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LIQUID CRYSTAL PANEL, METHOD FOR
MANUFACTURING SAME, AND LIQUID
CRYSTAL DISPLAY DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a liquid crystal
panel, a method for manufacturing the liquid crystal panel,
and a liquid crystal display device. More specifically, the
present invention relates to (i) a liquid crystal panel, (ii) a
method for manufacturing the liquid crystal panel, and (iii) a
liquid crystal display device, in each of which transmission of
light is controlled by applying a lateral electric field to a
vertical-alignment type liquid crystal cell in which liquid
crystal molecules are aligned in a direction vertical to a sub-
strate when no voltage is applied.

BACKGROUND ART

[0002] Inrecentyears, liquid crystal display devices, which
have spread rapidly to take the place of cathode-ray tubes
(CRTs), have been widely used in televisions, monitors, and
mobile devices such as mobile phones, and the like thanks to
their low-profile, lightweight features, energy-saving, etc.
[0003] A display mode of a liquid crystal display device is
determined depending on how liquid crystal is aligned in a
liquid crystal cell.

[0004] Conventionally, an MVA mode (Multi-domain Ver-
tical Alignment) mode is known as a display mode of a liquid
crystal display device. The MVA mode is a mode such that a
vertical electric field is applied by providing a slit to each
pixel electrode on an active matrix substrate and, further,
providing a rib for controlling liquid crystal molecule align-
ment to a counter electrode on a counter substrate, thereby
providing a plurality of alignment directions of liquid crystal
molecules while controlling the alignment directions with the
use of the rib and the slit.

[0005] The MVA mode liquid crystal display device
achieves a wide viewing angle by having a plurality of divi-
sional directions in each of which liquid crystal molecules are
tilted at the time when a voltage is applied. Further, employ-
ing a vertical alignment mode, the MVA mode liquid crystal
display device can obtain a higher contrast as compared with
liquid crystal display devices of horizontal alignment modes
such as IPS (In-Plain Switching) mode. However, the MVA
mode liquid crystal display has disadvantages such that a
production process is complex.

[0006] Another display mode is proposed in order to solve
the process problem of the MVA mode. According to this
display mode, acomb electrode is used in a vertical alignment
type liquid crystal cell (vertical alignment cell) in which
liquid crystal molecules are aligned in a direction vertical to
a substrate when no voltage is applied, thereby applying an
electric field parallel to the substrate (so-called lateral electric
field) (see Patent Literature 1, for example).

[0007] In this display mode, while a high contrast charac-
teristic due to vertical alignment is maintained, driving is
carried out by using a lateral electric field, so that an align-
ment direction of liquid crystal molecules is defined. In the
display mode, a pixel configuration is simple because align-
ment control by a rib as in the MVA mode is not necessary.
Further, the display mode has an excellent viewing angle
characteristic.
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CITATION LIST

Patent Literature 1

[0008] Japanese Patent Application Publication, Toku-
kaihei, No. 10-186351 A (Publication Date: Jul. 14, 1998)
SUMMARY OF INVENTION
Technical Problem

[0009] With reference to FIG. 40, the following deals with
an exemplary configuration of a liquid crystal display panel
using a display mode according to which a lateral electric
field is applied to a vertical alignment type liquid crystal cell
as described above.

[0010] FIG. 40 is a view schematically illustrating a direc-
tor distribution of liquid crystal molecules in a vertical align-
ment type liquid crystal cell, which director distribution is
achieved when the display mode according to which a lateral
electric field is applied to the vertical alignment type liquid
crystal cell is used.

[0011] As illustrated in FIG. 40, a liquid crystal panel 102
using the display mode is configured such that a pair of
substrates 110 and 120 which sandwich a liquid crystal layer
130 and face each other are provided, and a pair of comb
electrodes 112 and 113, which respectively serve as a pixel
electrode and a common electrode, is provided on the sub-
strate 110.

[0012] Inthe liquid crystal panel 102 configured as above,
typically, the pair of comb electrodes 112 and 113 is provided
on a glass substrate 111, and a vertical alignment film (not
shown)is provided as an alignment film so as to cover the pair
of comb electrodes 112 and 113.

[0013] Inthe liquid crystal panel 102 configured as above,
a lateral electric field is applied across the comb electrodes
112 and 113 so that a director distribution of liquid crystal
molecules 131 is symmetrical with respect to a central part of
an electrode line formed by the comb electrodes and an arc-
shaped (bend-shaped) liquid crystal alignment distribution is
formed in the cell (see FIG. 40). As a result, the liquid crystal
molecules 131 are vertically aligned when power is off,
whereas when power is on, the liquid crystal molecules 131
are aligned so that the self-directors are offset-compensated
with respect to the central part of the electrode line.

[0014] As such, the display mode can achieve a high-speed
response due to bend alignment, a wide viewing angle due to
offset compensation type alignment of the self-directors, and
a high contrast due to vertical alignment.

[0015] However, the display mode has a problem that a
driving voltage is high.

[0016] Further, there is a problem specific to the display
mode. Specifically, since the liquid crystal molecules 131 do
not operate above the comb electrodes 112 and 113, a dark
line is formed, thereby resulting in that an aperture ratio and
transmittance are undesirably low.

[0017] In order to increase transmittance, it is necessary to
secure a large alignment space above the electrode line and to
use a liquid crystal material having a large dielectric constant
anisotropy AE.

[0018] However, a liquid crystal material having a large
dielectric constant anisotropy A€ has a relatively high vis-
cosity. As such, use of such a liquid crystal material causes an
increase in viscosity of the liquid crystal layer 130, thereby
preventing high-speed response.
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[0019] In order to increase transmittance, it is therefore
necessary to make a phase difference as large as possible by
voltage application.

[0020] However, according to the display mode, the liquid
crystal molecules 131 do not rotate uniformly within a dis-
play plane, as described above. Moreover, a large number of
dark lines formed in a display region serve as a kind of wall
which restricts rotation of the liquid crystal molecules. As a
result, a sufficient phase difference cannot be attained by
application of a normal driving voltage.

[0021] On this account, according to the display mode, a
reduction in voltage is difficult. Furthermore, according to the
display mode, it is extremely difficult to achieve both of a
reduction in voltage and high transmittance.

[0022] For the above reasons, in the display mode, no pro-
posal for achieving a reduction in voltage has been made.
Further, since according to the display mode, it is difficult to
carry out driving with the use of a practical driving voltage, a
liquid crystal panel and a liquid crystal display device using
the display mode has not been put into a practical use yet
although the display mode has the above-mentioned advan-
tage.

[0023] The present invention was attained in view of the
above problems, and an object of the present invention is to
reduce a driving voltage in a liquid crystal panel and a liquid
crystal display device which employ a display mode in which
a lateral electric field is applied to a vertical alignment cell as
described above.

[0024] Another object of the present invention is to achieve
a reduction in driving voltage and improvement in transmit-
tance in a liquid crystal panel and a liquid crystal display
device which employ the display mode.

[0025] Another object of the present invention is to provide
a method for manufacturing a liquid crystal panel in which a
driving voltage is low and a liquid crystal panel in which a
driving voltage is low and transmittance is high, each of
which employs the display mode in which a lateral electric
field is applied to a vertical alignment cell.

