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(7) ABSTRACT

A liquid crystal display device 100 includes: a liquid crystal
layer 1; a front substrate 3 and a rear substrate 2 between
which the liquid crystal layer 1 is held; a pair of electrodes 4,
8 between which the liquid crystal layer 1 is interposed and
which are configured to apply a voltage across the liquid
crystal layer 1; circular polarizers 15, 16 respectively pro-
vided on a front side of the front substrate 3 and a rear side of
the rear substrate 2; and first and second alignment films 13,
12 respectively provided between the liquid crystal layer 1
and the front substrate 3 and between the liquid crystal layer
1 and the rear substrate 2. The liquid crystal layer 1 includes,
in each of the pixels, a continuous wall 10, a plurality of small
sections 14 separated by the wall 10, and a plurality of liquid
crystal regions 11, each of which is formed in any one of the
plurality of small sections 14. The plurality of liquid crystal
regions 11 include first and second liquid crystal regions
which have directors 20 in a plane parallel to the liquid crystal
layer 1, the directors 20 of the first and second liquid crystal
regions are oriented in different directions.
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LIQUID CRYSTAL DISPLAY

TECHNICAL FIELD

[0001] The present invention relates to a liquid crystal dis-
play device.

BACKGROUND ART

[0002] In recent years, development of liquid crystal dis-
play devices has been greatly advancing, and their display
performance has been greatly improving. However, further
improvements in display performarnce are demanded of some
product forms that use liquid crystal display devices. In par-
ticular, practical realization of a liquid crystal display device
which is capable of performing display with high luminance
and high definition as well as providing excellent viewing
angle characteristics as compared with conventional devices
is demanded.

[0003] In general, liquid crystal display devices include a
pair of substrates and a liquid crystal layer interposed
between these substrates. For example, in active matrix dis-
play devices which use thin film transistors, one of the sub-
strates is provided with pixel electrodes for applying voltages
to the liquid crystal layer and thin film transistors provided as
switching elements corresponding to the respective pixels,
and the other substrate is provided with a counter electrode.
Surfaces of the substrates which are in contact with the liquid
crystal layer are covered with alignment films for regulating
the alignment of liquid crystal molecules.

[0004] Aknowntechnique for improving the viewing angle
characteristics of such liquid crystal display devices is to
provide, in one or both of the substrates between which the
liquid crystal layer is held, a structure for regulating the liquid
crystal alignment (hereinafter, simply “alignment regulating
structure”) such that a plurality of domains that have different
alignments of liquid crystal molecules are formed in one pixel
(alignment division). For example, a structure in which liquid
crystal molecules are oriented vertically to the substrates and
a slit provided in the pixel electrode made of a transparent
conductive material (for example, ITO; Indium Tin Oxide)
and a protrusion (rib) provided in the counter substrate regu-
late the alignment of liquid crystal molecules (MVA mode;
Multi-domain Vertical Alignment), and a structure in which
slits provided in the pixel electrode and the counter electrode
are used to incline liquid crystal molecules according to an
electric field extending in an oblique direction or “oblique
electric field” (PVA mode; Patterned-ITO Vertical Align-
ment) have been proposed.

[0005] However, in the PVA mode and MVA mode liquid
crystal display devices, it is necessary to form a complicated
alignment control structure, such as slit or rib, so as to be
incorporated in a pixel. Therefore, in terms of processing
accuracy, transmittance of light, or any other factor, improve-
ments in the viewing angle characteristics and display bright-
ness are limited.

[0006] On the other hand, a technique for improving the
viewing angle characteristics by a simpler structure, without
forming a complicated alignment control structure, has been
proposed. For example, Patent Document 1 proposes that a
plurality ofliquid crystal droplets (liquid crystal regions) are
formed in the liquid crystal layer, and this is utilized for
enlarging the viewing angle.

[0007] Patent Document 1 discloses a polymer dispersed
liquid crystal display device that uses a liquid crystal layer in
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which liquid crystal droplets are dispersed in a resin (FIG. 61
of Patent Document 1). Outside the pair of substrates between
which the liquid crystal layer is held, a pair of linear polarizers
are provided in a crossed Nicols arrangement, and A4 plates
are provided between the respective linear polarizers and the
liquid crystal layer. In this liquid crystal display device, in the
absence of an applied voltage across the liquid crystal layer,
the liquid crystal molecules in the liquid crystal droplets are
radially oriented (FIG. 63 of Patent Document 1), resulting in
a white display state. When a voltage is applied across the
liquid crystal layer, the liquid crystal molecules in the respec-
tive liquid crystal droplets are oriented vertical to the sub-
strate surfaces, resulting in a black display state.

[0008] Thus, aliquid crystal display device can be obtained
which can be manufactured by a convenient process at a low
cost as compared with the technique of forming a rib in a
substrate and the technique of forming a slit in an electrode,
and which has improved viewing angle characteristics.

[0009] Patent Document 1: Japanese Laid-Open Patent
Publication No. 2002-303869

[0010] Patent Document 2: Japanese Laid-Open Patent
Publication No. 7-120728

[0011] Patent Document 3: Japanese Laid-Open Patent
Publication No. 2000-206515

[0012] Patent Document 4: Japanese Laid-Open Patent
Publication No. 5-61025

DISCLOSURE OF INVENTION
Problems to be Solved by the Invention

[0013] In the liquid crystal display device described in
Patent Document 1, when a voltage is not applied across the
liquid crystal layer, the liquid crystal molecules in a liquid
crystal droplet are radially oriented around a disclination
point that occurs substantially at the center of the liquid
crystal droplet. The directors of the liquid crystal droplets
have an inclination relative to the thickness direction of the
liquid crystal layer, and the inclination varies among the
liquid crystal regions due to the shape of the liquid crystal
droplets, etc. Therefore, the retardation disadvantageously
varies at different positions across a plane of the liquid crystal
layer.

[0014] When a voltage is applied across the liquid crystal
layer, the liquid crystal molecules in the liquid crystal drop-
lets are likely to be oriented vertically in a plane of the liquid
crystal layer (oriented parallel to an electric field). In this
situation, part of the radially-oriented liquid crystal mol-
ecules rotate clockwise, and the other rotate counterclock-
wise. Therefore, the alignment inside the liquid crystal drop-
let transiently becomes disordered, so that some time is
required before a stable alignment that depends on the voltage
is reached. Thus, the liquid crystal molecules in the liquid
crystal droplet lack harmony in motion and hence becomes
disordered, so that the response speed decreases.

[0015] Furthermore, at the time of white display, lightis not
transmitted at and near the disclination point that occurs
substantially at the center of each liquid crystal droplet, so
that the display brightness disadvantageously decreases.
[0016] The present invention was conceived in view of the
above circumstances. One of the objects of the present inven-
tion is to improve the viewing angle characteristics of aliquid
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crystal display device while securing high response charac-
teristics, without forming a complicated structure for align-
ment division.

Means for Solving the Problems

[0017] A liquid crystal display device of the present inven-
tion is a liquid crystal display device having a plurality of
pixels, including: a liquid crystal layer; a front substrate and
arear substrate between which the liquid crystal layer is held,;
a pair of electrodes between which the liquid crystal layer is
interposed and which are configured to apply a voltage across
the liquid crystal layer; circular polarizers respectively pro-
vided ona front side of the front substrate and a rear side of the
rear substrate; and first and second alignment films respec-
tively provided between the liquid crystal layer and the front
substrate and between the liquid crystal layer and the rear
substrate, wherein the liquid crystal layer includes, in each of
the pixels, a continuous wall, a plurality of small sections
separated by the wall, and a plurality of liquid crystal regions,
each of which is formed in any one of the plurality of small
sections, and the plurality of liquid crystal regions include
first and second liquid crystal regions which have directors in
a plane parallel to the liquid crystal layer, the directors of the
first and second liquid crystal regions are oriented in different
directions.

[0018] In a preferred embodiment, another small section
does not intervene between each of the plurality of small
sections and the first and second alignment films.

[0019] In a preferred embodiment, another small section
does not intervene between each of the plurality of small
sections and one of the first and second alignment films which
is closer to the each small section.

