cell
10 generates, between an ordinary light component and an
extraordinary light component, (i) a phase difference of “n\/
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4+)/8 (n1is 0, or a positive or negative integer)” in a one-way
light path, and (ii) a phase difference of “nA/2+A/4 (nis O, or
a positive or negative integer)” in a two-way light path. Note
that an optical effect affecting the light traveling in an oblique
direction inside the liquid crystal display device 30 will be
described later.

Accordingly, in a case where the specific polar angle @k is
15°, for example, a combination of the negative C plate 31, the
M4 plate 21, and the liquid crystal cell 10 functions as a A/8
plate (in a case where n is 0), a 3A/8 plate (in a case where n
is 1), or a SA/8 plate (in a case where n is 2), for example.

If the A/8 plate is used as the negative C plate 31, retarda-
tion of the liquid crystal cell 10 may be set so that a combi-
nation of the A/4 plate 21 and the liquid crystal cell 10 gen-
erates the phase difference of A/4 (in the case wheren is 1) for
the one-way light path, or the phase difference of A/2 (in the
case where n is 2) for the one-way light path, for example.

The following description deals with the optical effect of
the liquid crystal display device 30, which optical effect limits
the visibility with respect to the light entering into the liquid
crystal panel 20 at the specific polar angle ®k. FIG. 8 sche-
matically illustrates the optical effect. That is, the external
light entering into the liquid crystal display device at the
specific polar angle ®k is converted into the linearly-polar-
ized light by the polarizing plate 32, and then is further
converted into elliptically-polarized light by the negative C
plate 31. After that, the elliptically-polarized light goes and
returns through the liquid crystal panel 20, and returns to the
negative C plate 31 while being elliptically-polarized light.
The elliptically-polarized light which has returned to the
negative C plate 31 is converted into circularly-polarized light
by the negative C plate 31, and then returns to the polarizing
plate 32.

An amount of the circularly-polarized light is reduced to
“1/V2” by the polarizing plate 32 so that gray is displayed. In
the direction at the specific polar angle @k, this reduction in
light amount occurs in both a period during which black is
displayed with no (while no voltage is applied), and in a
period during which white is displayed (while the voltage is
applied). For this reason, a contrast difference is eliminated,
so that it becomes difficult for the viewer to recognize the
displayed content. In other words, the visibility is limited in a
case where the display surface is viewed in the direction at the
specific polar angle.

The following description deals with the optical effect
described above more specifically with reference to FIG. 19.
FIG. 19 illustrates a change in the polarization state of light as
the light traveling inside the liquid crystal display device 30,
which change is illustrated in such a manner that (i) the
viewing direction toward the liquid crystal display device 30
is categorized into a front direction and an oblique direction,
and (ii) a voltage application state for each of the categorized
directions is categorized into an on-state and an off-state. The
light path inside the liquid crystal display device 30 is divided
into an incident light path (inward route) and an exit light path
(outward route).
<Condition 1>

In a case of Condition 1 where the viewing direction with
respect to the liquid crystal display device 30 is the front
direction, and the voltage application state is the on-state,
linearly-polarized light which has passed through the polar-
izing plate 32 passes through the negative C plate 31 without
having any change in its polarization state. This is because the
negative C plate 31 generates no phase difference (0) with
respect to the light entering perpendicularly into the negative
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C plate 31, as described above. In other words, the negative C
plate 31 has no optical anisotropy (nx=ny) with respect to
such light.

The A/4 plate 21 gives the phase difference of “A/4” to the
linearly-polarized light which has passed through the nega-
tive C plate 31, so that the linearly-polarized light becomes,
for example, left-handed circularly-polarized light. This left-
handed circularly-polarized light is given the phase differ-
ence of “A/2” as going and returning through the liquid crystal
cell 10 being driven to display images, so that the phase of the
left-handed polarized light is inverted. As a result, the left-
handed circularly-polarized light becomes right-handed cir-
cularly-polarized light. The liquid crystal cell 10 employs a
spray alignment mode while being in the on-state.

Further, the A/4 plate 21 gives again the phase difference of
“NM4” to the right-handed circularly-polarized light on the
outward route, so that the polarization state of the right-
handed circularly-polarized light becomes the same as that of
the original linearly-polarized light. The negative C plate 31
also has no optical anisotropy with respect to the linearly-
polarized light on the outward route as on the inward route.
Therefore, the linearly-polarized light whose polarization
state is the same as that of the original linearly-polarized light
returns to and passes thorough the polarizing plate 32.
Accordingly, white is displayed in Condition 1.
<Condition 2>

In a case of Condition 2 where the viewing direction with
respect to the liquid crystal display device 30 is the front
direction, and the voltage application state is the off-state, the
polarization state of the light changes in the same manner as
in Condition 1 until the left-handed circularly-polarized light
enters into the liquid crystal cell 10. The liquid crystal cell 10
employs the vertical alignment mode while being in the oft-
state. For this reason, the liquid crystal cell 10 generates no
phase difference (0) with respect to the light entering perpen-
dicularly into the liquid crystal cell 10. Accordingly, the left-
handed circularly-polarized light which has been emitted
from the A/4 plate 21 toward the liquid crystal cell 10 returns
to the A/4 plate 21 without having any change in its polariza-
tion state.

The A\/4 plate 21 gives the phase difference of “A/4” to this
left-handed circularly-polarized light, so that the left-handed
circularly-polarized light becomes linearly-polarized light
whose polarization direction is orthogonal to that of the origi-
nal linearly-polarized light. Then, the linearly-polarized light
returns to the polarizing plate 32. Accordingly, since the
polarizing plate 32 absorbs the linearly-polarized light thus
returned, black is displayed in Condition 2.
<Condition 3>

In a case of Condition 3 where the viewing direction with
respect to the liquid crystal display device 30 is the oblique
direction, and the voltage application state is the on-state, the
negative C plate 31 which, for example, has a function of the
M8 plate gives the phase difference of “A/8” to the linearly-
polarized light which has passed through the polarizing plate
32. For this reason, the linearly-polarized light becomes left-
handed elliptically-polarized light (1), for example.

Further, the A/4 plate 21 gives the phase difference of “A/4”
to the left-handed elliptically-polarized light (1) emitted from
the negative C plate 31, so that the left-handed elliptically-
polarized light (1) becomes such left-handed elliptically-po-
larized light (2) that a long axis of an ellipse of the left-handed
elliptically-polarized light inclines at 90°. This left-handed
elliptically-polarized light (2) is given the phase difference of
“N2” as going and returning through the liquid crystal cell 10
being driven to display images, so that the phase of the left-
handed elliptically-polarized light (2) is inverted. As a result,
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the left-handed elliptically-polarized light (2) becomes such
right-handed elliptically-polarized light that the inclination of
the long axis of the ellipse turns back to the inclination of that
of the left-handed elliptically-polarized light (1).