Solution to Problem

[0026] Under the circumstances, the inventors of the
present invention found, as a result of simulation and experi-
ments, a special condition in which a reduction in voltage can
be achieved, and a special condition in which a reduction in
voltage can be achieved while maintaining high transmit-
tance, in a liquid crystal panel and a liquid crystal display
device which employ the display mode. As a result, the inven-
tors of the present invention successfully achieved a reduction
in voltage in a liquid crystal panel and a liquid crystal display
device which employ the display mode.

[0027] That is, in order to attain the above objects, a liquid
crystal panel of the present invention includes: a pair of sub-
strates which face each other; a liquid crystal layer sand-
wiched by the pair of substrates; and an upper electrode and a
lower electrode which are provided on one of the pair of
substrates and overlap each other via an insulating layer, the
upper electrode being constituted by comb electrodes, an
average electrical energy being not less than 0.44 J/m® in a
part of the liquid crystal layer which part is 0.1 pm deep from
a surface of the other one of the pair of substrates and which
part overlaps the comb electrodes when the liquid crystal
layer is viewed from a direction vertical to a substrate surface.
[0028] A liquid crystal display device of the present inven-
tion includes the liquid crystal panel.
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[0029] In order to attain the above objects, a method of the
present invention for manufacturing a liquid crystal panel,
includes: forming an upper electrode and a lower electrode on
one of a pair of substrates which sandwich a liquid crystal
layer and face each other, the upper electrode being consti-
tuted by comb electrodes and overlapping the lower electrode
via an insulating layer; and determining a combination of an
electrode spacing of the comb electrodes, a thickness of the
insulating layer, a relative permittivity of the insulating layer,
and a driving mode so that an average electrical energy
becomes not less than 0.44 J/m? in a part of the liquid crystal
layer which part is 0.1 pm deep from a surface of the other one
of the pair of substrates and which part overlaps the comb
electrodes when the liquid crystal layer is viewed from a
direction vertical to a substrate surface.

Advantageous Effects of Invention

[0030] A liquid crystal panel and a liquid crystal display
device of the present invention can achieve, by carrying out
driving with the use of a so-called lateral electric field parallel
to a substrate surface, a high-speed response, a wide viewing
angle characteristic, and a high contrast characteristic with a
simple pixel configuration while maintaining high contrast
due to vertical alignment.

[0031] Further, according to the liquid crystal panel and the
liquid crystal display device, since the upper electrode and the
lower electrode are provided so as to overlap each other via
the insulating layer, liquid crystal molecules located above
the comb electrodes can be driven. This allows a higher aper-
ture ratio as compared to a liquid crystal panel which does not
include the lower electrode.

[0032] The most noteworthy is that a rising voltage of lig-
uid crystal molecules could be reduced by setting the electri-
cal energy to 0.44 J/m>, thereby achieving a reduction in
driving voltage in a display mode according to which a lateral
electric field is applied to a vertical alignment cell, which
reduction in driving voltage has been conventionally consid-
ered difficult. Moreover, a reduction in driving voltage and
improvement in transmittance could be achieved at the same
time.

[0033] As such, according to the present invention, it is
possible to provide (i) a liquid crystal panel, (i) a method for
manufacturing the liquid crystal panel, and (iii) a liquid crys-
tal display device, each of which can achieve a high-speed
response, a wide viewing angle characteristic, and a high
contrast characteristic, can carry out driving with the use of a
practical driving voltage, and can achieve high transmittance.

BRIEF DESCRIPTION OF DRAWINGS

[0034] FIG. 11is a cross-sectional view schematically illus-
trating an outline configuration of a substantial part of a liquid
crystal panel of an embodiment of the present invention.
[0035] FIG. 2is a cross-sectional view schematically illus-
trating an outline configuration of a liquid crystal display
device of an embodiment of the present invention.

[0036] FIG. 3 is aview illustrating a director distribution of
liquid crystal molecules in a liquid crystal cell shown in FIG.
1.

[0037] FIG. 4 (a) of FIG. 4 is a view illustrating conditions
under which a voltage is applied to an upper electrode and a
lower electrode in Example 1, (b) of FIG. 4 is a view illus-
trating transmittance, a director distribution of liquid crystal
molecules, and an equipotential curve achieved when a volt-
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age of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 4, and (c) of FIG. 4 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0038] FIG. 5 (a) of FIG. 5 is a view illustrating conditions
under which a voltage is applied to an upper electrode and a
lower electrode in Example 2, (b) of FIG. 5 is a view illus-
trating transmittance, a director distribution of liquid crystal
molecules, and an equipotential curve achieved when a volt-
age of 6V is applied to each of a first comb electrode and a
second comb electrode in the upper electrode in (a) of FIG. 5,
and (c) of FIG. 5 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0039] FIG. 6 (a) of FIG. 6 is a view illustrating conditions
under which a voltage is applied to an upper electrode and a
lower electrode in Example 3, (b) of FIG. 6 is a view illus-
trating transmittance, a director distribution of liquid crystal
molecules, and an equipotential curve achieved when a volt-
age of 6V is applied to each of a first comb electrode and a
second comb electrode in the upper electrode in (a) of FIG. 6,
and (c) of FIG. 6 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0040] FIG. 7 (a) of FIG. 7 is a view illustrating conditions
under which a voltage is applied to an upper electrode and a
lower electrode in Example 4, (b) of FIG. 7 is a view illus-
trating transmittance, a director distribution of liquid crystal
molecules, and an equipotential curve achieved when a volt-
age of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 7, and (c¢) of FIG. 7 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0041] FIG. 8 (a) of FIG. 8 is a view illustrating conditions
under which a voltage is applied to an upper electrode and a
lower electrode in Example 5, (b) of FIG. 8 is a view illus-
trating transmittance, a director distribution of liquid crystal
molecules, and an equipotential curve achieved when a volt-
age of 6V is applied to each of a first comb electrode and a
second comb electrode in the upper electrode in (a) of FIG. 8,
and (c) of FIG. 8 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0042] FIG.9 (a) of FIG. 9 is a view illustrating conditions
under which a voltage is applied to an upper electrode and a
lower electrode in Example 6, (b) of FIG. 9 is a view illus-
trating transmittance, a director distribution of liquid crystal
molecules, and an equipotential curve achieved when a volt-
age of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 9, and (c¢) of FIG. 9 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0043] FIG. 10 (a) of FIG. 10 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 7, (b) of FIG. 10 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to each of a first comb electrode and
a second comb electrode in the upper electrode in (a) of FIG.
10, and (c) of FIG. 10 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0044] FIG. 11 (a) of FIG. 11 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
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and a lower electrode in Example 8, (b) of FIG. 11 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 11, and (¢) of FIG. 11 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0045] FIG. 12 (a) of FIG. 12 is a view illustrating condi-
tions under which a voltage is applied to a first comb electrode
and a second comb electrode in Comparative Example 1, (b)
of FIG. 12 is a view illustrating transmittance, a director
distribution of liquid crystal molecules, and an equipotential
curve achieved when a voltage of 6V is applied to the first
comb electrode in (a) of FIG. 12, and (c) of FIG. 12 is a plan
view illustrating how a pixel is displayed when power is off
and how a pixel is displayed when power is on.