[0020] Preferably, each of the plurality of liquid crystal
regions is in contact with any one of the first and second
alignment films.

[0021] Preferably, the first and second alignment films are
not provided with an alignment treatment.

[0022] The surface free energy of the first and second align-
ment films may be not less than 44 mJ/m? and not more than
50 mJ/m?>.

[0023] The liquid crystal layer preferably includes four or
more small sections in each pixel. More preferably, the liquid
crystal layer includes eight or more small sections in each
pixel.

[0024] In a preferred embodiment, a dielectric anisotropy
of a liquid crystal material of the liquid crystal layer is posi-
tive.

[0025] Inapreferred embodiment, the liquid crystal region
does not contain a chiral agent.

[0026] The average length of the plurality of small sections
along a thickness direction of the liquid crystal layer may be
not less than 2 um and not more than 6 um. The average length
of the plurality of small sections in a plane parallel to the
liquid crystal layer may be not less than 2 um and not more
than 50 pm.

EFFECTS OF THE INVENTION

[0027] In a liquid crystal display device of the present
invention, at least two liquid crystal regions which have direc-
tors in a plane parallel to the liquid crystal layer are included
in one pixel. The directors of these liquid crystal regions are
oriented in different directions from one another. Therefore,
the viewing angle characteristics can be improved.
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[0028] Since the directors of the liquid crystal regions are in
a plane, the variation in retardation across the plane of the
liquid crystal layer can be decreased.

[0029] Further, each oftheliquid crystal regions is regarded
as a mono-domain which has a director that is parallel to the
liquid crystal layer. Therefore, when a voltage is applied
across this liquid crystal layer, the liquid crystal molecules in
the liquid crystal region move harmoniously as one director to
be oriented along the thickness direction of the liquid crystal
layer. Thus, the alignment inside the liquid crystal region can
be switched more quickly, and the response characteristics of
the liquid crystal display device can be greatly improved, as
compared with a case where the liquid crystal molecules in
the liquid crystal region are radially oriented.

[0030] The present invention is advantageous in that an
effect similar to alignment division can be obtained by a
simpler structure, without forming a complicated structure,
such as a rib or slit, in a pixel, and that a liquid crystal display
device with excellent viewing angle characteristics can be
manufactured using a convenient process at a low cost.

BRIEF DESCRIPTION OF DRAWINGS

[0031] [FIG. 1] (a) is a cross-sectional view schematically
showing a liquid crystal display device of an embodiment of
the present invention. (b) is a cross-sectional view of the
liquid crystal display device taken along line Ib-Ib' of (a),
schematically showing a liquid crystal layer in a single pixel.
[0032] [FIG. 2] (a) and (b) are schematic diagrams for
illustrating the display principles of the liquid crystal display
device of the embodiment of the present invention. (a) and (b)
are cross-sectional views which illustrate examples of the
alignment of liquid crystal molecules in a liquid crystal region
in the absence and presence of an applied voltage across the
liquid crystal layer.

[0033] [FIG. 3] (a) and (b) show cross-sectional SEM
images of liquid crystal layers of sample liquid crystal cells
No. 1 and No. 2 which include horizontal alignment films A
and B, respectively.

[0034] [FIG. 4] (a) and (b) are schematic plan and cross-
sectional views showing an example of the alignment of
liquid crystal molecules in liquid crystal regions.

[0035] [FIG. 5] (a) is a microscopic image obtained by
observation of sample liquid crystal cell No. 5 using a polar-
izing microscope in crossed Nicols. (b) shows a microscopic
image obtained with the polarizer being rotated by 45° from
the arrangement of (a).

[0036] [FIG. 6] (a) and (b) show a cross-sectional SEM
image and a planar SEM image of sample liquid crystal cell
No. 5.

[0037] [FIG. 7] A chart which shows a result of measure-
ment of the azimuthal dependence of the contrast of display
with the use of sample liquid crystal cell No. 6.

[0038] [FIG. 8] A schematic cross-sectional view of
another display device of an embodiment of the present
invention.

DESCRIPTION OF THE REFERENCE

NUMERALS
[0039] 1 liquid crystal layer
[0040] 2 rear substrate
[0041] 3 front substrate
[0042] 4 pixel electrode
[0043] 5 thin film transistor
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[0044] 6 color filter

[0045] 7 planarization film

[0046] 8 counter electrode

[0047] 10 wall

[0048] 11 liquid crystal region

[0049] 12,13 alignment film

[0050] 14, 141, 14U small section

[0051] 15,16 circular polarizer

[0052] 20 director

[0053] 22 liquid crystal molecule

[0054] 24, 26 light

[0055] 32, 33 glass substrate

[0056] 36 pole

[0057] 100 liquid crystal display device

BEST MODE FOR CARRYING OUT THE

INVENTION

[0058] Hereinafter, a liquid crystal display device, which is

a preferred embodiment of the present invention, is described
with reference to FIG. 1 and FIG. 2.

[0059] FIG. 1(a) is a cross-sectional view schematically
showing the liquid crystal display device of the embodiment
of the present invention. FIG. 1() is a schematic view for
illustrating a structure of a liquid crystal layer in a single pixel
when a voltage is not applied across the liquid crystal layer (in
the absence of an applied voltage), showing a cross section
that is parallel to substrates. FIGS. 2(a) and 2(b) are sche-
matic cross-sectional views showing examples of alignment
of liquid crystal molecules in a liquid crystal region when a
voltage is not applied across the liquid crystal layer (in the
absence of an applied voltage) and when a voltage is applied
across the liquid crystal layer (in the presence of an applied
voltage).

[0060] First, refer to FIG. 1(a). The liquid crystal display
device 100 includes a front substrate 3, a rear substrate 2
provided so as to oppose the front substrate 3, a liquid crystal
layer 1 provided between these substrates 2, 3, and circular
polarizers 15, 16 provided on the front side of the front
substrate 3 and the rear side of the rear substrate 2, respec-
tively. Although not shown, the circular polarizers 15, 16 have
a layered structure formed by a linear polarizer and a A/4
plate. The circular polarizers 15, 16 are placed such that the
absorption axes of their linear polarizers are perpendicular to
each other (crossed Nicols arrangement). The liquid crystal
layer 1 is configured such that light passing through the liquid
crystal layer 1 during white display is retarded by about a half
of the wavelength. Specifically, the retardation of the liquid
crystal layer 1 (the product of birefringence value An and
thickness d of the liquid crystal layer 1, An-d) is set to 0.29 to
038 pm.

[0061] A surface of the rear substrate 2 on the liquid crystal
layer side 1s provided with a plurality of switching elements
(herein, thin film transistors) 5, a plurality of transparent pixel
electrodes 4, and an alignment film 12 in this order. In the
present embodiment, the alignment film 12 is a horizontal
alignment film and is in contact with the rear side surface of
the liquid crystal layer 1. The plurality of pixel electrodes 4
are mutually separated to define pixels, each of which is a umt
of displaying of images. In the present embodiment, these
pixel electrodes 4 are in a matrix arrangement and are each
electrically coupled to the source electrode (not shown) of a
corresponding one of the thin film transistors 5.

[0062] On the other hand, a surface of the front substrate 3
on the liquid crystal layer side is provided with color filters 6
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of, for example, R (red), G (green), and B (blue) which are
arranged so as to correspond to the pixel electrodes 4, a
planarization film 7 covering the color filters 6 to provide a
flat surface, a transparent counter electrode 8, and an align-
ment film 13 in this order. The alignment film 13 is in contact
with the front side surface of the liquid crystal layer 1. In the
present embodiment, the alignment film 13 is also a horizon-
tal alignment film as the alignment film 12 is.