Further, the A/4 plate 21 gives again the phase difference of
“NM4” to the right-handed elliptically-polarized light on the
outward route, so that the right-handed elliptically-polarized
light becomes left-handed elliptically-polarized light (3) as
maintaining the original inclination of the long axis of the
ellipse. The left-handed elliptically-polarized light (1) and the
left-handed elliptically-polarized light (3) are the same in
polarization state. Then, the negative C plate 31 gives again
the phase difference of “A/8” to the left-handed elliptically-
polarized light (3), so that the left-handed elliptically-polar-
ized light (3) becomes left-handed circularly-polarized light
as returning to the polarizing plate 32. Therefore, as explained
above, since the polarizing plate 32 emits such linearly-po-
larized light that the light amount of the left-handed circu-
larly-polarized light is reduced to “1/V2”, gray is displayed in
Condition 3.
<Condition 4>

In a case of Condition 4 where the viewing direction with
respect to the liquid crystal display device 30 is the oblique
direction, and the voltage application state is the off-state, the
polarization state is the same as in Condition 3 until the
left-handed elliptically-polarized light (2) enters into the liq-
uid crystal cell 10. While no voltage is applied to the liquid
crystal cell 10, the phase difference given to the polarized
light by the liquid crystal cell 10 is substantially 0. For this
reason, the left-handed elliptically-polarized light (2) emitted
from the A/4 plate 21 toward the liquid crystal cell 10 returns
to the A/4 plate 21 without having any change in its polariza-
tion state.

The A/4 plate 21 gives the phase difference of “A/4” to this
left-handed elliptically-polarized light (2) on the outward
route, so that the left-handed elliptically-polarized light (2)
becomes right-handed elliptically-polarized light as main-
taining the original inclination of the long axis of the ellipse.
Further, the negative C plate 31 gives again the phase differ-
ence of “A/4” to this right-handed elliptically-polarized light,
so that the right-handed elliptically-polarized light becomes
right-handed circularly-polarized light as returning to the
polarizing plate 32. Therefore, since the polarizing plate 32
emits such linearly-polarized light that the light amount of the
right-handed circularly-polarized light is reduced to “1//2”,
gray is displayed in Condition 4 in a similar manner to Con-
dition 3.

As a result, when the display surface of the liquid crystal
display device 30 is viewed in an oblique direction, gray is
displayed either during the on-state period, or during the
off-state period. Accordingly, the contrast difference between
the on-state period and the off-state period is significantly
reduced, thereby limiting the visibility.

In the aforementioned description, the visibility is limited
in the direction at the specific polar angle “®k=15°" for the
sake of simple explanation. However, in practice, in a case
where, when the display surface is viewed at the specific polar
angle @k, the combination of the negative C plate 31, the A/4
plate 21, and the liquid crystal cell 10 generates a phase
difference of “nA/4+A/8 (n is 0, or a positive or negative
integer) for the one-way light path, the visibility is limited at
the specific polar angle in a range of “®k+10°".

Further, in the direction at the specific polar angle @k, the
phase difference generated by the negative C plate 31 itself is
not limited to “A/4”, and it is possible to set various phase
differences, such as “+A/8”, “£3A/8”, or “£5A\/8”, as long as
the combination of the negative C plate 31, the A/4 plate 21,
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and the liquid crystal display cell 10 can generate the phase
difference of “nN4+MN/8 (n is 0, or a positive or negative
integer)” for the one-way light path.

The liquid crystal display device 30 of the present embodi-
ment includes the negative C plate 31, so that it is possible to
generate the phase difference of “nA/4+A\/8 (nis 0, or a posi-
tive or negative integer)” for the one-way light path in the
direction at the specific polar angle ®k. This makes it possible
to arbitrarily set, by changing a design of the negative C plate
31, the oblique direction in which the visibility is limited.

Specifically, the negative C plate 31 is set so that, when the
liquid crystal panel 20 is viewed in the oblique direction at the
specific polar angle @k, the phase difference of “ni/2+A/4 (n
is 0, or a positive or negative integer)” should be generated
through such a light path that (i) incident light toward the
negative C plate 31 is reflected by the reflective electrode 8 of
the liquid crystal panel 20, (ii) the light thus reflected passes
through the negative C plate 31 again so as to be emitted from
the negative C plate 31. Since the length of the light path is
determined in accordance with a thickness of the negative C
plate 31, and a thickness of the liquid crystal panel 20, the
thickness of the negative C plate 31 and a ratio of the principal
refractive index nx (or ny) to the principal refractive index nz
are set so that the phase difference of “nA/2+A/4 (nis 0, or a
positive or negative integer)” is generated through the entire
light path, ultimately.

The combination of the phase differences generated by the
negative C plate 31 and liquid crystal panel 20 is not limited
particularly, as long as the condition of “nA/2+A4 (nis 0, or a
positive or negative integer)” is satisfied.

The following description explains how the generation of
the aforementioned phase difference limits a viewing direc-
tion in visibility. In the following explanations, an angle
formed by a viewing point and the polarizing plate 32 is
represented by an azimuth angle 6 and a polar angle ® by
regarding a center of the surface of the polarizing plate 32 as
a reference point. FIG. 9 illustrates an angle formed by each
of'viewing points P1 through P5 and the polarizing plate 32 of
the liquid crystal display device 30.

As illustrated in FIG. 9, the azimuth angle 0 is a rotation
angle formed by a line connecting a center 32¢ of the polar-
izing plate 32 to a foot of a perpendicular dropped from a
viewing point to a plane including the surface of the polariz-
ing plate 32. In the example of FIG. 9, the azimuth angle 6
increases in a clockwise direction on the condition that an
azimuth angle of the first viewing point P1 is 0° and the
polarizing plate 32 is viewed from the fifth viewing point P5
located directly above the center 32¢ (that is, the viewing
point P5is located on a normal line of the polarizing plate 32).
Further, in the example of FIG. 9, an azimuth angle 02 of the
second viewing point P2 is 90°, an azimuth angle 63 of the
third viewing point P3 is 180°, and an azimuth angle 64 of the
fourth viewing point P4 is 270°.

The polar angle @ is an angle formed by a line connecting
the center 32¢ of the polarizing plate 32 to a viewing point,
and the normal line of the polarizing plate 32. Here, each of
the polar angles @1 through ®4 is 45°, as an example.

In the case of the reflective liquid crystal panel 20, the
combination of the negative C plate 31, the A/4 plate 21, and
the liquid crystal cell 10 generates the phase difference of
“nA/2+A\/4 (n is 0, or a positive or negative integer)” with
respect to the polarized light which goes and returns in the
direction at the specific polar angle ¥k, that is, in the specific
oblique direction. As a result, gray is displayed in a case
where the display surface is viewed from any of the viewing
points P1 (azimuth angle of 0°) P2 (azimuth angle of 90°), P3
(azimuth angle of 180°), P4 (azimuth angle of 270°), a view-
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ing point at an azimuth angle 0f 45°, and a viewing point atan
azimuth angle 0f225° (see FI1G. 10), for example. Note thatin
FIGS. 10 and 11, “gray is displayed” is referred to as “black”
for the sake of emphasizing the meaning of the visibility
limitation.