[0046] FIG. 13 (a) of FIG. 13 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 2, (b) of FIG.
12 is a view illustrating transmittance and an equipotential
curve achieved when a voltage of 6V is applied to each of a
first comb electrode and a second comb electrode in the upper
electrode in (a) of FIG. 13, and (¢) of FIG. 13 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0047] FIG. 14 (a) of FIG. 14 is a view illustrating condi-
tions under which a voltage is applied to a first comb electrode
and a second comb electrode in Comparative Example 3, (b)
of FIG. 14 is a view illustrating transmittance, a director
distribution of liquid crystal molecules, and an equipotential
curve achieved when a voltage of 6V is applied to the first
comb electrode in (a) of FIG. 14, and (c) of FIG. 14 is a plan
view illustrating how a pixel is displayed when power is off
and how a pixel is displayed when power is on.

[0048] FIG. 15 (a) of FIG. 15 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 4, (b) of FIG.
15 is a view illustrating transmittance and an equipotential
curve achieved when a voltage of 6V is applied to each of a
first comb electrode and a second comb electrode in the upper
electrode in (a) of FIG. 15, and (¢) of FIG. 15 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0049] FIG. 16 (a) of FIG. 16 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 9, (b) of FIG. 16 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 16, and (¢) of FIG. 16 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0050] FIG. 17 (a) of FIG. 17 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and, a lower electrode in Example 10, (b) of FIG. 17 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 17, and (¢) of FIG. 17 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0051] FIG. 18 (a) of FIG. 18 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 11, (b) of FIG. 18 is a view
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illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 18, and (c) of FIG. 18 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0052] FIG. 19 (a) of FIG. 19 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 12, (b) of FIG. 19 is a view
illustrating transmittance and an equipotential curve achieved
when a voltage of 6V is applied to a first comb electrode in the
upper electrode in (a) of FIG. 19, and (¢) of FIG. 19 is a plan
view illustrating how a pixel is displayed when power is off
and how a pixel is displayed when power is on.

[0053] FIG. 20 (a) of FIG. 20 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 13, (b) of FIG. 20 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 20, and (c) of FIG. 20 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0054] FIG. 21 (a) of FIG. 21 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 14, (b) of FIG. 21 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to each of a first comb electrode and
a second comb electrode in the upper electrode in (a) of FIG.
21, and (c) of FIG. 21 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0055] FIG. 22 (a) of FIG. 22 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 5, (b) of FIG.
22 is a view illustrating transmittance and an equipotential
curve achieved when a voltage of 6V is applied to each of a
first comb electrode and a second comb electrode in the upper
electrode in (a) of FIG. 22, and (c) of FIG. 22 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0056] FIG. 23 (a) of FIG. 23 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 6, (b) of FIG.
23 is a view illustrating transmittance and an equipotential
curve achieved when a voltage of 6V is applied to each of a
first comb electrode and a second comb electrode in the upper
electrode in (a) of FIG. 23, and (c¢) of FIG. 23 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0057] FIG. 24 (a) of FIG. 24 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 7, (b) of FIG.
24 is a view illustrating transmittance and an equipotential
curve achieved when a voltage of 6V is applied to each of a
first comb electrode and a second comb electrode in the upper
electrode in (a) of FIG. 24, and (c) of FIG. 24 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0058] FIG. 25 (a) of FIG. 25 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 8, (b) of FIG.
25 is a view illustrating transmittance and an equipotential
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curve achieved when a voltage of 6V is applied to each of a
first comb electrode and a second comb electrode in the upper
electrode in (a) of FIG. 25, and (¢) of FIG. 25 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0059] FIG. 26 (a) of FIG. 26 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 15, (b) of FIG. 26 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 26, and (¢) of FIG. 26 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0060] FIG. 27 (a) of FIG. 27 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Comparative Example 9, (b) of FIG.
27 is a view illustrating transmittance, a director distribution
of liquid crystal molecules, and an equipotential curve
achieved when a voltage of 6V is applied to a first comb
electrode in the upper electrode in (a) of FIG. 27, and (c) of
FIG. 27 is a plan view illustrating how a pixel is displayed
when power is off and how a pixel is displayed when power is
on.

[0061] FIG. 28 (a) of FIG. 28 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 16, (b) of FIG. 28 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 28, and (c) of FIG. 28 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0062] FIG. 29 (a) of FIG. 29 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 17, (b) of FIG. 29 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to each of a first comb electrode and
a second comb electrode in the upper electrode in (a) of FIG.
29, and (¢) of FIG. 29 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0063] FIG. 30 (a) of FIG. 30 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 18, (b) of FIG. 30 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to each of a first comb electrode and
a second comb electrode in the upper electrode in (a) of FIG.
30, and (c) of FIG. 30 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.

[0064] FIG. 31 (a) of FIG. 31 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 19, (b) of FIG. 31 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to each of a first comb electrode and
a second comb electrode in the upper electrode in (a) of FIG.
31, and (¢) of FIG. 31 is a plan view illustrating how a pixel is
displayed when power is off and how a pixel is displayed
when power is on.
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[0065] FIG. 32 (a) of FIG. 32 is a view illustrating condi-
tions under which a voltage is applied to an upper electrode
and a lower electrode in Example 20, (b) of FIG. 32 is a view
illustrating transmittance, a director distribution of liquid
crystal molecules, and an equipotential curve achieved when
avoltage of 6V is applied to a first comb electrode in the upper
electrode in (a) of FIG. 32, and (c) of FIG. 32 is a plan view
illustrating how a pixel is displayed when power is off and
how a pixel is displayed when power is on.

[0066] FIG. 33 is a graph showing a relationship between
an electrical energy EL and a thickness d of the insulating
layer which relationship was obtained in a case where FFS
driving was used.

[0067] FIG. 34 is a graph showing a relationship between
an electrical energy EL and a thickness d of the insulating
layer which relationship was obtained in a case where comb
driving was used.

[0068] FIG. 35 is a graph showing a relationship between
an electrical energy EL and an electrode spacing S which
relationship was obtained in a case where FFS driving was
used.

[0069] FIG. 36 is a graph showing a relationship between
an electrical energy EL and an electrode spacing S which
relationship was obtained in a case where comb driving was
used.

[0070] FIG. 37 is a graph showing a relationship between
an aperture ratio and an electrode spacing S.

[0071] FIG. 38 is a graph showing relationships between
substantial transmittance and an electrode spacing S which
relationships were obtained in a case where respective driving
modes were used.

[0072] FIG. 39 is a cross-sectional view schematically
illustrating a substantial part of a liquid crystal panel of
another embodiment of the present invention.

[0073] FIG. 40 is a view illustrating a director distribution
of liquid crystal molecules in a conventional vertical align-
ment type liquid crystal cell which director distribution is
obtained in a case where a display mode according to which
a lateral electric field is applied to the conventional vertical
alignment type liquid crystal cell.

DESCRIPTION OF EMBODIMENTS

[0074] An embodiment of the present invention is
described below with reference to FIGS. 1 through 40.
[0075] FIG. 2 is a cross-sectional view schematically illus-
trating an outline configuration of a liquid crystal display
device of the present embodiment.

[0076] As illustrated in FIG. 2, a liquid crystal display
device 1 of the present embodiment includes a liquid crystal
panel 2 (liquid crystal display element), a driving circuit 3,
and a backlight 4 (illumination device). Configurations of the
driving circuit 3 and the backlight 4 are identical to those of
conventional ones, and therefore are not explained.