[0063] The liquid crystal layer 1 is divided by walls 10 into
a plurality of small sections 14. In each of the small sections
14, aliquid crystal region 11 is formed. The walls 10 are made
of, for example, a polymer. Note that, although in FIG. 1(a)
the walls 10 and the alignment films 12, 13 surround the
spaces that constitute the small sections 14, only the walls 10
may surround the spaces that constitute the small sections 14.
[0064] As seen from FIG. 1(b), at least two small sections
are provided in each pixel, and the walls 10 are continuous.
The liquid crystal regions 11 in these small sections 14 have
directors 20 in aplane that is parallel to the liquid crystal layer
1. The directors 20 of the liquid crystal regions 11 are oriented
in random directions in the plane. Note that, in the present
embodiment, at least two liquid crystal regions 11 which have
directors 20 in the plane and of which the orientations of the
directors 20 are mutually different may be provided in one
pixel.

[0065] Next, an example of the alignment of liquid crystal
molecules in each of the liquid crystal regions 11 is described
in detail with reference to F1G.2(a). As shown, in the absence
of an applied voltage, part of the liquid crystal molecules 22
in the liquid crystal region 11 are affected by the alignment
films 12, 13 to be oriented in parallel. Another part of the
liquid crystal molecules 22 in the liquid crystal region 11 are
affected by the walls 10 to incline. However, the alignment of
the liquid crystal molecules 22 in the liquid crystal region 11
is continuous so that the liquid crystal molecules 22 in the
liquid crystal region 11 constitute a mono-domain in which
the alignment orientation is represented by one director 20.
[0066] Thus, in the present embodiment, the directors 20 of
a plurality of liquid crystal regions 11 included in a pixel
region are randomly oriented in a plane. Therefore, the view-
ing angle characteristics can be improved as in the conven-
tional multi-domain structures. The retardation can be gener-
ally uniform across the plane of the liquid crystal layer, so that
display unevenness which would occur due to variation in
retardation can be prevented. Further, since the liquid crystal
molecules in each of the liquid crystal regions 11 behave as a
mono-domain, the response characteristics in the presence of
an applied voltage can be greatly improved as compared with,
for example, a case where liquid crystal droplets which have
aradial alignment are used as described in Patent Document
1. Further, inside the liquid crystal regions 11, there is no
disclination that would inhibit transmission of light, so that
the transmittance can be maintained high. Moreover, as in the
above-described MVA mode and PVA mode display devices,
alignment division can be realized without forming a compli-
cated alignment control structure, such as a rib or slit, in a
pixel, and hence, the present embodiment is advantageous in
terms of the manufacturing process and the manufacturing
cost.

[0067] Now, the display principles of the liquid crystal
display device 100 are described with reference to FIGS. 2(a)
and 2(b).

[0068] As shown in FIG. 2(a), in the absence of an applied
voltage, the director 20 of the liquid crystal region 11 is
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oriented parallel to the substrates 2, 3. Considering light 24
which comes in at the rear side of the rear substrate 2, the light
24 is first transmitted through the circular polarizer 16 formed
by alinear polarizer and a A/4 plate to become right-handed or
left-handed circular polarization 24a which then enters the
liquid crystal layer. In the liquid crystal layer, the circular
polarization 24« is retarded by phase difference it because the
director 20 is parallel to the substrates 2, 3, resulting in oppo-
site-handed circular polarization 24b. As described above, the
linear polarizers of the circular polarizers 15, 16 are placed
such that their absorption axes are perpendicular to each
other. Therefore, the circular polarization 245 is transmitted
through the circular polarizer 15 to become linear polariza-
tion which then outgoes toward the viewer side. Thus, a white
display state is obtained.

[0069] On the other hand, as shown in FIG. 2(), when a
voltage notlower than a predetermined value is applied across
the liquid crystal layer 1, the director 20 of the liquid crystal
region 11 is oriented vertically to the substrates 2, 3. In this
case, considering light 26 which comes in at the rear side of
the rear substrate 2, the light 26 is transmitted through the
circular polarizer 16 to become right-handed or left-handed
circular polarization 26a which is then transmitted through
the liquid crystal layer. In the liquid crystal layer, the circular
polarization 26a is not retarded because the director 20 is
vertical to the substrates 2, 3, so that the circular polarization
26a itself goes out of the liquid crystal layer as what it is.
Since the circular polarization 26a cannot be transmitted
through the circular polarizer 15, the light 26 does not outgo
toward the viewer side, resulting in a black display state.
[0070] Although not shown, when a voltage lower than the
predetermined value is applied across the liquid crystal layer,
the director of the liquid crystal region is oriented in a direc-
tion inclined relative to the thickness direction of the liquid
crystal layer. In this case, the liquid crystal layer retards
circular polarization that is transmitted through the liquid
crystal layer by a phase difference which is greater than 0 and
smaller than u, enabling intermediate grayscale level display.
The in-plane component of the director of each liquid crystal
region in an intermediate grayscale level display state
depends on the director in a white display state, so that the
directors of the respective liquid crystal regions are oriented
in different directions, thus producing an alignment division
effect.

[0071] Japanese Laid-Open Patent Publication No.
7-120728 also describes a display device which uses a liquid
crystal layer having a plurality of liquid crystal regions. How-
ever, in this display device, the liquid crystal molecules in a
liquid crystal region in the absence of an applied voltage are
in a radial or concentric alignment, so that there is no director
in a plane. Therefore, the alignment division effect as pro-
duced in the present embodiment by utilizing the in-plane
director cannot be obtained. Since each liquid crystal region
has a radial or concentric alignment, a disclination occurs
generally at the center of the liquid crystal region, so that the
transmittance disadvantageously decreases. Also, the motion
of the liquid crystal molecules is sluggish, so that it is difficult
to realize high response characteristics.

[0072] Japanese Laid-Open Patent Publication No. 2000-
206515 proposes to use, in a TN (Twisted Nematic) mode
liquid crystal display device, a liquid crystal layer which
includes a plurality of liquid crystal regions for the purpose of
omitting the front substrate and hence reducing the weight of
the display device. However, the directors of these liquid
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crystal regions are oriented in a predetermined direction
defined by the alignment films. Thus, this configuration can-
not achieve an alignment division effect as produced in the
present embodiment by providing liquid crystal regions of
different directors in one pixel, and therefore has a difficulty
in achieving high viewing angle characteristics.

[0073] Japanese Laid-Open Patent Publication No.
5-61025 also discloses a liquid crystal display device which
utilizes a plurality of liquid crystal droplets (liquid crystal
regions). This liquid crystal display device intends to produce
high-contrast, multicolor display by using four different lig-
uid crystal droplets which includes liquid crystal and differ-
ent dichromatic dyes (blue, green, red, black). Therefore,
Japanese Laid-Open Patent Publication No. 5-61025 does not
intend to provide alignment division by utilizing liquid crys-
tal regions of different directors as in the present embodiment.
Also, this liquid crystal display device does not utilize the
display principles previously described with reference to
FIG. 2 or use a circular polarizer.

[0074] In the present embodiment, the director 20 of the
liquid crystal region 11 in each of the small sections 14 is
affected by the anchoring forces produced by the alignment
films 12, 13 and is affected by the structure of the small
section 14. To allow the directors 20 of the respective liquid
crystal regions 11 to be oriented in random directions in a
plane, the alignment films 12, 13 are preferably not provided
with an alignment treatment, such as a rubbing treatment. Ifa
rubbing treatment or the like is not performed on the align-
ment films 12, 13, all the plurality of liquid crystal regions 11
in a pixel are not oriented in one specific direction (e.g.,
rubbing direction), resulting in a random alignment. This
further ensures formation of the liquid crystal regions 11 of
different alignment orientations in one pixel, and thus can
improve the viewing angle characteristics.

[0075] To more surely regulate the alignment of the liquid
crystal regions 11 by means of the alignment films 12, 13, it
is preferable that at least two of the liquid crystal regions 11
formed in one pixel are in contact with one or both of the
alignment films 12, 13. This more surely allows the liquid
crystal molecules in these liquid crystal regions 11 to be
oriented in a direction generally parallel to the substrate. Note
that, in this specification, the statement that “a liquid crystal
region 11 is in contact with the alignment film 12, 13”
includes a case where part of the liquid crystal molecules in
the liquid crystal regions 11 are in direct contact with the
alignment film 12, 13 as well as a case where the liquid crystal
molecules of the liquid crystal regions 11 are affected by the
alignment film 12, 13 even when a very thin film (e.g., 10 nm
or less) which contains liquid crystal molecules, polymers,
etc., intervenes between the liquid crystal region 11 and the
alignment film 12, 13.