With this setting, it becomes possible to shield at least four
directions (directions from an upper side, a lower side, a left
side, and a right side of the display screen). However, white is
displayed in a case where the display surface is viewed from
either (i) the viewing point P5 (polar angle ®=0°), which is in
the front direction, (ii) a viewing point at an azimuth angle of
135°, or (iii) a viewing point at an azimuth angle of 305°.

“Gray is displayed” or “white is displayed” in the above
description are display conditions while a voltage is applied
to the liquid crystal cell 10.

The reason why white is displayed while the display sur-
face is viewed from either the viewing point at the azimuth
angle of 135° or the viewing point at the azimuth angle of
305° is that (i) an absorption axis X32 of the polarizing plate
32 and a slow axis SA of the negative C plate 31 are parallel
to each other (an xy plane related to the principal refractive
indexes nx and ny of the negative C plate 31, and the absorp-
tion axis X32 are parallel to each other), and simultaneously
(i1) the direction at the azimuth angle of 135° and the direction
at the azimuth angle of 305° are parallel to the transmission
axis of the polarizing plate 32. The absorption axis X32 of the
polarizing plate 32 and the transmission axis of the polarizing
plate 32 are orthogonal to each other.

As illustrated in (a) of FIG. 11, by rotating the absorption
axis X32 of the polarizing plate 32 by —-45° to be parallel to the
top-bottom direction of the display screen, it becomes pos-
sible to realize the liquid crystal display device 30 which
displays (i) white with respect to the left-right direction and
the viewing point PS (polar angle ®=0°) (which is the front
direction), and (ii) gray with respect to the other directions.

On the other hand, as illustrated in (b) of FIG. 11, by
rotating the absorption axis X32 of the polarizing plate 32 by
+45° to be parallel to the left-right direction of the display
screen, it becomes possible to realize the liquid crystal dis-
play device 30 which displays (i) white with respect to the
directions from the upper side and the lower side of the
display screen, and the viewing point P5 (polar angle ®=0°)
(which is the front direction), and (ii) gray with respect to the
other directions.

Accordingly, by aligning the pixels so that the absorption
axis X32 of the polarizing plate 32 is parallel to the top-
bottom direction or the left-right direction, it becomes pos-
sible to realize the liquid crystal display device 30 which can
limit visibility in oblique directions other than the oblique
directions in the directions from the upper side and the lower
side of the display screen, or the oblique directions in the
directions from the left side and the right side of the display
screen.

In the above description, the negative C plate 31 is a single
phase plate, as illustrated in FIG. 1. However, the technology
disclosed herein is not limited to this, and the phase plate,
which functions as either a phase difference member or a first
phase plate, may be comprise two phase plates, namely, a first
negative C plate 31a and a second negative C plate 315, for
example (see FIG. 12). This arrangement can also achieve the
same effect as the effect described above.

Further, as illustrated in FIG. 12, with the combination of
these first negative C plate 31a and second negative C plate
315, it becomes possible to realize a liquid crystal display
device 30a in which a combination of'the first negative C plate
31a, the second negative C plate 315, the A/4 plate 21, and the
liquid crystal cell 10 generates, in the direction at the specific
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polar angle @k, (i) the phase difference of “nA/4+A/8 (nis 0,
or a positive or negative integer)” for the one-way light path,
and (i) the phase difference of “nA\/2+A/4 (nis 0, or a positive
or negative integer)” for the two-way light path.

Further, as illustrated in FIG. 13, it becomes also possible
to realize a liquid crystal display device 305 in which the
combination of the first negative C plate 31qa, the second
negative C plate 315, the A/4 plate 21, and the liquid crystal
cell 10 generates, (i) in a direction at a specific first polar angle
@k, a first phase difference satisfying the condition of: “ni/
4+)/8 (n is 0, or a positive or negative integer)” for the
one-way light path; and the phase difference of “nA/2+A/4 (n
is 0, or a positive or negative integer)” for the two-way light
path, and (ii) in a direction at a specific second polar angle
k2, a second phase difference satisfying the condition of:
“nM4+h/8 (n is 0, or a positive or negative integer)” for the
one-way light path; and the phase difference of “nA/2+A/4 (n
is 0, or a positive or negative integer)” for the two-way light
path, which second phase difference is different from the first
phase difference. This allows the visibility to be limited in a
wider range of the oblique directions.

Each of FIGS. 12 and 13 illustrates an example using two
phase plates, namely, the first negative C plate 31a and the
second negative C plate 315. However, the technology dis-
closed herein is not limited to this, and may employ more than
two phase plates (three, or four phase plates, for example).

Thus, the liquid crystal display device (30, 30a, 305) of the
present embodiment includes, between the reflective liquid
crystal panel 20 and the polarizing plate 32, the negative C
plate 31 (or the combination of the first negative C plate 31a
and the second negative C plate 315), which functions as the
phase difference member for setting the direction in which the
visibility is limited.

With this arrangement, the negative C plate 31, or the
combination of the first negative C plate 31a and the second
negative C plate 315 sets the direction in which the visibility
is limited, so that the visibility is limited in the direction thus
set. Accordingly, the images displayed on the liquid crystal
panel 20 are hardly viewed in the direction thus set, thereby
narrowing the viewing angle.

It follows that in the case of the reflective liquid crystal
panel 20, it becomes possible to provide the liquid crystal
display device (30, 31a, 315) whose viewing angle can be
narrowed by arbitrarily setting the direction in which the
visibility is limited, by designing the negative C plate.

Further, the liquid crystal display device 30 of the present
embodiment includes the negative C plate (the first phase
plate) having the relationship of “nx=ny>nz”, so that if the
principal refractive indexes nx, ny, and nz are shown in a
three-dimensional manner, they will form a sphere shape
whose height is shorter than its width. Therefore, when the
liquid crystal panel 20 is viewed in the direction at the polar
angle ®k (0°<®k<90°) thus set, uniform luminance is dis-
played except in the directions at specific azimuth angles, and
no negative effect, such as a strain, is generated on the dis-
played images.

In a state where the visibility is secured in such oblique
directions, in the present embodiment, when the liquid crystal
panel 20 is viewed in the direction at the polar angle ®k
(0°<®k<90°) thus set, the phase difference of “+A\/8”, “+3A/
8”7, “£5)/8”, or the like is generated for the one-way light
path. For this reason, the total of the phase differences on the
inward and outward routes comes to “xA/4”, “£3A/4”, “£5\/
4>, or the like, so that the visibility is limited when the liquid
crystal panel 20 is viewed in the direction at the polar angle
Dk (0°<dk<90°) thus set (i.e. in the oblique direction).
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Further, each of the liquid crystal display devices 30a and
305 of the present embodiment includes the first phase plate
constituted by a plurality of phase plates, so as to realize two
effects.