[0077] FIG. 1is a cross-sectional view schematically illus-
trating an outline configuration of a substantial part of the
liquid crystal panel 2. FIG. 3 is a view illustrating a director
distribution of liquid crystal molecules in a liquid crystal cell
shown in FIG. 1.

[0078] As illustrated in FIGS. 1 and 2, the liquid crystal
panel 2 of the present embodiment includes a pair of sub-
strates 10 and 20 which are respectively provided as an elec-
trode substrate and a counter substrate so as to face each other.
The pair of substrates 10 and 20 sandwich a liquid crystal
layer 30 which serves as a medium layer for display.
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[0079] At least one of the pair of substrates 10 and 20, i.e.,
at least a substrate on a side where a viewer is present
includes, as an insulating substrate (liquid crystal layer hold-
ing member, base substrate), a transparent substrate such as a
glass substrate. Further, one surface of the substrate 10 which
surface is opposed to the substrate 20 is provided with an
alignment film 15 that is a so-called vertical alignment film,
and one surface of the substrate 20 which surface is opposed
to the substrate 10 is provided with an alignment film 22 that
is also a so-called vertical alignment film.

[0080] The vertical alignment film is an alignment film that
aligns, vertically with respect to a substrate surface, liquid
crystal molecules of a liquid crystal layer, when no electric
filed is applied. Note that meaning of the term “vertically”
includes “substantially vertically”.

[0081] As the substrate 10 (first substrate, electrode sub-
strate), an array substrate such as a TFT array substrate can be
used, for example. Meanwhile, as the substrate 20 (second
substrate, counter substrate), a color filter substrate or the like
can be used, for example.

[0082] That is, the substrate 10 may include a TFT etc. (not
shown), and the substrate 20 may include a color filter (CF)
(not shown) in addition to the alignment film 22. However, the
present embodiment is not limited to this.

[0083] Moreover, it is needless to say that the substrate 10
and 20 may include an undercoat film, an overcoat film, etc.
(not shown).

[0084] In the following explanation, it is assumed that a
substrate on a display surface side (a substrate on a side where
a viewer is present) is an upper substrate and the other sub-
strate is a lower substrate. In FIGS. 1 and 2, it is assumed that
the substrate 10 is a lower substrate. However, the present
embodiment is not limited to this.

[0085] The substrate 10 is configured such that an upper
electrode 14 and a lower electrode 12 are disposed so as to
overlap each other via an insulating layer 13. In the present
embodiment, the “upper electrode” refers to an electrode on a
side where the liquid crystal layer 30 is present which elec-
trode is adjacent to the liquid crystal layer 30 via the align-
ment film 22, and the “lower electrode” refers to an electrode
on a side where the glass substrate 11 that is a base substrate
is present.

[0086] Specifically, the substrate 10 is configured such that
the lower electrode 12, the insulating layer 13, the upper
electrode 14, and the alignment film 15 are provided on the
glass substrate 11 in this order.

[0087] The lower electrode 12 is an allover electrode and
formed on the glass substrate 11 so as to cover a display area
(i.e., anarea surrounded by a sealing agent 34) of the substrate
10 and be formed substantially all over a surface of the glass
substrate 11 which surface faces the substrate 20. The lower
electrode 12 serves as a common electrode.

[0088] The insulating layer 13 is formed on the lower elec-
trode 12 so as to cover the lower electrode 12.

[0089] The upper electrode 14 is a comb electrode. In the
present embodiment, the liquid crystal panel 2 is provided so
that a comb electrode 14A (first comb electrode) and a comb
electrode 14B (second comb electrode) which are adjacent to
each other can be driven independently of each other so that
a driving method can be changed in the experiments later
described.

[0090] The comb electrodes 14A and 14B may be formed
in a linear shape, a letter V shape or a zigzag form.
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[0091] In the present embodiment, the comb electrodes
14A and 14B which can be driven independently of each
other are alternately disposed so that branch electrodes
(branch lines) extending from trunk electrodes (trunk lines)
of the respective comb electrodes 14A and 14B are engaged
with each other.

[0092] However, the present embodiment is not limited to
this. It is also possible that the adjacent comb electrodes 14A
and 14B are provided so as to be driven independently of each
other regardless of a driving method. Further, in a case where
“comb driving” later described is used, both of the comb
electrodes 14A and 14B need not necessarily to be provided.
That is, the upper electrode 14 may be a single comb elec-
trode.

[0093] The alignment film 15 is provided on the insulating
layer 13 so as to cover the comb electrodes 14A and 14B.

[0094] As illustrated in FIGS. 1 and 2, a polarizer 35 is
provided on a surface of the substrate 10 which surface is
opposite to the surface which faces the liquid crystal layer 30,
and a polarizer 36 is provided on a surface of the substrate 20
which surface is opposite to the surface which faces the liquid
crystal layer 30.

[0095] Further, as illustrated in FIG. 2, where necessary, a
phase plate 37 is provided between the substrate 10 and the
polarizer 35 and a phase plate 38 is provided between the
substrate 20 and the polarizer 36. Note that the phase plate 37
or 38 may be provided only to one surface of the liquid crystal
panel 2. In the case of a display device utilizing only trans-
mitted light from a front surface, the phase plates 37 and 38
are dispensable.

[0096] A liquid crystal cell 5 of the liquid crystal panel 2 is
formed by, for example, as shown in FIG. 1, (i) bonding the
substrate 10 to the substrate 20 via a spacer 33 by use of a
sealing agent 34 and (ii) filling and sealing a medium con-
taining a liquid crystal material in a space between the sub-
strates 10 and 20.

[0097] Theliquid crystal material may be a p-type (positive
type) liquid crystal material or may be an n-type (negative
type) liquid crystal material.

[0098] The present embodiment mainly deals with an
example in which the liquid crystal material is a p-type liquid
crystal material, as shown in FIG. 2 and the experiments later
described. However, the present embodiment is not limited to
this. Even in a case where the liquid crystal material is an
n-type liquid crystal material, a similar result can be obtained
in accordance with a similar principle to the case where the
p-type liquid crystal material is used.

[0099] In the present embodiment, a p-type nematic liquid
crystal material can be used as the p-type liquid crystal mate-
rial, for example. However, the present embodiment is not
limited to this.

[0100] The liquid crystal panel 2 and the liquid crystal
display device 1 forms electric field intensity distribution
within the liquid crystal cell 5 due to electric filed application
so as to achieve bend alignment of the liquid crystal material.
The present embodiment suitably employs a liquid crystal
material having a large refractive index anisotropy An or a
liquid crystal material having a large dielectric constant
anisotropy AE€. Examples of such p-type liquid crystal mate-
rials are F (fluorine) liquid crystal materials in addition to CN
(cyano) liquid crystal materials (chiral nematic liquid crystal
materials).
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[0101] The liquid crystal panel 2 is formed by bonding, to
the liquid crystal cell 5, the phase plates 37 and 38 and the
polarizers 35 and 36 as described above.

[0102] For example, the polarizers 35 and 36 are provided
so that transmission axes of the polarizers 35 and 36 are
orthogonal to each other and an angle between a direction in
which the comb electrodes 14A and 14B and each of the
transmission axes of the polarizers 35 and 36 is 45 degrees.