[0076] Thesmall sections 14 are preferably arranged in one
or two layers with respect to the thickness direction of the
liquid crystal layer 1. If the small sections 14 are arranged in
three or more layers with respect to the thickness direction of
the liquid crystal layer 1, the liquid crystal regions located
between the uppermost layer and the lowermost layer are not
affected by the alignment films 12, 13 and are therefore not
regarded as amono-domain which has a director in a plane. If
the liquid crystal layer 1 includes a large number of such
liquid crystal regions, there is a probability that an alignment
division effect is not sufficiently achieved, or the effect of
improving the response speed deteriorates. Also, there is a
probability that variation in retardation across a plane of the
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liquid crystal layer cannot be sufficiently reduced. Further,
there is a probability that the liquid crystal layer 1 becomes
relatively thick for the retardation it produces, so that the
driving voltage becomes disadvantageously high. On the
other hand, if the small sections 14 are arranged in not more
than two layers with respect to the thickness direction of the
liquid crystal layer 1, almost all of the liquid crystal regions
11 in one pixel can be in contact with the alignment film 12,
13, so that the effect of improving the response speed, which
is produced by the present invention, can be increased. Fur-
ther, the retardation can be generally uniform across a plane
of the liquid crystal layer plane so that the display unevenness
can effectively be reduced. Further, the liquid crystal layer 1
can be configured to have a small thickness, and hence, the
driving voltage can be decreased.

[0077] Note that the statement that the small sections 14 are
arranged in one layer with respect to the thickness direction of
the liquid crystal layer 1 (hereinafter, “one-layer structure™)
means that another small section does not intervene between
each of the plurality of small sections 14 and the alignment
film 12, 13. The statement that the small sections 14 are
arranged in two layers with respect to the thickness direction
of the liquid crystal layer 1 (hereinafter, “two-layer struc-
ture”) means that another small section does not intervene
between each of the plurality of small sections 14 and one of
the alignment films 12, 13 which is closer to the small section
14.

[0078] As will be described later, to form the small sections
14 such that the liquid crystal regions 11 are in contact with
the alignment films 12,13, it is preferable that the surface free
energy of the alignment films 12, 13 is optimized. The present
inventors reached this knowledge after conducting various
examinations. The suitable range of the surface free energy is,
for example, not less than 44 mJ/m? and not more than 50
ml/m?, although it depends on the material of the liquid
crystal layer 1.

[0079] In the present embodiment, the number of small
sections 14 (i.e., the number of liquid crystal regions 11)
included in one pixel may be two or more, and is preferably
four or more. If the number of small sections 14 is four or
more, one pixel can be divided into four or more regions of
different alignment orientations, so that the viewing angle
characteristics can be effectively improved. More preferably,
the number of the small sections 14 included in one pixel is
eight or more. On the other hand, if one pixel includes too
many small sections 14, the size of each small section 14
decreases, so that liquid crystal regions 11 which are not in
contact with the alignment film 12, 13 are more likely to
occur. Also, it is probable that the motion of the liquid crystal
molecules becomes sluggish due to the interaction between
the walls 10 of the small sections 14 and the liquid crystal
molecules, so that the response speed decreases. For example,
under the circumstance where the pixel size is 80x220 um and
the average width of the small sections 14 (average width
W which will be described later) is 5 pm or more, the
upper limit of the number of small sections 14 included in one
pixel is about 700.

[0080] The average of length H of the small sections 14
along the thickness direction of the liquid crystal layer 1
(hereinafter, simply “average height H ;") is preferably !4
or more of the thickness of the liquid crystal layer 1. More
preferably, it is /2 or more of the thickness of the liquid crystal
layer 1. If average height H ;. of the small sections 14 is
smaller than %5 of the liquid crystal layer 1, liquid crystal
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regions 11 which are free of the effects of the alignment films
12, 13 are likely to occur in part of the liquid crystal layer 1 at
the center of its thickness. In such liquid crystal regions 11,
the liquid crystal molecules are oriented along the thickness
direction of the liquid crystal layer 1, so that the director 20
does not exists in its plane. As a result, it becomes difficult to
control the alignment of the liquid crystal molecules in the
absence of an applied voltage.

[0081] On the other hand, the average of maximum width
W of the small sections 14 in a plane of the liquid crystal layer
1 (hereinafter, simply “average width W ;,.”) is preferably
not more than 2 of the pixel width. More preferably, it is not
more than ¥4 of the pixel width. This ensures that four or more
small sections 14 are provided in one pixel. On the other hand,
if average width W ;.- is too small, the liquid crystal regions
11 are more unlikely to come into contact with the alignment
film 12, 13. Also, the motion of the liquid crystal molecules
becomes sluggish due to the interaction between the walls 10
of the small sections 14 and the liquid crystal molecules. For
example, under the circumstance where the pixel size is
80x220 um and average width W ;- of the small sections 14
is 5 um or more, average width W - is Y44 or more of the
pixel width.

[0082] Preferably, average height H ;. of the small sec-
tions 14 is appropriately selected within the range of, for
example, not less than 2 pm and not more than 6 um, while
average width W ;.- is appropriately selected within the range
of, for example, not less than 2 um and not more than 50 pm.
The reasons for these conditions are described below.
[0083] Ifaliquid crystal region 11 in a small section 14 is
too large, discontinuous alignment of liquid crystal mol-
ecules, i.e., disclination, readily occurs in the liquid crystal
region 11. If a disclination occurs, a portion which does not
transmit light even in a white display state is generated in the
liquid crystal regions 11. Therefore, it can be a factor that
deteriorates the brightness of the white display. Also, the
motion of the liquid crystal molecules becomes sluggish near
the disclination of the liquid crystal region 11, and therefore,
there is a probability that the response speed decreases. Thus,
the size of the liquid crystal region 11 is preferably decreased
such that disclination does not occur. For example, average
height H ;- of the small sections 14 is not more than 6 pm
while average width W ;.- of the small sections 14 is not more
than 50 whereby occurrence of a disclination in the liquid
crystal region 11 in the small section 14 can effectively be
prevented.

[0084] Further, if average width W ;. of the small sections
is more than 50 pm, the number of small sections 14 included
in one pixel, i.e., the number of liquid crystal regions 11
included in one pixel, decreases so that there is a probability
that the azimuthal dependence occurs in some pixels, causing
uneven display. However, occurrence of such an uneven dis-
play can be prevented so long as average width W ;.- 1s 50 um
or less.

[0085] Ontheother hand, if average height H ;. or average
width W ;- of the small sections 14 is less than 2 um, the
effects of the interaction between the walls 10 of the small
sections 14 and the liquid crystal molecules of the liquid
crystal regions 11 significantly increase so that the motion of
the liquid crystal molecules becomes sluggish. Also, the num-
ber of liquid crystal regions 11 which are not in contact with
the alignment film 12, 13 is likely to increase, so that there is
a probability that the viewing angle characteristics and the
response speed cannot be sufficiently improved. Therefore,
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both average height H,,,. and average width W, of the
small sections 14 are preferably 2 um or more.