The first effect is that it is possible to set the phase differ-
ence for the one-way light path to be “+A/8”, “+3A/8”, “+5\/
87, or the like by the combination of the plurality of phase
plates, which phase difference is generated when the liquid
crystal panel 20 is viewed in a direction at a constant polar
angle @k (0°<Pk<90°) thus set. This makes it possible that in
the case where the liquid crystal panel 20 is viewed in the
direction at the constant polar angle ®k (0°<®k<90°) thus
set, even if a single phase plate cannot generate the phase
difference of “x£A/8”, “x3A/8”, “x5M\/8”, or the like, for the
one-way light path, the combination of the plurality of phase
plates (the first negative C plate 31a and the second negative
C plate 315) can generate the phase difference of “+A/8”,
“+30/8”, “£5)\/8”, or the like, for the one-way light path.

The second effect is that it is possible to set (i) a constant
polar angle @k (0°<Pk<90°) with respect to the first negative
C plate 31a (the phase plate), and (ii) another constant polar
angle ®k (0°<Pk<90°) different from said polar angle ®k
with respect to the second negative C plate 315 (the phase
plate), so that the phase difference generated when the liquid
crystal panel 20 is viewed in the direction at the polar angle
@k, and the phase difference generated when the liquid crys-
tal panel 20 is viewed in the direction at the another polar
angle @k can be selected from among +A\/8, +3A/8, £5)/8, and
the like, for the one-way light path, in such a manner that the
phase differences are different from each other. This makes it
possible to carry out display control to limit the visibility in a
wider range of the oblique directions.

Embodiment 2

The following description deals with another embodiment
ofthe technology disclosed herein with reference to FIGS. 14
through 17. The arrangements other than the arrangement
described in the present embodiment are the same as in
Embodiment 1. Further, the members having the same func-
tions as the members illustrated in the drawings used in
Embodiment 1 have the same signs, and explanations of these
are omitted for the sake of simple explanation.

As illustrated in FIG. 14A, a liquid crystal display device
40 of the present embodiment includes a positive C plate 41
(second phase plate) in place of the negative C plate 31 of the
liquid crystal display device 30 of Embodiment 1.

That is, the positive C plate 41 is a phase plate which (i) has
three principal refractive indexes nx in the x axis direction, ny
in the y axis direction, and nz in the z axis direction, which
directions are orthogonal to each other, and (ii) has a relation-
ship of “nx=ny<nz”, as illustrated in (@) and (b) of FIG. 15.
Further, the positive C plate 41 of the present embodiment
generates, in combination with the A/4 plate and the liquid
crystal cell 10, the phase difference of “n\/4+A/8 (nis 0, or a
positive or negative integer)” for the one-way light path, and
the phase difference of “nA/2+A/4 (n is 0, or a positive or
negative integer)” for the two-way light path, in the case
where the liquid crystal panel 20 is viewed at the specific
polar angle ®k.

Accordingly, ifthe specific polar angle ®k is 15°, the light,
entering into the reflective liquid crystal panel 20 via the
polarizing plate 32 and the positive C plate 41, passes through
the positive C plate twice (when entering the liquid crystal
panel 20 and when being reflected by the liquid crystal panel
20) in the same manner as in FIG. 8. As a result, the phase
difference of “nA/2+A/4 (n is 0, or a positive or negative
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integer)” is generated for the two-way light path, so that there
is a reduction in amount of the light passing through the
polarizing plate 32 provided on the surface of the positive C
plate 41. Therefore, gray is displayed in the direction at the
specific polar angle of “®k=15°" either in the period during
which the voltage is applied, or in the period during which no
voltage is applied. Accordingly, there is a significant reduc-
tion in contrast difference between the period during which
the voltage is applied and the period during which no voltage
is applied. Note that the positive C plate 41 can realize a wider
range of the polar angle than that of the negative C plate 31, in
which range the visibility can be limited.

In the liquid crystal display device 40 of the present
embodiment, it is possible to set the phase difference of
“xA/87, “£3N/8”, +“5\/8”, or the like, for the one-way light
path in the direction at the specific polar angle ®k with
respect to the positive C plate 41. Therefore, it is possible to
arbitrarily set the direction in which the visibility is limited in
a case where the display surface is viewed in the oblique
direction. Specifically, the positive C plate 41 is designed to
generate the phase difference of “+A/8”, “£3A/8”, “£5M/8”, or
the like, through such a light path that the incident light
entering into the positive C plate 41 is reflected by the reflec-
tive electrode 8 of the liquid crystal panel 20, and then again
passes through and is emitted from the positive C plate 41, in
a case where the liquid crystal panel 20 is viewed in the
oblique direction at the specific polar angle ¥k.

The following description explains how the visibility is
limited in such a direction when the phase difference of
“NA+N4=N/2” is generated.

In the case of the reflective liquid crystal panel 20, the
combination of the positive C plate 41, the \/4 plate, and the
liquid crystal cell 10 generates the phase difference of “A/2+
M4 (n1s 0, or a positive or negative integer)” with respect to
the polarized light going and returning through these in the
direction at the specific polar angle ®k (i.e. in the specific
oblique direction). As a result, gray is displayed with respect
to the viewing points P1 (azimuth angle of 0°), P2 (azimuth
angle of 90°), P3 (azimuth angle of 180°), P4 (azimuth angle
0f'270°), the viewing point at the azimuth angle of 135°, and
the viewing point at the azimuth angle of 305°, as illustrated
in FIG. 16. Note that in FIGS. 16 and 17, “gray is displayed”
is referred to as “black display” for the sake of emphasizing
the meaning of the visibility limitation.

With the arrangement, it becomes possible to shield four
directions (the directions from the upper side, the lower side,
the left side, and the right side of the display screen). Note
however that white is displayed with respect to the viewing
point P5 (polar angle ®=0°), the viewing point at the azimuth
angle of 45°, and the viewing point at the azimuth angle of
225°.

That “gray is displayed” and “white is displayed” in the
above description are display conditions while a voltage is
applied to the liquid crystal cell 10.

The reason why white is displayed with respect to the
viewing point P5 (polar angle ®=0°), which is the front direc-
tion, is that as illustrated in (b) of FIG. 15, the positive C plate
41 does not give an influence of the double refraction to the
light traveling in the normal line direction of the positive C
plate 41 due to the relationship of “nx=ny”, so that the light
from the viewing point P5 (polar angle ®=0°) passes through
the positive C plate 41 as being the linearly-polarized light
without any change.

Further, the reason why white is displayed with respect to
the viewing point at the azimuth angle of 45° and the viewing
angle at the azimuth angle of 225° is that (i) the absorption
axis X32 ofthe polarizing plate 32 and the slow axis SA ofthe
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positive C plate 41 are orthogonal to each other, and (ii) the
directions at the azimuth angles of 45° and 225° are parallel to
the absorption axis X32 of the polarizing plate 32. Note that
the slow axis SA of the positive C plate 41 is parallel to the z
axis.

As illustrated in (a) of FIG. 17, by rotating the absorption
axis X32 of the polarizing plate 32 by —45°, it becomes
possible to realize the liquid crystal display device 40 which
displays (i) white with respect to the directions from the upper
side and the lower side of the display screen, and the viewing
point P5 (polar angle ®=0°) which is the front direction, and
(ii) gray with respect to the other directions.