[0103] As described above, the liquid crystal panel 2 has a
configuration similar to an electrode configuration of liquid
crystal panel using a so-called FFS (Fringe Field Switching)
mode in which a common electrode and a pixel electrode are
disposed so as to overlap each other via an insulating layer. As
such, a liquid crystal panel having the above configuration is
hereinafter referred to as a liquid crystal panel of an FFS
structure.

[0104] However, the liquid crystal panel 2 of the present
invention merely employs, as an electrode configuration, the
FFS structure. That is, the liquid crystal panel 2 of the present
invention looks similar to, but is utterly different from a
so-called FFS mode liquid crystal panel.

[0105] An FFS mode liquid crystal panel shows homoge-
neous alignment in which a longer axis direction of liquid
crystal molecules sandwiched between a pair of substrates is
parallel to a substrate surface when no voltage is applied. In
contrast to this, the liquid crystal panel 2 of the present inven-
tion shows homeotropic alignment in which a longer axis
direction of the liquid crystal molecules 31 sandwiched
between the pair of substrates 10 and 20 is vertical to a
substrate surface when no voltage is applied (see FIG. 1). As
such, the liquid crystal panel 2 of the present invention is
utterly different from the FFS mode liquid crystal panel in
behavior of liquid crystal molecules.

[0106] In the FFS mode, an electrode spacing S (distance
between electrodes) is set to be shorter than an electrode
width L of a comb electrode and a cell gap (thickness of a
liquid crystal layer) D so that a fringe electric field is pro-
duced. Thus, display is carried out.

[0107] However, in the present embodiment, an electrode
spacing S is set to be longer than an electrode width L and a
cell gap D, as shown in Examples later described. Note,
however, that in the present invention, overall transmittance
of the liquid crystal cell 5 is not necessarily correlated with
the cell gap D. As such, the cell gap D is not limited in
particular.

[0108] Inthe present embodiment, the liquid crystal panel 2
having the FFS structure as described above is driven by two
types of driving methods.

[0109] Hereinafter, driving carried out between the comb
electrodes 14A and 14B which are adjacent to the liquid
crystal layer 30 via the alignment film 15 is referred to as
“comb driving”, and driving carried out between the comb
electrodes 14A and 14B and the lower electrode 12 that is
provided below the comb electrodes 14A and 14B via the
insulating layer 13 is referred to as “FFS driving”.

[0110] In a case where the liquid crystal panel 2 is comb-
driven, the comb electrode 14A serves as a pixel electrode,
and the comb electrode 14B serves as a common electrode.
Note that in a case where the comb-driving is carried out, the
lower electrode 12 is set to OV.

[0111] In a case where the liquid crystal panel 2 is FFS-
driven, each of the comb electrodes 14A and 14B serves as a
pixel electrode, and the lower electrode 12 serves as a com-
mon electrode.
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[0112] As described above, the liquid crystal panel 2 of the
present embodiment employs a display mode that is utterly
different from the FFS mode.

[0113] However, since the liquid crystal panel 2 has the FFS
structure as described above, not only liquid crystal mol-
ecules 31 which are provided between the comb electrodes
14A and 14B, but also liquid crystal molecules 31 which are
provided above the comb electrodes 14A and 14B are driven,
unlike the conventional liquid crystal panel 102 shown in
FIG. 40 which employs the above-mentioned display mode.
As such, the liquid crystal panel 2 has an advantage such that
an aperture ratio can be made higher as compared with the
liquid crystal panel 102 having the structure shown in FIG.
40.

[0114] Further, according to the liquid crystal panel 2 of the
present embodiment, because driving with the use of a lateral
electric field is carried out in a vertical alignment mode as
described above, a bent electric field (an arc electric field) is
formed due to electric field application and two domains
having director directions of the liquid crystal molecules 31
which director directions are different by 180 degrees from
each other are formed, as shown in FIG. 3. The liquid crystal
molecules 31 are aligned in accordance with electric field
intensity distribution in the liquid crystal cell 5 and binding
force from an interface. As a result, a wide viewing angle
characteristic can be obtained.

[0115] Note that due to voltage application, the liquid crys-
tal molecules 31 continuously transit from the homeotropic
alignment to the bend alignment. That is, in normal driving,
the liquid crystal layer 30 always exhibits the bend alignment
as shownin FIG. 3 and a high-speed response can be achieved
in aresponse from gray scale level to another gray scale level.

[0116] According to the liquid crystal panel 2, while a high
contrast due to the vertical alignment is maintained, driving
with the use of a lateral electric field is carried out so that a
direction in which the liquid crystal molecules 31 are aligned
is defined. Accordingly, it is not necessary to control align-
ment by using a rib as in an MVA mode. Consequently, the
liquid crystal panel 2 has an excellent viewing angle charac-
teristic in a simple pixel configuration.

[0117] That is, the liquid crystal panel 2 has advantages
such as simple structure, easy manufacturing, low manufac-
turing cost in addition to the advantages such as high-speed
response due to bend alignment, wide viewing angle due to
self-compensation type alignment, high contrast due to ver-
tical alignment.

[0118] The inventors of the present invention found that in
a case where the vertical alignment type liquid crystal panel 2
having the FFS structure is driven with the use of a lateral
electric field, an aperture ratio can be improved while high-
speed response, wide viewing angle characteristic, and high
contrast are maintained, as compared to the conventional
liquid crystal panel 102 in which a vertical alignment type
liquid crystal panel 2 is driven with the use of a lateral electric
field.

[0119] At the same time, however, the inventors of the
present invention also found that a voltage reduction cannot
be necessarily achieved only by employing the FFS structure
in a liquid crystal panel which employs a display mode
according to which a vertical alignment type liquid crystal
panel is driven with the use of a lateral electric field as
described above.
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[0120] Inview of'this, the inventors of the present invention
carried out simulation and experiments to find out conditions
required for a voltage reduction in the liquid crystal panel 2
having the FFS structure.

[0121] As a result, the inventors of the present invention
found that a driving voltage reduction effect and a transmit-
tance improvement effect can be obtained in the liquid crystal
panel 2 having the FFS structure by selecting/setting a mate-
rial (relative permittivity €) of the insulating layer 13 and
electrode width L/electrode spacing S so that “electrical
energy EL” is not less than 0.44 J/m> (joule/cubic meter)
which “electrical energy EL” is an average electrical energy
in a part of the liquid crystal layer which part is 0.1 pm deep
from a surface of the substrate 20 and which part overlaps the
comb electrodes 14A and 14B when the liquid crystal layer 30
is viewed from a direction vertical to a substrate surface.
[0122] Moreover, the inventors of the present invention
found that especially in a case where FFS driving is carried
out, a driving voltage reduction effect and a remarkable trans-
mittance improvement effect can be obtained by selecting/
setting the material (relative permittivity €) and a thickness d
of the insulating layer 13 and the electrode width L/electrode
spacing S so that the electrical energy EL is not less than 0.6
Im’®.

[0123] The electrical energy EL is calculated by disman-
tling a liquid crystal panel, measuring permittivity of each
layer by the law of the art, and calculating based on the
measured value.

[0124] With reference to Examples, the following more
specifically describes a method for manufacturing the liquid
crystal panel 2, and verifies the above effects based on experi-
ments and simulation.