[0086] The material of the liquid crystal layer 1 is not
limited to any particular one, but the dielectric anisotropy of
the liquid crystal material of the liquid crystal layer is pref-
erably positive. Although the liquid crystal molecules are
expected to incline so as to be in parallel with the substrate
when the voltage is on, the direction of the inclination cannot
be controlled if the dielectric anisotropy of the liquid crystal
material is negative, so that the molecules in the liquid crystal
droplets readily deviate from a homogeneous alignment. As a
result, there is a probability that a disclination occurs in the
liquid crystal region, or the motion of the liquid crystal mol-
ecules is impeded. To utilize the display principles which
have been previously described with reference to FIG. 2, the
liquid crystal layer preferably does not contain a chiral agent.
[0087] Theliquid crystal layer 1 of the present embodiment
can be formed using a material which is similar to the Poly-
mer Dispersed Liquid Crystal (PDLC). For example, the lig-
uid crystal layer 1 may be formed by preparing a mixture of a
nematic liquid crystal material (i.e., low molecular weight
liquid crystal composition) and a photocurable resin (mono-
mer and/or oligomer) such that they are compatible with each
other, providing the mixture between transparent substrates,
and then polymerizing the photocurable resin. Although the
type of the photocurable resin is not limited to any particular
one, a UV-curable resin is preferably used. When the UV-
curable resin is used, the above mixture need not to be heated
during the polymerization, and therefore, adverse effects of
the heat on other elements can be prevented. The monomer
and oligomer may be monofunctional or polyfunctional.
[0088] Inthe present embodiment, the liquid crystal layer 1
1s formed by photocuring a mixture ofa UV-curable resin and
a liquid crystal composition which exhibits liquid crystal
properties (liquid crystal mixture) by irradiation with active
energy rays, such as ultraviolet rays. The liquid crystal mix-
ture may be, for example, a liquid crystal mixture that exhibits
a nematic liquid crystal phase at normal temperature, which
may be prepared by mixing a UV-curable material and a
liquid crystal in the proportion by weight of 20:80 and adding
a small amount of photoinitiator to the mixture.

[0089] The above liquid crystal mixture is provided
between a pair of substrates by, for example, a vacuum injec-
tion method or a One Drop Fill (ODE) method and then
irradiate with ultraviolet. As a result of this, the UV-curable
prepolymer is polymerized to become a polymer which is
phase-separated from the liquid crystal, whereby a liquid
crystal layer is formed which includes walls of the polymer
and a plurality of liquid crystal regions separated by the walls.
[0090] Note that liquid crystal display devices which use
PDLC (polymer dispersed liquid crystal display devices) do
not use a polarizer or an alignment film. PDLC is capable of
switching the optical characteristics between a scattering
state and a light transmitting state by application of a voltage
across the liquid crystal layer, and therefore, using PDLC
enables displaying without the use of a polarizer or an align-
ment film. On the other hand, the present embodiment uses
alignment films and circular polarizers although a material
which is similar to PDLC is used, thereby realizing a novel
multi-domain mode. The liquid crystal layer of the present
embodiment has a smaller bifringence An than PDLC in order
to control the retardation (An-d) to a predetermined value
(e.g., 0.29 to 0.38 pm), whereas PDLC used in polymer dis-
persed liquid crystal display devices has relatively large
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bifringence An in order to decrease the diameter of the liquid
crystal droplets such that the scattering intensity can be
increased. For example, when the thickness of the liquid
crystal layer, d, is 4 um, a preferred range of An is not less than
0.07 and not more than 0.1.

[0091] <Manufacturing Method of Liquid Crystal Display
Device>
[0092] The liquid crystal display device of the present

embodiment may be manufactured by, for example, a method
described below. In an example described herein, the liquid
crystal layer is formed using a vacuum injection method.
[0093] First, surfaces of a glass substrate on which thin film
transistors and pixel electrodes are formed (rear substrate)
and a glass substrate on which color filters and a counter
electrode are formed (front substrate) are coated using a spin
coat method or an inkjet method to uniformly form alignment
films, which are then baked at a predetermine temperature.
The alignment films are not provided with a rubbing treat-
ment. The alignment films used herein are horizontal align-
ment films with the surface free energy of 47 mJ/m?, which
was measured by a method that will be described later.
[0094] Then, a photocurable monomer, a photoinitiator, a
positive-type liquid crystal are uniformly mixed to prepare a
liquid crystal mixture. The temperature during mixing is not
less than temperature T, at which the liquid crystal mixture
transitions to a nematic phase. The liquid crystal constitutes
80 to 85% of the composition. The resultant mixture is main-
tained at a temperature not less than transition temperature
T,

[0095] Then, the front substrate and the rear substrate are
placed so as to oppose each other such that the alignment
films are placed inside, and attached to each other via a spacer
for securing a predetermined gap therebetween.

[0096] While these substrates are maintained at tempera-
ture not less than transition temperature T, a liquid crystal
mixture maintained at a temperature not less than transition
temperature T, ,1s injected into the gap between the substrates
(vacuum injection method). Thereafter, the mixture is irradi-
ated with light (ultraviolet) at a temperature not less than
transition temperature T, such that a polymer is produced
from monomers contained in the mixture and that the poly-
mer and the liquid crystal are phase-separated. In this way, the
liquid crystal layer is formed between the front substrate and
the rear substrate.

[0097] Thereafter, circular polarizers are placed respec-
tively on the front side of the front substrate and on the rear
side of the rear substrate so as to sandwich the front substrate
and the rear substrate. These circular polarizers are placed
such that their linearly-polarizing parts are in a crossed-
Nicols arrangement. In this way, the liquid crystal display
device is obtained.

[0098] In the above-described method, the vacuum injec-
tion method is used in the formation ofthe liquid crystal layer.
However, an ODF method may be used instead. A method for
forming the liquid crystal layer in such a case is described
below.

[0099] First, formation of alignment films and preparation
of a liquid crystal mixture are performed in the same way as
in the case of using the vacuum injection method.

[0100] Then, the liquid crystal mixture of a predetermined
amount, which is maintained at a temperature not less than
transition temperature T, ,, is dropped on the alignment film of
the rear substrate or the front substrate maintained at a tem-
perature not less than transition temperature T, ,. Thereafter,
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the other substrate is attached to the substrate on which the
mixture has been dropped such that they oppose each other
via a spacer.

[0101] Then, the liquid crystal mixture between the sub-
strate is irradiated with light (ultraviolet) at a temperature not
less than transition temperature T,;, such that a polymer is
produced from monomers contained in the mixture and that
the polymer and the liquid crystal are phase-separated. In this
way, the liquid crystal layer is obtained.

[0102] Inthe case where the liquid crystal display device is
manufactured using the above-described method, the con-
figuration of the liquid crystal layer, such as the size, shape,
arrangement, etc., of the liquid crystal regions, can be con-
trolled by the type of alignment films and the formation
conditions for the liquid crystal layer, etc. As will be
described below in detail, the size of the liquid crystal regions
can be adjusted by changing the irradiation conditions for the
liquid crystal mixture. The arrangement of the liquid crystal
regions in the liquid crystal layer can be adjusted by changing
the type of the alignment films.

[0103] <Relationship Between Size of Liquid Crystal
Regions and Irradiation Conditions for Liquid Crystal Mix-
ture>

[0104] In the present embodiment, to effectively improve
the viewing angle characteristics by means of alignment divi-
sion while securing a high response speed, the size of the
small sections (i.e., the size of the liquid crystal regions) need
to be controlled to be within a predetermined range. In the
case where the above-described liquid crystal mixture is used
to form the liquid crystal layer, the size of the liquid crystal
regions can be adjusted by changing the irradiation condi-
tions for the liquid crystal mixture. The present inventors
examined the relationship between the irradiation conditions
and the size of the liquid crystal regions. The procedure and
results of the examination are described below.

[0105] First, an ITO film and an alignment film are formed
in this order on the surfaces of two glass substrates, and then,
a liquid crystal mixture is injected between these glass sub-
strates using a vacuum injection method. The method for
forming the alignment films and the materials and mixing
ratio of the liquid crystal mixture are the same as those
described above. Then, the liquid crystal mixture injected
between these glass substrates is irradiated so as to be poly-
merized and phase-separated, whereby the liquid crystal
layer is formed. The irradiation intensity is selected within the
range of 2 mW/em? to 140 mW/cm?>. In this way, a plurality of
liquid crystal cells with different irradiation intensities (here-
inafter, “sample liquid crystal cells”) are fabricated.

[0106] Thelightused for irradiationin the fabrication of the
sample liquid crystal cells may be light transmitted through a
filter that is configured to remove the wavelengths 0f 350 nm
or less, for example. Irradiation with light at 350 nm or less
may cause a problem such as decomposition of the liquid
crystal contained in the liquid crystal mixture.