On the other hand, as illustrated in (b) of FIG. 17, by
rotating the absorption axis X32 of the polarizing plate 32 by
+45°, it becomes possible to realize the liquid crystal display
device 40 which displays (i) white with respect to the left-
right direction and the viewing point P5 (polar angle of ®=0°)
which is the front direction, and (ii) gray with respect to the
other directions.

Accordingly, by aligning the pixels so that the absorption
axis X32 of the polarizing plate 32 in the liquid crystal display
device is parallel to the top-bottom direction or the left-right
direction, it becomes possible to realize the liquid crystal
display device 40 which can limit the visibility in the oblique
directions other than the oblique directions in the directions
from the upper side and the lower side of the display screen,
or the oblique directions in the directions from the left side
and the right side of the display screen.

In the above description, the positive C plate 41 is a single
phase plate, as illustrated in FIG. 14. However, the technol-
ogy disclosed herein is not limited to this, and the positive C
plate 41 may comprise two phase plates, for example. This
can realize the same effect as the effect described above.
Further, the number of the phase plates is not limited to two,
and a plurality of phase plates (three or four phase plates, for
example) may be used.

Thus, the liquid crystal display device 40 of the present
embodiment includes the positive C plate 41 (the second
phase plate) having the relationship of “nx=ny<nz”, so that if
the principal refractive indexes nx, ny, and nz are shown in a
three-dimensional manner, these will form an elliptical
sphere (like a standing egg) as illustrated in (b) of FIG. 15. For
this reason, when the liquid crystal panel 20 is viewed in the
direction at the polar angle ®k (0°<®k<90°) thus set, uniform
luminance is displayed except in the directions at specific
azimuth angles, and no negative effect, such as a strain, is
generated on the displayed images.

In such a state that the visibility is secured in the oblique
directions, in the present embodiment, the phase difference of
“nAh/4+M/8 (n is 0, or a positive or negative integer)” is gen-
erated for the one-way light path in the case where the liquid
crystal panel 20 is viewed in the direction at the polar angle
Pk (0°<Pk<90°) thus set. Therefore, the total of the phase
differences generated on the inward and outward routes will
be “nA/2+A/4 (nis 0, or a positive or negative integer)”, so that
the visibility is limited when the liquid crystal panel 20 is
viewed in the direction at the polar angle ®k (0°<dk<90°)
thus set (i.e. the oblique direction).

Further, in order to generate the phase difference of “nA/
4+)/8 (n is 0, or a positive or negative integer)” for the
one-way light path when the liquid crystal panel is viewed in
the direction at the polar angle ®k (0°<dk<90°) thus set, the
thickness of the second phase plate, and the ratio of the
principal refractive index nx (or ny) to the principal refractive
index nz should be set so that the combination of the second
phase plate, the A/4 plate 21, and the liquid crystal cell 10
generates the phase difference of “nA/2+A/4 (n is 0, or a

40

45

22

positive or negative integer)” on such a light path that (i) the
incident light entering into the second phase plate is reflected
by the liquid crystal panel 20, and then (ii) the light passes
through again the second phase plate, after that (iii) the light
is emitted from the second phase plate, when the liquid crystal
panel 20 is viewed in the oblique direction at the specific polar
angle ®k.

The combination of the phase differences generated by the
positive C plate 41 and the liquid crystal panel 20 can be
determined in any way, as long as the phase difference of
“nA/2+A\/4 (n is O, or a positive or negative integer)” is gen-
erated.

Further, in the liquid crystal display device 40 of the
present embodiment, the positive C plate (the second phase
plate) may be constituted by a plurality of phase plates.

That is, the positive C plate 41 constituted by a plurality of
phase plates can realize the two effects, as explained in the
above description regarding the negative C plate 31.

Embodiment 3

The following description deals with still another embodi-
ment of the technology disclosed herein with reference to
FIG. 18. The arrangements other than the arrangement
described in the present embodiment are the same as in
Embodiment 1. Further, the members having the same func-
tions as the members illustrated in the drawings used in
Embodiment 1 and Embodiment 2 have the same signs, and
explanations of these are omitted for the sake of simple expla-
nation.

As illustrated in (a) through (e) of FIG. 18, a liquid crystal
display device of the present embodiment includes a positive
A plate (nx>ny=nz), a negative A plate (nz=nx>ny), an X
plate (nx>ny>nz), or the like (each of which functions as the
phase difference member (the phase plate)), in place of the
negative C plate 31 of the liquid crystal display device 30 of
Embodiment 1 or the positive C plate 41 of Embodiment 2.

Further, these various phase plates are arranged so that the
direction of either the nx axis or the ny axis is parallel to the
direction of the absorption axis X32 of the polarizing plate 32.
Furthermore, each of the phase plates generates, in combina-
tion with the A/4 plate and the liquid crystal cell 10, the phase
difference of “nA/4+A/8 (n is 0, or a positive or negative
integer)” for the one-way light path, in the case where the
liquid crystal panel 20 is viewed in the direction at the polar
angle ®k (0°<Dk<90°) thus set.

In other words, even if the nx and the ny are not equal to
each other, itis possible to prevent the generation of the phase
difference in the plane parallel to the display surface by
providing the third phase plate such that either the direction of
the nx axis or the direction of the ny axis is parallel to the
direction of the absorption axis X32 of the polarizing plate 32.
Accordingly, not only the positive A plate (nx>ny=nz), the
negative A plate (nz=nx>ny), and the X plate (nx>ny>nz) but
also any plates can be adopted as long as the above condition
is satisfied.

The positive A plate has the relationship of “nx>ny=nz" as
illustrated in (a) of FIG. 18. Further, the negative A plate has
the relationship of “nz=nx>ny” as illustrated in (») of FIG. 18.
The X plate has the relationship of “nx>ny>nz" as illustrated
in (¢) of FIG. 18.

Further, in the present embodiment, it is possible to use a
plate having the relationship of “nx>nz>ny” as illustrated in
(d) of FIG. 18, or a plate having the relationship of
“nz>nx>ny” as illustrated in (e) of FIG. 18, as such a phase
plate that either the direction of the nx axis or the direction of
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the ny axis is parallel to the direction of the absorption axis
X32 of the polarizing plate 32.

Meanwhile, in the present embodiment, each of the phase
plates may also be constituted by a plurality of phase plates in
the same manner as in Embodiments 1 and 2.

That is, if each of the phase plates constituted by a plurality
of phase plates can realize the two effects as explained in the
above description related to the negative C plate 31.

Embodiment 4

The following description deals with yet still another
embodiment with reference to FIGS. 20 through 22. The
members having the same functions as the members illus-
trated in the drawings used in Embodiments 1 through 3 have
the same signs, and explanations of these are omitted for the
sake of simple explanation.

Unlike the reflective liquid crystal display devices of
Embodiments 1 through 3, a liquid crystal display device of
the present embodiment is a transmissive liquid crystal dis-
play device. However, in the case of the transmissive liquid
crystal display device, it is also possible to realize effective
visibility limitation with a simple arrangement of the tech-
nology disclosed herein, that is, an addition of a phase plate.