Example 1

[0125] First, ITO (Indium Tin Oxide) was formed on an
entire surface of a glass substrate 11 by sputtering so as to
have a thickness of 1400 A, as shown in FIG. 1. Thus, a lower
electrode 12 which is an allover electrode which covers an
entire main surface of the glass substrate 11 was formed.
[0126] Next, silicon nitride (SiN) having a relative permit-
tivity € of 6.9 was formed by sputtering so as to cover an
entire surface of the lower electrode 12. Thus, an insulating
layer 13 made of SiN having a thickness d of 0.1 um (1000 A)
was formed on the lower electrode 12.

[0127] Subsequently, comb electrodes 14A and 14B which
were made of ITO and which had an thickness of 1400 A, an
electrode width L of 2.6 um, and an electrode spacing S of 8.0
um was formed, as an upper electrode, on the insulating layer
13.

[0128] Then, an alignment film material “JALS-204”
(Product Name, 5% by weight (solid content), y-butyrolac-
tone solution, produced by JSR Corporation) was applied, by
a spin coat method, on the insulating layer 13 so as to cover
the comb electrodes 14A and 14B. Then, the insulating layer
13 with the alignment film material was baked at 200° C. for
2 hours so as to form a substrate 10 that is provided with an
alignment film 15, which is a vertical alignment film, on a
surface which faces a liquid crystal layer 30.

[0129] Meanwhile, only an alignment film 22 was formed
on a glass substrate 21 by using the same material and process
as the alignment film 15. Thus, a substrate 20 was formed. A
dried film thickness of each of the alignment films 15 and 22
thus obtained was 1000 A.
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[0130] Subsequently, on one of the substrates 10 and 20,
resin beads “Micropear] SP20375” (Product Name, manufac-
tured by Sekisui Chemical Co. Ltd.), as a spacer 33, that had
a diameter of 3.75 pm were dispersed. Meanwhile, on the
other which faces the one, a sealing resin “Struct Bond
XN-21-S” (Product Name, produced by Mitsui Toatsu
Chemicals, Inc.), as a sealing agent 34, was printed.

[0131] Next, the substrates 10 and 20 were bonded and
baked at 135° C. for 1 hour so as to fabricate a liquid crystal
cell 5.

[0132] Then, in the liquid crystal cell 5, a positive-type
liquid crystal material (manufactured by Merck Ltd., A&=22
and An=0.15) as a liquid crystal material was filled and sealed
by a vacuum filling method so as to form a liquid crystal layer
30.

[0133] Subsequently, polarizers 35 and 36 were bonded to
front and back surfaces of the liquid crystal cell 5 so that (i)
transmission axes of the polarizers 35 and 36 crossed at right
angles and (ii) an angle between a direction in which the comb
electrodes 14A and 14B were extended and the transmission
axes of the polarizers 35 and 36 was 45°. Thus, a liquid crystal
panel 2 (liquid crystal display element) having the configu-
ration shown in FIG. 1 was fabricated.

[0134] The liquid crystal panel 2 thus fabricated was placed
on abacklight 4 as shown in FIG. 2 and was then comb-driven
so that a voltage-transmittance change (hereinafter referred to
as “actual measurement 1) at a front of the liquid crystal
panel 2 was measured by using “BMSA” (produced by Top-
con Corporation). Note that transmittance in the actual mea-
surement T was obtained by dividing luminance of the liquid
crystal panel 2 by luminance of the backlight 4.

[0135] Meanwhile, a voltage-transmittance change (here-
inafter referred to as “Sim7T”’) measured in a case where a
model having the FFS structure shown in FIG. 1 was comb-
driven, as a liquid crystal panel, under the same condition as
the actual measurement was obtained by running a simulation
with the use of “LCD-MASTER” (produced by Shintech,
Inc.).

[0136] Table 1 collectively shows the SimT, relative per-
mittivity F and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the actual measurement T and
the electrical energy EL in addition to these values. (a) of FIG.
4 shows an applied voltage in the simulation, and (b) of FIG.
4 shows transmittance, a director distribution of the liquid
crystal molecules 31, and an equipotential curve achieved
when a voltage of 6V is applied to the comb electrode 14A in
(a) of FIG. 4 in the simulation. Note that, in the present
example, the comb electrode 14B is set to OV, as shown in (b)
of FIG. 4. (c) of FIG. 4 shows how a pixel is displayed when
the power is off in the simulation and how a pixel is displayed
when the power is on in the simulation.

Example 2

[0137] Actual measurement T and SimT were obtained in a
similar manner to the Example 1 except for that FFS driving
was carried out instead of comb driving.

[0138] That s, in the present example, a liquid crystal panel
2 similar to that of the Example 1 was fabricated by using a
material and a process similar to the Example 1, and the
measurement T was measured on the backlight 4 by using the
“BMS5A” as in the Example 1. Moreover, SimT obtained in a
case where a model having an FFS structure similar to that of
the Example 1 was FFS-driven under the same condition as

Jan. 12,2012

the actual measurement was measured by running a simula-
tion with the use of the “LLCD-MASTER” as in the Example
1.

[0139] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table S shows the actual measurement T and
the electrical energy EL inaddition to these values. (a) of FIG.
5 shows an applied voltage in the simulation, and (b) of FIG.
5 shows transmittance, a director distribution of the liquid
crystal molecules 31, and an equipotential curve achieved
when a voltage of 6V is applied to each of the comb electrodes
14A and 14B in (a) of FIG. 5 in the simulation. (¢) of FIG. 5
shows how a pixel is displayed when the power is off in the
simulation and how a pixel is displayed when the power is on
in the simulation.

Comparative Example 1

[0140] First, ITO was formed on an entire surface of a glass
substrate 111 which is similar to the glass substrate 11 by
sputtering so as to have a thickness of 1400 A, as shown in
FIG. 40. Subsequently, this ITO film was patterned so that a
comb electrode 112 (first comb electrode) and a comb elec-
trode 113 (second comb electrode) which were made of ITO
and which had an electrode width L. of 2.6 um and an elec-
trode spacing S of 8.0 um were formed on the glass substrate
111 as a pixel electrode and a common electrode, respec-
tively.

[0141] Then, an alignment film material “JALS-204”
(Product Name, 5% by weight (solid content), y-butyrolac-
tone solution, produced by JSR Corporation) which was the
same as that of the Example 1 was applied, by a spin coat
method, on the glass substrate 111 so as to cover the comb
electrodes 112 and 113. Then, the glass substrate 111 with the
alignment film material was baked at 200° C. for 2 hours as in
the Example 1 so as to form a substrate 110 that is provided
with a vertical alignment film (not shown) on a surface which
faces a liquid crystal layer 130.

[0142] Meanwhile, only a vertical alignment film (not
shown) was formed on a glass substrate 321 which is similar
to the glass substrate 21 by using the same material and
process as the vertical alignment film. Thus, a substrate 120
was formed. A dried film thickness of each of the vertical
alignment films thus obtained was 1000 A.

[0143] Subsequently, on one of the substrates 110 and 120,
resin beads “Micropear]l SP20375”, as a spacer, that had a
diameter of 3.75 wm were dispersed as in the Example 1.
Meanwhile, on the other which faces the one, a sealing resin
“Struct Bond XN-21-S”, as a sealing agent, was printed as in
the Example 1.