[0107] The duration of the irradiation is a sufficient period
of time for monomers contained in the liquid crystal mixture
to be polymerized. Here, the duration of the irradiation may
be set such that T, of the liquid crystal material of the liquid
crystal regions is about 99% or more of T, of the liquid
crystal which is contained in the liquid crystal mixture as a
source material. For example, for the irradiation intensity of
50 mW/cm?, the irradiation duration is 50 sec.

[0108] Thereafter, the size of the small sections in the
respective sample liquid crystal cells is obtained by SEM
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observation. Specifically, the sample liquid crystal cells are
dissected, and the liquid crystal in the small sections is
washed away with an organic solvent. Then, the front sub-
strate is peeled away from the resultant sample liquid crystal
cells, and a thin conductive film is formed by sputtering.
Thereafter, the small sections in the liquid crystal layer are
observed from the above. Here, for a plurality of (e.g., 100)
small sections included in one pixel, the maximum width of
each small section is measured, and the average of the maxi-
mum widths (average width), W .., is calculated.

[0109] The results of the SEM observation were compared
with results of microscopic observation of the respective
sample liquid crystal cells before the dissection with the use
of an optical microscope. It was confirmed by the comparison
that the SEM-observed shape and arrangement of the small
sections were identical to the shape and arrangement of the
liquid crystal regions in the respective sample liquid crystal
cells before the dissection. Thus, it is inferred that average
width WAVE of the small sections which was obtained by
SEM observation is equal to the average width of the liquid
crystal regions formed in the small sections.

[0110] Therelationship between averagewidth W ;- ofthe
small sections (i.e., the average width of the liquid crystal
regions) which was obtained by SEM observation and the
intensity of light for irradiation of the liquid crystal mixture is
shownin TABLE 1. As seen from the results shownin TABLE
1, the size of the liquid crystal regions increases as the irra-
diation intensity decreases, and the size of the liquid crystal
regions decreases as the irradiation intensity increases.
Hence, it was confirmed that the size of the liquid crystal
regions can be controlled by the irradiation intensity. It was
found that, to control the average width of the liquid crystal
regions so as to be not less than 2 um and not more than 50 pm,
the irradiation intensity may be set within the range of notless
than 2 mW/cm? and not more than 50 mW/cm?. Note that the
numeric range of the irradiation intensity depends on the
materials and mixing ratio of the liquid crystal mixture.
[0111] Although in the example described herein we cal-
culated the average width of the liquid crystal regions, the
average height of the liquid crystal regions can also be con-
trolled by the irradiation conditions, as the average width of
the liquid crystal regions can be, so long as it is not more than
the thickness of the liquid crystal layer (e.g., 4 um). Note that,
if the liquid crystal regions are large so that each extends
across the entire thickness of the liquid crystal layer (one-
layer structure), the average height of the liquid crystal
regions depends on the thickness of the liquid crystal layer
and is therefore constant irrespective of the irradiation con-
ditions.

TABLE 1
Irradiation Intensity (mW/cm?) 2 20 30
Average Width of Small sections 50 10 2
or LC Regions (um)
[0112] <Relationship Between Arrangement of Liquid

Crystal Regions and Surface Free Energy of Alignment
Films>

[0113] To more surely control the liquid crystal alignment
of the liquid crystal regions 11, the small sections 14 are
preferably arranged in not more than two layers with respect
to the thickness direction of the liquid crystal layer 1, so that
the alignment of the liquid crystal regions 11 can be regulated
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by the alignment films 12, 13 in almost all of the small
sections 14. The present inventors conducted various exami-
nations as to the fabrication conditions of the liquid crystal
cells for controlling the arrangement of the liquid crystal
regions 11 and obtained the knowledge that it is important to
control the characteristics (surface free energy) of the align-
ment films 12, 13. Hereinafter, the procedure for examining
the fabrication conditions of the liquid crystal cells and the
results of the examinations are described below in detail.

[0114] Here, four types of horizontal alignment films A to
D which have different surface free energies are used. Hori-
zontal alignment film A (trade name AL1T1048 manufac-
tured by JSR Corporation) is an alignment film commonly
used among TFT-based liquid crystal display devices. Hori-
zontal alignment film A has a higher voltage holding ratio
than horizontal alignment film B. Horizontal alignment film
B (trade name P1x1400 manufactured by Hitachi Chemical
DuPont MicroSystems, Ltd.) is a horizontal alignment film
used in a commercially-available horizontal alignment stan-
dard cell. Horizontal alignment film C (trade name AL 11509
manufactured by JSR Corporation) and horizontal alignment
film D are alignment films which are commonly used in liquid
crystal display devices of STN (Super Twisted Nematic)
mode and IPS (In-Plane-Switching) mode, respectively.

[0115] First, the surface free energy of the four types of
horizontal alignment films is measured. In the measurement,
the average contact angle of a probe solution is measured by
a sessile drop method using a solid-liquid interface analyzer
(DropMaster-500) manufactured by Kyowa Interface Sci-
ence Co., Ltd. As the probe solution, water, ethylene glycol,
and diiodomethane are used. The surface free energies of
these probe solutions are, respectively, 72.8 ml/m?, 47.7
ml/m?, and 50.8 mJ/m?. Specifically, the above probe solu-
tions are dispensed in the form of a drop of about 30 pil on the
surfaces of the respective horizontal alignment films for mea-
suring the contact angle. The average of 10 measurements of
the contact angle is calculated to obtain the “average contact
angle” for each of the probe solutions. Thereafter, the surface
free energies of the horizontal alignment films are obtained by
an analysis based on the Kitazaki-Hata method using a
FAMAS surface free energy analysis add-in software which
is an accompaniment of the measurement apparatus.

[0116] On horizontal alignment film B, the obtained con-
tact angles of the drops of water, ethylene glycol, and
diiodomethane were 76.6', 45.5°, and 26.6°, respectively. An
analysis with the obtained contact angles showed that the
surface free energy of this alignment film is 47+2.2 mJ/m>.
The surface free energies of horizontal alignment films A, C,
and D obtained by the same analysis were 41 ml/m?, 54
ml/m?, and 65 mJ/m?, respectively.

[0117] Then, above-described horizontal alignment films A
to D are used to fabricate sample liquid crystal cells. Here,
alignment films are formed on the surfaces of two glass sub-
strates, and a liquid crystal mixture is injected between these
glass substrates using a vacuum injection method. The for-
mation method of the alignment films and the materials and
mixing ratio of theliquid crystal mixture are the same as those
described above. Thereafter, the liquid crystal mixture
between the glass substrates is irradiated with light (ultravio-
let) at the intensity of 50 mW/cm? so as to be polymerized and
phase-separated, whereby the liquid crystal layer is formed.
In this way, sample liquid crystal cells No. 1 to No. 4 which
include horizontal alignment films A to D are fabricated.
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[0118] Resultant sample liquid crystal cells No. 1 to No, 4
are dissected, and the liquid crystal in the small sections is
washed away with an organic solvent. Then, over a cross-
section to be observed, a thin conductive film is deposited by
sputtering, and cross-sectional SEM observation is per-
formed. Further, one of the glass substrates of the sample
liquid crystal cells is peeled away, and planar SEM observa-
tion from the above of the liquid crystal layer is performed.
The cross-sectional and planar SEM observations enable
observation of the arrangement of the small sections defined
by the polymer walls.

[0119] Theresults ofthe planar SEM observation were first
compared with results of microscopic observation of the
respective sample liquid crystal cells before the dissection
with the use of an optical microscope. It was confirmed by the
comparison that the shape and arrangement of the small sec-
tions which were detected by the planar SEM observation
were identical to those of the liquid crystal regions in the
respective sample liquid crystal cells before the dissection.
Thus, it is inferred that the arrangement of the small sections
along the thickness direction of the liquid crystal layer which
was detected by cross-sectional SEM observation is identical
to the arrangement of the liquid crystal regions along the
thickness direction of the liquid crystal layer.

[0120] The results of cross-sectional SEM observation of
the small sections are now described. FIGS. 3(a) and 3()
show cross-sectional. SEM images of sample liquid crystal
cells No. 1 and No. 2 which include horizontal alignment
films A and B, respectively.