First, the following description deals with an arrangement
of a liquid crystal display device 60a with reference to FIG.
21. FIG. 21 is a cross-sectional view schematically illustrat-
ing the arrangement of the liquid crystal display device 60a.

The liquid crystal display device 60a includes a first polar-
izing plate 62a, a liquid crystal panel 50, and a second polar-
izing plate 625, as a basic arrangement. The liquid crystal
display device 60a further includes a first negative C plate 61a
(the phase difference member, the first phase plate) between
the first polarizing plate 62a and the liquid crystal panel 50,
and a second negative C plate 615 (the phase difference
member, the second phase plate) between the liquid crystal
panel 50 and the second polarizing plate 625.

The transmissive liquid crystal display device does not
haveto include the A/4 plate since it does not have the problem
of wavelength dependence described in the above description
of the reflective liquid crystal display device. Accordingly,
the liquid crystal panel 50 has the same arrangement as that of
the liquid crystal panel 20 except that the liquid crystal panel
50 does not include the A/4 plate 21.

An anisotropy of the refractive index of each of the first
negative C plate 61a and the second negative C plate 615, in
other words, a magnitude relationship between the principal
refractive indexes nx, ny, and nz, is the same as that of the
negative C plate 31 explained above with reference to FIG. 7.

Further, the conception as to the inward and outward light
path of the reflective liquid crystal display device 30 can
apply to the phase differences generated by the first negative
C plate 61a and the second negative C plate 615 with respect
to the polarized light.

That is, as illustrated in FIG. 21, the first negative C plate
61a and the second negative C plate 615 are arranged to
generate, in combination with the liquid crystal panel 50
(which corresponds to the liquid crystal cell 10 described
above), the phase difference of “nA/2+A/4 (n is 0, or a positive
or negative integer) between an ordinary light component and
an extraordinary light component, through such a light path
that the light entering from a second polarizing plate 625 side
at the specific polar angle ®k travels inside the liquid crystal
display device 60a, and then is emitted from the first polar-
izing plate 62a, for example.

Accordingly, if the specific polar angle ®k is 15°, the
combination of the first negative C plate 61a, the second
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negative C plate 615, and the liquid crystal panel 50 functions
as the M4 plate (in the case where n is 0), the 3A\/4 plate (in the
case wherenis 1),a 5A/4 plate (inthe case where n is 2), or the
like, with respect to the light traveling at the polar angle ®k of
15°.

In a case where the A/8 plate is used for each of the first
negative C plate 61a and second negative C plate 615, the
retardation of the liquid crystal panel 50 may be set so that the
liquid crystal cell 10 generates the phase difference of “A/2 (in
the case where n is 1)”, “A (in the case where n is 2)”, or the
like.

Thus, since the phase difference of “nA/2+A/4 (nis 0, ora
positive or negative integer) only has to be generated while
the light passes through inside the liquid crystal display
device 604, it is possible to position the first negative C plate
61a and the second negative C plate 615 together on one side
of the liquid crystal panel 50.

For example, FIG. 22 illustrates an arrangement of the
liquid crystal display device 605 in which the second polar-
izing plate 624, the liquid crystal panel 50, the negative C
plate 71, and the first polarizing plate 624 are stacked in this
order. In short, the negative C plate 71 is a single phase plate
constituted by the first negative C plate 61a and the second
negative C plate 615 so as to have the same functions as those
of the first negative C plate 61a and the second negative C
plate 615. The negative C plate 71 may be arranged between
the second polarizing plate 6256 and the liquid crystal panel
50.

Meanwhile, a directional relationship between the absorp-
tion axis of the first polarizing plate 62a and the absorption
axis of the second polarizing plate 625 may be a parallel Nicol
relationship in which the absorption axes are arranged to be
parallel to each other, or a cross Nicol relationship in which
the absorption axes are arranged to be orthogonal to each
other.

This is because how the liquid crystal display devices 60a
and 604 limit the visibility is the same manner as that of the
reflective liquid crystal display device 30. That is, the circu-
larly-polarized light is lead to the polarizing plate provided on
the light exit side, via which polarizing plate the light passing
through inside the liquid crystal display device is emitted.
More specifically, the circularly-polarized light is lead to the
polarizing plate provided on the light exit side (the first polar-
izing plate 62a, for example), and the first polarizing plate
62a partially absorbs the circularly-polarized light so as to
reduce the amount of the circularly-polarized light to “1/V/2”.
This does not depend on the direction of the absorption axis of
the first polarizing plate 62a either in the period during which
black is displayed or in the period during which white is
displayed.
<Optical Effect of Liquid Crystal Display Device 60a>

The following description specifically explains how the
liquid crystal display device 60a having the arrangement
described above limits the visibility of the light entering at the
specific polar angle ®k, with reference to FIG. 20. FIG. 20
illustrates a change in polarization state of the light as the light
travels inside the liquid crystal display device 60a from the
light incident side toward the light exit side, in such a manner
that (i) the viewing direction with respect to the liquid crystal
display device 60a is categorized into the front direction, and
the oblique directions, and (ii) the voltage application state is
categorized into the on-state and the off-state for each of the
front direction and the oblique directions.

In the following description, (i) the retardation of the liquid
crystal panel 50 is set so that the liquid crystal panel 50 being
driven to display images generates the phase difference of
“M2 (in the case where n is 1)” with respect to the light
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traveling in the direction at the specific polar angle ®k, and
(ii) the first polarizing plate 62a and the second polarizing
plate 624 are arranged to have the parallel Nicol relationship.
<Condition 1>

In a case of Condition 1 where the viewing direction with
respect to the liquid crystal display device 60a is the front
direction, and the voltage application state is the on-state, the
linearly-polarized light which has passed through the second
polarizing plate 626 passes through the second negative C
plate 615 without having any change in its polarization state,
as illustrated in FIG. 21. This is because the second negative
C plate 615 generates no phase difference (0) with respect to
the light entering perpendicularly into the second negative C
plate 6154, as described above. That is, the second negative C
plate 615 does not have the optical anisotropy (nx=ny) with
respect to such light.

As the linearly-polarized light (A) passes through the liq-
uid crystal panel 50 being driven to display images, the liquid
crystal panel 50 gives the phase difference of “A/2” to the
linearly-polarized light (A) which has passed through the
second negative C plate 615. As a result, the phase of the
linearly-polarized light (A) is inverted so that the linearly-
polarized light (A) becomes the linearly-polarized light (B)
whose polarization direction is orthogonal to the polarization
direction of the original linearly-polarized light (A).

Further, the linearly-polarized light (B) passes through the
first negative C plate 61a without having any change in its
polarization state, and then enters into the first polarizing
plate 62a. The first polarizing plate 62a and the second polar-
izing plate 625 are arranged to have the parallel Nicol rela-
tionship, so that the transmission axis of the first polarizing
plate 62a and the polarization direction of the linearly-polar-
ized light (B) are orthogonal to each other. Accordingly, the
first polarizing plate 62a absorbs the linearly-polarized light
(B), so that black is displayed in Condition 1.
<Condition 2>

In a case of Condition 2 where the viewing direction with
respect to the liquid crystal display device 60a is the front
direction, and the voltage application state is the off-state,
since any one of the second negative C plate 6154, the liquid
crystal panel 50, and the first negative C plate 61a does not
have the optical anisotropy, the linearly-polarized light which
has passed through the second polarizing plate 626 passes
through the first polarizing plate 62¢ while maintaining its
polarization state.