[0144] Next, the substrates 110 and 120 were bonded and
baked at 135° C. for 1 hour as in the Example 1 so as to
fabricate a liquid crystal cell 105 for use in comparison.
[0145] Then, in the liquid crystal cell 105, a positive-type
liquid crystal material (manufactured by Merck Ltd., A&=22
and An=0.15) same as the Example 1 as a liquid crystal
material was filled and sealed by a vacuum filling method so
as to form a liquid crystal layer 130.

[0146] Subsequently, polarizers (not shown) similar to
those of the Example 1 were bonded to front and back sur-
faces of the liquid crystal cell 105 so that (i) transmission axes
of the polarizers crossed at right angles and (ii) an angle
between a direction in which the comb electrodes 112 and 113
were extended and the transmission axes of the polarizers was
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45°. Thus, a liquid crystal panel 102 (liquid crystal display
element) for use in comparison having the configuration
shown in FIG. 40 was fabricated.

[0147] The liquid crystal panel 102 thus fabricated was
placed on a backlight and was then comb-driven as in the
Example 1 Thus, an actual measurement T at a front of the
liquid crystal panel 102 was measured by using the “BMSA”
(produced by Topcon Corporation) as in the Example 1. Note
that transmittance in the actual measurement T was obtained
by dividing panel luminance by backlight luminance as in the
Example 1.

[0148] Meanwhile, SimT measure in a case where a model
having the FFS structure shown in FIG. 40 was comb-driven,
as a liquid crystal panel, under the same condition as the
actual measurement was obtained by running a simulation
with the use of the “LCD-MASTER” as in the Example 1.
[0149] Table 2 collectively shows the SimT and electrode
width L/electrode spacing S of the comb electrodes 112 and
113. Table 6 shows the actual measurement T and the electri-
cal energy EL in addition to these values. (a) of FIG. 12 shows
an applied voltage in the simulation, and (b) of FIG. 12 shows
transmittance, a director distribution of the liquid crystal mol-
ecules 131, and an equipotential curve achieved when a volt-
age of 6V is applied to the comb electrode 112 in (a) of FIG.
12 in the simulation. Note that, in the present comparative
example, the comb electrode 113 is set to OV, as shown in (b)
of FIG. 12. (c) of FIG. 12 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Comparative Example 2

[0150] First, ITO was formed on an entire surface of a glass
substrate 11 by sputtering so as to have a thickness of 1400 A,
as shown in FIG. 1. Thus, a lower electrode 12 which is an
allover electrode which covers an entire main surface of the
glass substrate 11 was formed.

[0151] Next, acrylic resin (manufactured by JSR Corpora-
tion, Product Name “OPTOMER SS”) having a relative per-
mittivity of 3.3 was formed, by a spin coat method, so as to
cover an entire surface of the lower electrode 12. Thus, an
insulating layer 13 which was made of the acrylic resin and
which had a thickness d of 3.2 um (32000 A) was formed on
the lower electrode 12.

[0152] Subsequently, comb electrodes 14A and 14B which
were made of ITO and which had a thickness of 1400 A, an
electrode width L of 2.6 um, and an electrode spacing S of 8.0
um were formed, as an upper electrode, on the insulating layer
13.

[0153] Then, an alignment film material “JALS-204”
(Product Name, 5% by weight (solid content), y-butyrolac-
tone solution, produced by JSR Corporation) which was the
same as that of the Example 2 was applied, by a spin coat
method, on the insulating layer 13 so as to cover the comb
electrodes 14A and 14B. Then, the insulating layer 13 with
the alignment film material was baked at 200° C. for 2 hours
so as to form a substrate 10 that was provided with an align-
ment film 15 which was a vertical alignment film on a surface
which faces a liquid crystal layer 30.

[0154] Meanwhile, only an alignment film 22 was formed
on a glass substrate 21 by using the same material and process
as the alignment film 15. Thus, a substrate 20 was formed. A
dried film thickness of each of the alignment films 15 and 22
thus obtained was 1000 A.
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[0155] Subsequently, on one of the substrates 10 and 20,
resin beads “Micropearl SP20375”, as a spacer 33, that had a
diameter of 3.75 um were dispersed as in the Example 2.
Meanwhile, on the other which faces the one, a sealing resin
“Struct Bond XN-218”, as a sealing agent, was printed as in
the Example 2.

[0156] Next, the substrates 10 and 20 were bonded and
baked at 135° C. for 1 hour so as to fabricate a liquid crystal
cell 5 for use in comparison.

[0157] Then, in the liquid crystal cell 5 for use in compari-
son, a positive-type liquid crystal material (manufactured by
Merck Ltd., A&=22 and An=0.15) same as that of the
Example 2, as a liquid crystal material, was filled and sealed
by a vacuum filling method so as to form a liquid crystal layer
30.

[0158] Subsequently, polarizers 35 and 36 similar to those
of the Example 2 were bonded to front and back surfaces of
the liquid crystal cell 5 for use in comparison so that (i)
transmission axes of the polarizers 35 and 36 crossed at right
angles and (ii) an angle between a direction in which the comb
electrodes 14A and 148 were extended and the transmission
axes of the polarizers 35 and 36 was 45°. Thus, a liquid crystal
panel 2 (liquid crystal display element) for use in comparison
which is different from the liquid crystal cell 5 fabricated in
the Example 2 in material and thickness d of the insulating
layer 13 was fabricated.

[0159] Theliquid crystal panel 2 for use in comparison thus
fabricated was placed on a backlight 4 and was then comb-
driven as in the Example 2. Thus, an actual measurement T at
a front of the liquid crystal panel 102 was measured by using
the “BM5A” (manufactured by Topcon Corporation) as in the
Example 2.

[0160] Meanwhile, SimT measured in a case where a model
having the FFS structure shown in FIG. 1 was comb-driven,
as a liquid crystal panel, under the same condition as the
actual measurement was obtained by running a simulation
with the use of the “LCD-MASTER?” as in the Example 2.
[0161] Table 2 collectively shows the SimT, relative per-
mittivity € and a thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 9 shows the actual measurement T and
the electrical energy EL in addition to these values. (a) of FIG.
13 shows an applied voltage in the simulation, and (b) of FIG.
13 shows transmittance and an equipotential curve achieved
when avoltage of 6V is applied to each of the comb electrodes
14A and 14B in (a) of FIG. 13 in the simulation. (¢) of FIG. 13
shows how a pixel is displayed in a case where power is off in
the simulation and how a pixel is displayed in a case where
power is on in the simulation.

[0162] In each of the Examples 1 and 2 and the Compara-
tive Examples 1 and 2, it was confirmed that there is a corre-
lation between a voltage-transmittance (V-T) curve of SimT
and a voltage-transmittance (V-T) curve of actual measure-
ment T. In view of this, in the following examples and com-
parative examples, only a simulation was carried out. Note
that a comb electrode 14B was set to OV in a case where comb
driving was carried out in the following examples and com-
parative examples in which a two-layer electrode structure
made of an upper electrode and a lower electrode was
employed.

Example 3

[0163] SimT was obtained in a similar manner to the
Example 2 except for that the thickness of the insulating layer
13 was changed from 0.1 um to 0.3 pm (3000 A).
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[0164] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 6 shows an applied
voltage in the simulation, and (b) of FIG. 6 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 6 in the simulation, (c¢) of FIG. 6 shows how a pixel is
displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 4

[0165] SimT was obtained in a similar manner to the
Example 1 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 um/8.0 um to 2.6 pm/6.0 um.