[0121] In sample liquid crystal cells No. 1 and No. 2, the
liquid crystal layer 1 is interposed between the glass sub-
strates 32, 33. The liquid crystal layer 1 includes the plurality
of small sections 14 defined by the polymer walls 10.

[0122] Insampleliquidcrystalcell No. 1,as seen from FIG.
3(a), it was detected that part of the liquid crystal layer 1
included three or more small sections 14 arranged along the
thickness direction of the liquid crystal layer 1. Thus, some of
the plurality of small sections 14 formed in the liquid crystal
layer 1 were in contact with the alignment film 12, 13, while
there were small sections 14 at the center of the thickness of
the liquid crystal layer 1 which were not in contact with any
of the alignment films 12, 13. In the liquid crystal regions
formed in these central small sections 14, there is a high
probability that the liquid crystal molecules are scarcely regu-
lated by the alignment films 12, 13 so that they are oriented
generally vertically.

[0123] Also in the liquid crystal layers of sample liquid
crystal cells No. 3 and No. 4, it was detected that there were
three or more small sections arranged along the thickness
direction of the liquid crystal layer as in the sample liquid
crystal cell No. 1, and there were small sections at the center
of the liquid crystal layer 1 which were not in contact with an
alignment film.

[0124] Insampleliquidcrystalcell No. 2, as seen from FIG.
3(b), the small sections 14 were arranged in two layers with
respect to the thickness direction of the liquid crystal layer 1.
The small sections 14L of the lower layer were in contact with
the alignment film 12. The small sections 14U of the upper
layer were in contact with the alignment film 13. Therefore, a
small section 14 which was not in contact with any of the
alignment films 12, 13 was not detected. It is inferred from
this that a liquid crystal region in which liquid crystal mol-
ecules are not regulated by the alignment films 12, 13 to be
vertically oriented is scarcely formed. It was confirmed that
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sample liquid crystal cell No. 2 achieves higher response
characteristics than the other sample liquid crystal cells No. 1,
No. 3, and No. 4.

[0125] The results of measurement of the surface free
energy of alignment films A to D and the arrangement of
small sections in sample liquid crystal cells No. 1 to No. 4 are
shown in TABLE 2.
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rector) 20 of the liquid crystal region 11 is parallel to lines
extending between the poles at the opposite ends.

[0131] Here, the alignment films 12, 13 are not provided
with an alignment treatment, such as a rubbing treatment, or
the like. Therefore, the directors 20 of the liquid crystal
regions 11 in a plane are different from one another and thus
oriented in random directions. Microscopically, each of the

TABLE 2
Sample LC Cell No.1 No. 2 No.3 No.4
Alignment Film A B C D
Alignment Film Surface 41 47 54 65
Free Energy (mJ/m?)
Arrangement of Small 3 or more layers: 2 layers: 3 or more layers: 3 or more layers:

sections (LC Regions) LC regions at LC layer

Almost all LC regions  LC regions at LC layer

LC regions at LC layer

Along Thickness center are not in contact are in contact center are not in contact  center are not in contact
of LC Layer with alignment film. with alignment film. with alignment film. with alignment film.
[0126] From the results shown in TABLE 2, it was found liquid erystal regions 1I has azimuthal dependence of the

that setting the surface free energy of the alignment film to,
for example, not less than 44 mJ/m” and not more than 50
mJ/m? (analyzed by the Kitazaki-Hata method) more reliably
ensures that the liquid crystal regions are arranged in not more
than two layers. This can reduce the proportion of liquid
crystal regions located at the center of the liquid crystal layer
which are not regulated by any of the alignment films relative
to all the liquid crystal regions located throughout the liquid
crystal layer. Therefore, variationin retardation across aplane
of the liquid crystal layer can be reduced, and hence, the
display unevenness can also be reduced.

[0127] For sample liquid crystal cells No. 1 and No. 2, we
peeled away one of the glass substrates and conducted a
planar SEM observation from the above of the liquid crystal
layer. In sample liquid crystal cell No. 1, many polymer
aggregation regions were detected. In sample liquid crystal
cell No. 2, the polymer and the liquid crystal regions were
detected to be generally uniformly separated. Thus, it was
found that, in the sample liquid crystal cell No. 2, uneven
display which would occur due to polymer aggregations is
prevented, so that higher display characteristics can be
obtained.

[0128] <Alignment of Liquid Crystal Molecules in Liquid
Crystal Regions 1>

[0129] FIGS. 4(a) and 4(b) are schematic plan and cross-
sectional views showing an example of the alignment of the
liquid crystal molecules in the liquid crystal regions. FIG.
4(a) shows the alignment of a plurality of liquid crystal
regions included in one pixel. F1G. 4(b) shows the alignment
of one of the liquid crystal regions.

[0130] As shown in FIG. 4(a), a pixel 40 surrounded by
source and gate lines 42, 44 includes a plurality of liquid
crystal regions 11. As shown in FIG. 4(b), each of the liquid
crystal regions 11 is in contact with the alignment films 12,
13. The director of the liquid crystal region 11 is oriented
parallel to the substrate surface. In this case, the liquid crystal
molecules 22 in the liquid crystal region are likely to gener-
ally uniformly align in a plane parallel to the substrate surface
such that no disclination occurs in the liquid crystal region11.
As a result, in the shown example, the liquid crystal mol-
ecules 22 in the liquid crystal region 11 are aligned along lines
extending between the opposite ends or “poles” 36 of the
liquid crystal region 11. Therefore, the alignment vector (di-

viewing angle due to the director 20. In the extent of one pixel,
however, there are a plurality of liquid crystal regions 11 with
random directors 20, and thus, the azimuthal dependence of
the viewing angle characteristics is averaged.

[0132] Note that, in the present embodiment, the alignment
of the liquid crystal molecules in the liquid crystal region 11
may be an alignment which has a director 20 in a plane. The
present embodiment is not limited to abipolar alignment with
the two poles 36 such as shown in the drawings. Further, two
or more liquid crystal regions 11 which have directors 20 in a
plane may be provided in one pixel. Desirably, almost all the
liquid crystal regions 11 in one pixel have directors 20 in a
plane, and no disclination is included in the liquid crystal
regions 11. A liquid crystal region which does not meet such
desirable conditions may be included in the pixel. For
example, some of the liquid crystal regions in a pixel may
have aradial alignment, or adisclination may occurina liquid
crystal region.

[0133] <Alignment of Liquid Crystal Molecules in Liquid
Crystal Regions 2>

[0134] We fabricated sample liquid crystal cells which have
a liquid crystal layer of a one-layer structure and examined
the alignment of the liquid crystal regions. The procedure and
results of the examination are described below.

[0135] First, a sample liquid crystal cell of a one-layer
structure (“sample liquid crystal cell No. 57) is fabricated in
the same way as the above-described sample liquid crystal
cells. The alignment film used herein is horizontal alignment
film B which has the surface free energy of 47 mJ/m? A
vacuum injection method is used in the formation of the liquid
crystal layer. The irradiation intensity of light for the liquid
crystal mixture is 20 mW/cm®. In thus-fabricated sample
liquid crystal cells No. 5, the liquid crystal regions are larger
than the liquid crystal regions shown in FIG. 3(5) and are
placed so as to be in contact with the alignment films of the
front substrate and the rear substrate (the height of the liquid
crystal regions the thickness of the liquid crystal layer).
[0136] Then, to examine the alignment of the liquid crystal
regions in the liquid crystal layer of sample liquid crystal cell
No. 5, sample liquid crystal cell No. 5 is observed in a direc-
tion normal to the substrate using a polarizing microscope.
[0137] FIG. 5(a) shows a microscopic image obtained by
observation of sample liquid crystal cell No. 5 using a trans-
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mission polarizing microscope in crossed Nicols. FIG. 5(b)
shows a microscopic image obtained with the polarizer being
rotated by 45° from the arrangement of FIG. 5(a). Lines A, P
shown in the drawings respectively indicate the directions of
the transmission axes of the polarizer and the analyzer of the
polarizing microscope.