Accordingly, white is displayed in Condition 2.
<Condition 3>

In a case of Condition 3 where the viewing direction with
respect to the liquid crystal display device 60q is the oblique
direction, and the voltage application state is the on-state, the
second negative C plate 615, which has the function of the A/8
plate, for example, gives the phase difference of “A/8” to the
linearly-polarized light which has passed through the second
polarizing plate 62b. Thereby, the linearly-polarized light
becomes the left-handed elliptically-polarized light, for
example.

Further, as the left-handed elliptically-polarized light
passes through the liquid crystal panel 50 being driven to
display images, the liquid crystal panel 50 gives the phase
difference of “A/2” to the left-handed elliptically-polarized
light emitted from the second negative C plate 61b. As a
result, the phase of the left-handed elliptically-polarized light
is inverted, so that the left-handed elliptically-polarized light
becomes such right-handed elliptically-polarized light that a
long axis of its ellipse is inclined by 90° with respect to that of
the left-handed elliptically-polarized light.
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The first negative C plate 61a gives the phase difference of
“N8” again to the right-handed elliptically-polarized light.
Thereby, the right-handed elliptically-polarized light
becomes the right-handed circularly-polarized light, and then
enters into the first polarizing plate 62a. Therefore, as
described above, the first polarizing plate 62a emits such
linearly-polarized light that the light amount of the right-
handed circularly-polarized light is reduced to “IA2”.
Accordingly, gray is displayed in Condition 3.
<Condition 4>

In a case of Condition 4 where the viewing direction with
respect to the liquid crystal display device 60a is the oblique
direction, and the voltage application state is the off-state, the
polarization state is the same as in Condition 3 until the
left-handed elliptically-polarized light enters into the liquid
crystal panel 50. In the case where the voltage application
state is the off-state, the liquid crystal panel 50 gives the phase
difference of substantially O to the polarized light. Therefore,
the left-handed elliptically-polarized light which has entered
into the liquid crystal panel 50 enters into the first negative C
plate 61a without having any change in its polarization state.

The first negative C plate 61a gives the phase difference of
“M8” again to the left-handed elliptically-polarized light.
Thereby, the left-handed elliptically-polarized light becomes
the left-handed circularly-polarized light, and then enters into
the first polarizing plate 62a. In the same manner as in Con-
dition 3, the first polarizing plate 62a emits such linearly-
polarized light that the light amount of the left-handed circu-
larly-polarized light is reduced to “1/2”. Accordingly, gray
is displayed in Condition 3.

As a result, when the display surface of the liquid crystal
display device 60a is viewed in an oblique direction, gray is
displayed either in the period during which the voltage is
applied, or in the period no voltage is applied. Accordingly,
there is a significant reduction in contrast difference between
the period during which the voltage is applied and the period
during which no voltage is applied, so that the visibility is
limited.
<Optical Effect of Liquid Crystal Display Device 605>

In a case where the viewing direction with respect to the
liquid crystal display device 604 is the oblique direction, and
the voltage application state is the on-state, the negative C
plate 71, which has the function of the “A/4” plate, for
example, gives the phase difference of “A/4” to the linearly-
polarized light which has passed through the second polariz-
ing plate 625. Thereby, the linearly-polarized light becomes
the left-handed circularly-polarized light, for example.

Further, as the left-handed circularly-polarized light passes
through the liquid crystal panel 50 being driven to display
images, the liquid crystal panel 50 gives the phase difference
of “A/2” to the left-handed circularly-polarized light emitted
from the negative C plate 71. As a result, the phase of the
left-handed circularly-polarized light is inverted, so that and
the left-handed circularly-polarized light becomes the right-
handed circularly-polarized light. Then, the right-handed cir-
cularly-polarized light enters into the first polarizing plate
62a. As aresult, since the first polarizing plate 62a emits such
linearly-polarized light that the light amount of the right-
handed circularly-polarized light is reduced to “1/v2”, gray is
displayed.

On the other hand, in the case where the voltage application
state is the off-state, the liquid crystal panel 50 gives the phase
difference of substantially O to the polarized light. Therefore,
the left-handed circularly-polarized light which has entered
into the liquid crystal panel 50 enters into the first polarizing
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plate 62a without having any change in its polarization state.
Accordingly, gray is displayed in the same manner as
described above.

Therefore, gray is displayed in the case where the display
surface of the liquid crystal display device 605 is viewed in an
oblique direction either in the period during which the voltage
is applied, or in the period during which no voltage is applied.
Thus, the visibility can be limited.

In the case of the transmissive liquid crystal display device,
the phase plate is also not limited to the negative C plate, and
the positive C plate illustrated in FIG. 15, or each of the phase
plates illustrated in FIG. 18 can be used in the same manner as
explained in the above description.

As described above, a liquid crystal display device
includes: a liquid crystal panel of a reflective-type; a polariz-
ing plate provided on a light incident side of the liquid crystal
panel; and a phase difference member provided between the
liquid crystal panel and the polarizing plate, the phase differ-
ence member having a retardation and being set such that the
retardation for such a light path that a display surface of the
liquid crystal panel is viewed in a direction at a specific polar
angle @k (0°<dk<90°) determines a direction in which vis-
ibility is limited.

Further, as described above, a liquid crystal display device
comprises: a liquid crystal panel of a transmissive-type; a first
polarizing plate provided on a light incident side of the liquid
crystal panel; a second polarizing plate provided on a light
exit side of the liquid crystal panel; and a phase difference
member provided in at least one of (i) a position between the
liquid crystal panel and the first polarizing plate, and (ii) a
position between the liquid crystal panel and the second
polarizing plate, the phase difference member having a retar-
dation and being set such that the retardation for such a light
path that a display surface of the liquid crystal panel is viewed
in a direction at a specific polar angle ®k (0°<Pk<90°) deter-
mines a direction in which visibility is limited.

With these arrangements, the phase plate whose retarda-
tion is set to determine the direction in which the visibility is
limited is merely added either in the case of the transmissive
liquid crystal panel or in the case of the reflective liquid
crystal panel. Therefore, it becomes possible to provide the
transmissive liquid crystal display device whose viewing
angle can be narrowed with a simple arrangement by arbi-
trarily setting the direction in which the visibility is limited.

The embodiments and concrete examples of implementa-
tion discussed in the foregoing detailed explanation serve
solely to illustrate the technical details of the technology
disclosed herein, which should not be narrowly interpreted
within the limits of such embodiments and concrete
examples, but rather may be applied in many variations
within the spirit of the technology disclosed herein, provided
such variations do not exceed the scope of the patent claims
set forth below. Further, an embodiment based on a proper
combination of technical means disclosed in different
embodiments is encompassed in the technical scope of the
technology disclosed herein.