[0138] In the observation, a disclination line was not
detected in a liquid crystal droplet. It was appreciated from
this that the liquid crystal molecules are generally uniformly
aligned in each of the liquid crystal regions to constitute a
mono-domain. The width of each liquid crystal region was
about 5 to 15 um.

[0139] In FIG. 5(a), some of the liquid crystal regions do
not transmit light so that they look black. As the polarizer is
rotated, these liquid crystal regions transmit light so that they
look white. Likewise, in FIG. 5(b) also, some of the liquid
crystal regions look black, and these liquid crystal regions
look white as the polarizer is rotated. From this, it was con-
firmed that the alignment orientation in a plane of the liquid
crystal region (director) varies among the liquid crystal
regions. Further, in both FIGS. 5(a) and 5(b), regions that
look black and regions that look white occurs at substantially
random. It was confirmed from this fact that liquid crystal
regions with different directors occur at random in the liquid
crystal layer and that the viewing angle can be increased.
[0140] Then, sample liquid crystal cell No. 5 was dissected,
and the liquid crystal in the liquid crystal regions was washed
away with an organic solvent. Thereafter, a conductive film
was deposited by sputtering over a cross-section, and cross-
sectional SEM observation was performed. Then, one of the
glass substrates was peeled away from sample liquid crystal
cell No. 5, and the liquid crystal layer was observed from the
above (planar SEM observation).

[0141] FIGS. 6(a) and 6(b) show a cross-sectional SEM
image and a planar SEM image of sample liquid crystal cell
No. 5. For the sake of simplicity, elements similar to those of
the sample liquid crystal cells shown in FIG. 3 are denoted by
the same reference numerals, and the description thereof is
herein omitted.

[0142] As seen from FIG. 6(a), it was detected that the
small sections 14 formed by the polymer walls 10 were
arranged in one layer with respect to the thickness direction of
the liquid crystal layer 1, and that each of the small sections 14
was in contact with both the upper and lower alignment films
12, 13. As such, the liquid crystal molecules in the liquid
crystal region formed in each of the small sections 14 were
more surely regulated by the alignment films 12, 13 so as to
align in parallel to the substrate. Thus, it was confirmed that
the viewing angle characteristics can be improved more effec-
tively. It was also found that the polymer walls 10 were
substantially vertical to the substrate. On the other hand, it
was found from FIG. 6(b) that the polymer walls 10 were
continuous, and the thickness of the walls 10 was generally
uniform.

[0143] We fabricated another sample liquid crystal cell
including a liquid crystal layer of a one-layer structure and
measured the azimuthal dependence of the contrast of display
in the present embodiment. The result of the measurement is
shown in FIG. 7.

[0144] First, a sample liquid crystal cell of a one-layer
structure (“sample liquid crystal cell No. 6”) is fabricated in
the same way as the above-described sample liquid crystal
cells. The alignment film used herein is horizontal alignment
film B which has the surface free energy of 47 ml/m?®. A
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vacuum injection method is used in the formation of the liquid
crystal layer. The irradiation intensity of light for the liquid
crystal mixture is 20 mW/em?.

[0145] The liquid crystal layer of fabricated sample liquid
crystal cell No. 6 has the same structure as that of the liquid
crystal layer of sample liquid crystal cell No. 5 shown in FIG.
5 and FIG. 6. The contrast of display was determined by
calculating the ratio of the intensity of light transmitted in the
presence of an applied voltage (black display) to the intensity
of light transmitted in the absence of an applied voltage
(white display). It was found from this result that the contrast
scarcely depends on the azimuth. It was therefore confirmed
that a liquid crystal display device with small azimuthal
dependence can be realized without using a special alignment
division means.

[0146] Thus, according to the present embodiment, the azi-
muthal dependence of the viewing angle can be greatly
decreased, and an alignment division effect can be obtained
which is similar to those achieved in MVA mode and PVA
mode display devices. FIG. 7 shows the azimuthal depen-
dence of the liquid crystal layer in which the liquid crystal
regions are arranged in one layer with respect to the thickness
direction of the liquid crystal layer (one-layer structure).
Likewise, even in a liquid crystal layer in which the liquid
crystal regions are arranged in two layers (two-layer struc-
ture), the azimuthal dependence can be greatly decreased. In
the liquid crystal layer of the one-layer structure, the contrast
of display can advantageously be higher than that of the liquid
crystal layer of the two-layer structure.

[0147] Inthe examples described above, to control the con-
figuration of the small sections in the liquid crystal layer, an
alignment film having a predetermined surface energy was
selected. The surface energy of the alignment film may be
controlled by reforming the surface of the alignment film
using a monomolecular adsorption film, or the like. The pre-
ferred range of the surface energy of the alignment film may
be on substantially the same order as the surface energy of the
liquid crystal (e.g., the difference is 20% or less) and is not
limited to the above-identified values of the surface energy of
alignment film B.

[0148] The structure of the display device of the present
embodiment is not limited to that shown in FIG. 1. The front
and rear substrates may be plastic substrates or may be curved
substrates. Alternatively, flexible substrates 52, 53 as shown
in FIG. 8 may be used.

INDUSTRIAL APPLICABILITY

[0149] According to the present invention, a liquid crystal
display device with excellent viewing angle characteristics
and excellent response characteristics can be provided. Also,
such a liquid crystal display device can be manufactured
using a simple manufacturing process at a low cost.

[0150] The present invention is applicable to a wide variety
of liquid crystal display devices and a wide variety of electric
devices that include liquid crystal display devices. In particu-
lar, the present invention is suitable to a transmission-type or
reflection-type liquid crystal display device which uses a
horizontal alignment type liquid crystal.

1. A liquid crystal display device having a plurality of
pixels, comprising:
a liquid crystal layer;
a front substrate and a rear substrate between which the
liquid crystal layer is held,
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a pair of electrodes between which the liquid crystal layer
is interposed and which are configured to apply a voltage
across the liquid crystal layer;

circular polarizers respectively provided on a front side of
the front substrate and a rear side of the rear substrate;
and

first and second alignment films respectively provided
between the liquid crystal layer and the front substrate
and between the liquid crystal layer and the rear sub-
strate,

wherein the liquid crystal layer includes, in each of the
pixels,

a continuous wall,

a plurality of small sections separated by the wall, and

a plurality of liquid crystal regions, each of which is
formed in any one of the plurality of small sections,
and

the plurality of liquid crystal regions include first and sec-
ond liquid crystal regions which have directors in aplane
parallel to the liquid crystal layer, the directors of the
first and second liquid crystal regions are oriented in
different directions.

2. The liquid crystal display device of claim 1, wherein
another small section does not intervene between each of the
plurality of small sections and the first and second alignment
films.

3. The liquid crystal display device of claim 1, wherein
another small section does not intervene between each of the
plurality of small sections and one of the first and second
alignment films which is closer to the each small section.
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4. The liquid crystal display device of claim 1, wherein
each of the plurality of liquid crystal regions is in contact with
any one of the first and second alignment films.

5. The liquid crystal display device of claim 1, wherein the
first and second alignment films are not provided with an
alignment treatment.

6. The liquid crystal display device of claim 1, wherein a
surface free energy of the first and second alignment films is
not less than 44 mJ/m* and not more than 50 mJ/m?.

7. The liquid crystal display device of claim 1, wherein the
liquid crystal layer includes four or more small sections in
each pixel.

8. The liquid crystal display device of claim 7, wherein the
liquid crystal layer includes eight or more small sections in
each pixel.

9. The liquid crystal display device of claim 1, wherein a
dielectric anisotropy of a liquid crystal material of the liquid
crystal layer 1s positive.

10. The liquid crystal display device of claim 1, wherein
the liquid crystal region does not contain a chiral agent.

11. The liquid crystal display device of claim 1, wherein

an average length of the plurality of small sections along a

thickness direction of the liquid crystal layer is not less
than 2 pm and not more than 6 um, and

an average length of the plurality of small sections in a

plane parallel to the liquid crystal layer is not less than 2
um and not more than 50 um.

* ok % %k %
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