Furthermore, it is obvious that the technology disclosed
herein is not limited to the range of values described in the
foregoing description, and values in a reasonable range in
accordance with the technology disclosed herein are also
included within the scope of the technology disclosed herein.

The technology disclosed herein is applicable to a liquid
crystal display device including a liquid crystal panel, par-
ticularly, to various mobile terminals such as an Internet
terminal like an ATM which is required by a user to limit the
visibility so as not to allow other people to see displayed
content.
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The invention claimed is:
1. A liquid crystal display device comprising:
a liquid crystal panel of a transmissive-type;
a first polarizing plate provided on a light incident side of
the liquid crystal panel;
a second polarizing plate provided on a light exit side of the
liquid crystal panel; and
a phase difference member provided in at least one of (i) a
position between the liquid crystal panel and the first
polarizing plate, and (ii) a position between the liquid
crystal panel and the second polarizing plate, the phase
difference member having a retardation and being set
such that the retardation for such a light path that a
display surface of the liquid crystal panel is viewed in a
direction at a specific polar angle ®k (0°<Pk<90°)
determines a direction in which visibility is limited; and
in the case where the display surface of the liquid crystal
panel is viewed in the direction at the specific polar angle
Dk (0°<Pk<90°), a combination of the phase difference
member and the liquid crystal panel generates a phase
difference of nA/2+A/4 (where n is 0, or a positive or
negative integer) in total through the light path from
entry of light into the liquid crystal display device to exit
of the light from the liquid crystal display device.
2. The liquid crystal display device recited in claim 1,
wherein:
the phase difference member is a phase plate having a
relationship of nx=ny>nz or nx=ny<nz where nx is a
principal refractive index in an x axis direction, ny is a
principal refractive index in a y axis direction, and nz is
a principal refractive index in a z axis direction, the x
axis direction, the y axis direction, and the z axis direc-
tion being orthogonal to each other; and
the phase plate is arranged such that an xy plane of the
phase plate, and an absorption axis of the polarizing
plate are parallel to each other, the xy plane being related
to the principal refractive index nx and the principal
refractive index ny.
3. The liquid crystal display device recited in claim 1,
wherein:
the phase difference member is a phase plate having a
relationship of nx>ny=nz, nz=nx>ny, nx>ny>nz,
nx>nz>ny, or nz>nx>ny where nx is a principal refrac-
tive index in an x axis direction, ny is a principal refrac-
tive index in a y axis direction, nzis a principal refractive
index in a z axis direction, the x axis direction, the y axis
direction, the z axis direction being orthogonal to each
other; and
the phase plate is arranged such that either an axis direction
of nx or an axis direction of ny is parallel to an absorption
axis of the polarizing plate.
4. The liquid crystal display device recited in claim 1,
wherein:
the phase difference member includes a laminate of a plu-
rality of phase plates.
5. The liquid crystal display device recited in claim 4,
wherein:
the phase plates include a first phase plate and a second
phase plate;
in a case where the display surface of the liquid crystal
panel is viewed in a direction at a specific first polar
angle k1 (0°<dk<90°), a combination of the first
phase plate, the second phase plate, and the liquid crystal
panel generates a first phase difference of A/2+A\/4
(where n is 0, or a positive or negative integer) through a
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light path from entry of light into the liquid crystal
display device to exit of the light from the liquid crystal
display device; and

in a case where the display surface of the liquid crystal
panel is viewed in a direction at a second polar angle
Dk2 (0°<Pk<90°), the combination of the first phase
plate, the second phase plate, and the liquid crystal panel
generates a second phase difference of nA/2+A/4 (where
n is 0, or a positive or negative integer) through a light
path from entry of light into the liquid crystal display
device to exit of the light from the liquid crystal display
device, which second phase difference is different from
the first phase difference.

6. The liquid crystal display device recited in claim 4,

wherein:

in a case where the display surface of the liquid crystal
panel is viewed in a single direction at a constant specific
polar angle (0°<®k<90°), a combination of the plurality
of phase plates and the liquid crystal panel generates a
phase difference of nA/2+A/4 (where n is 0, or a positive
or negative integer) through a light path from entry of
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light into the liquid crystal display device to exit of the
light from the liquid crystal display device.
7. The liquid crystal display device recited in claim 1,

wherein:

an absorption axis of the polarizing plate and a slow axis of
the phase difference member are parallel to a top-bottom
direction of the display surface or aleft-right direction of
the display surface in a case where a viewer views infor-
mation displayed on the display surface of the liquid
crystal display device.

8. The liquid crystal display device recited in claim 1,

wherein:

an absorption axis of the polarizing plate and a slow axis of
the phase difference member are set so that in a case
where a viewer views information displayed on the dis-
play surface of the liquid crystal display device, the
absorption axis is parallel to a top-bottom direction of
the display surface, or a left-right direction of the display
surface, and the slow axis is perpendicular to the display
surface.



patsnap

ERATROF) BRI TEE
DF(RE)F UsS8189147 NIF(AEH)A 2012-05-29
RiES US12/674032 RiEH 2008-05-23

FRIRE(FRR)AGE) BHIEE
FHDAI
ART=RE
F X i
TSUKAMURA CHIKANORI

BB (ERR)AGE) SEHIEE
FHDAI
ART=RE
F X i
TSUKAMURA CHIKANORI

HERBEAR)AE) EERA&4

BRI B A SAKAI TAKEHIKO
CHIBA DAI
MORISHITA KATSUHIKO
KATAOKA YOSHIHARU
TSUKAMURA CHIKANORI

RAAN SAKAI, TAKEHIKO
CHIBA, DAl
MORISHITA, KATSUHIKO
KATAOKA, YOSHIHARU
TSUKAMURA, CHIKANORI

IPCH =S G02F1/1335

CPCH %S G02F1/133634 G02F2203/02 G02F2413/11
HWER(F) NGUYEN , 2E{&ET.

Lt 2007271697 2007-10-18 JP

H 20 FF 32k US20110025962A1

NEBGELE Espacenet USPTO

RE(GR)

FCHR (31) MBEMIRMR (32 ) MRETHREIR (20 ) ZE. REACHK (31) WIER , FEACH (31 ) FMESEMR (20) WAEE
FEEMMEDNN 4 +NM 8 (nR0, “EEHREER ) ATHENTHARBETEENEMRIRALNE G KR, XESTUBER
ARUEBREREE , ZAREREENUATUEBIEERETUMEZRNAOMEE,


https://share-analytics.zhihuiya.com/view/05d016f6-f693-4a29-8922-ed5ed67d4e1a
https://worldwide.espacenet.com/patent/search/family/040567195/publication/US8189147B2?q=US8189147B2
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=8189147.PN.&OS=PN/8189147&RS=PN/8189147

/ ~G2a: FIRST POLARIZING PLATE

/ ~f1a: FIRST NEGATIVE C PLATE

/ +~50; LIQUID CRYSTAL PANEL

/ L~61h: SECOND NEGATIVE C PLATE

/ L ~62b: SECOND POLARIZING PLATE