[0166] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and,
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 7 shows an applied
voltage in the simulation, and (b) of FIG. 7 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 7 in the
simulation. (¢) of FIG. 7 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 5

[0167] SimT was obtained in a similar manner to the
Example 2 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 um/8.0 pum to 2.6 pm/6.0 um.

[0168] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 8 shows an applied
voltage in the simulation, and (b) of FIG. 8 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 8 in the simulation. (c¢) of FIG. 8 shows how a pixel is
displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 6

[0169] SimT was obtained in a similar manner to the
Example 4 except for that the insulating layer 13 was changed
from a SiN film having a relative permittivity € of 6.9 and a
thickness d of 0.1 um to an acrylic resin (produced by JSR
Corporation, Product Name “OPTOMER SS”) having a rela-
téve permittivity € of 3.3 and a thickness d of 3.2 um (32000
).
[0170] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 7 shows the electrical energy EL in
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addition to these values. (a) of FIG. 9 shows an applied
voltage in the simulation, and (b) of FIG. 9 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 9 in the
simulation. (¢) of FIG. 9 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 7

[0171] SimT was obtained in a similar manner to the
Example 3 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 pm/8.0 um to 2.6 pm/6.0 um.

[0172] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 10 shows an applied
voltage in the simulation, and (b) of FIG. 10 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 10 in the simulation. (¢) of FIG. 10 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 8

[0173] SimT was obtained in a similar manner to the
Example 1 except for that the insulating layer 13 was changed
from a SiN film having a relative permittivity € of 6.9 and a
thickness d of 0.1 pm to an acrylic resin (produced by JSR
Corporation, Product Name “OPTOMER SS”) having a rela-
tléve permittivity € of 3.3 and a thickness d of 1.0 um (10000
).

[0174] Table 1 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 7 shows the electrical energy EL in
addition to these values. (a) of FIG. 11 shows an applied
voltage in the simulation, and (b) of FIG. 11 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 11 in the
simulation. (¢) of FIG. 11 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Comparative Example 3

[0175] Actual measurement T and SimT were obtained in a
similar manner to the Comparative Example 2 except for that
comb driving was carried out instead of FFS driving. In other
words, SimT was obtained in a similar manner to the Example
1 except for that the insulating layer 13 was changed from a
SiN film having a relative permittivity € of 6.9 and a thick-
ness d of 0.1 pum to an acrylic resin (produced by JSR Corpo-
ration, Product Name “OPTOMER SS”) having a relative
permittivity € of 3.3 and a thickness d of 3.2 um (32000 A).
[0176] Table 2 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width 14 electrode spacing S of the comb electrodes
14A and 14B. Table 7 shows the actual measurement T and
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the electrical energy EL in addition to these values. (a) of FIG.
14 shows an applied voltage in the simulation, and (b) of FIG.
14 shows transmittance, a director distribution of the liquid
crystal molecules 31, and an equipotential curve achieved
when a voltage of 6V is applied to the comb electrode 14A in
(a) of FIG. 13 in the simulation. (c) of FIG. 14 shows how a
pixel is displayed in a case where power is off in the simula-
tion and how a pixel is displayed in a case where power is on
in the simulation.

Comparative Example 4

[0177] SimT was obtained in a similar manner to the Com-
parative Example 2 except for that the thickness d of the
insulating layer 13 was changed from 3.2 um (32000 A)to 1.0
pm (10000 A).

[0178] Table 2 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 9 shows the electrical energy EL in
addition to these values. (a) of FIG. 15 shows an applied
voltage in the simulation, and (b) of FIG. 15 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 15 in the simulation. (¢) of FIG. 15 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 9

[0179] SimT was obtained in a similar manner to the
Example 1 except for that the thickness of the insulating layer
13 was changed from 0.1 um to 1.0 pm (10000 A).

[0180] Table 3 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and the
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 16 shows an applied
voltage in the simulation, and (b) of FIG. 16 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 16 in the
simulation. (¢) of FIG. 16 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 10

[0181] SimT was obtained in a similar manner to the
Example 9 except for that the thickness of the insulating layer
13 was changed from 1.0 um to 1.5 pm (15000 A). In other
words, SimT was obtained in a similar manner to the Example
1 except for that the thickness of the insulating layer 13 was
changed from 1.0 um to 1.5 um (15000 A).

[0182] Table 3 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 17 shows an applied
voltage in the simulation, and (b) of FIG. 17 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 17 in the
simulation. (¢) of FIG. 17 shows how a pixel is displayed in a
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case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 11

[0183] SimT was obtained in a similar manner to the
Example 4 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 um/6.0 pm to 2.6 wm/4.0 um. In other words, SimT
was obtained in a similar manner to the Example 1 except for
that the electrode width L/electrode spacing S of the comb
electrodes 14A and 14B was changed from 2.6 um/8.0 um to
2.6 um/4.0 pm.

[0184] Table 3 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 18 shows an applied
voltage in the simulation, and (b) of FIG. 18 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 18 in the
simulation. (¢) of FIG. 18 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 12

[0185] SimT was obtained in a similar manner to the
Example 8 except for that the thickness of the insulating layer
13 was changed from 1.0 um to 0.6 pm (6000 A).

[0186] Table 3 collectively shows the SimT, relative per-
mittivity and thickness d of the insulating layer 13, and elec-
trode width [/electrode spacing S ofthe comb electrodes 14A
and 14B. Table 7 shows the electrical energy EL in addition to
these values. (a) of FIG. 19 shows an applied voltage in the
simulation, and (b) of FIG. 19 shows transmittance, a director
distribution of the liquid crystal molecules 31, and an equi-
potential curve achieved when a voltage of 6V is applied to
the comb electrode 14A in (a) of FIG. 19 in the simulation. (c)
of FIG. 19 shows how a pixel is displayed in a case where
power is off in the simulation and how a pixel is displayed in
a case where power is on in the simulation.

Example 13

[0187] SimT was obtained in a similar manner to the
Example 12 except for that the thickness of the insulating
layer 13 was changed from 0.6 um to 0.1 um (1000 A). In
other words, SimT was obtained in a similar manner to the
Example 8 except for that the thickness of the insulating layer
13 was changed from 1.0 um to 0.1 pm (1000 A).

[0188] Table 3 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 7 shows the electrical energy EL in
addition to these values. (a) of FIG. 20 shows an applied
voltage in the simulation, and (b) of FIG. 20 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 19 in the
simulation. (¢) of FIG. 20 shows how a pixel is displayed in a
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case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Comparative Example 5

[0189] SimT was obtained in a similar manner to the
Example 9 except for that FF'S driving was carried out instead
of comb driving. In other words, SimT was obtained in a
similar manner to the Example 2 except for that the thickness
ofthe insulating layer 13 was changed from 0.1 um to 1.0 pm
(10000 A).

[0190] Table 5 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 22 shows an applied
voltage in the simulation, and (b) of FIG. 22 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 22 in the simulation. (¢) of FIG. 22 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Comparative Example 6

[0191] SimT was obtained in a similar manner to the
Example 10 except for that FFS driving was carried out
instead of comb driving. In other words, SimT was obtained
in a similar manner to the Example 2 except for that the
thickness of the insulating layer 13 was changed from 0.1 pm
to 1.5 um (15000 A).

[0192] Table 5 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 23 shows an applied
voltage in the simulation, and (b) of FIG. 23 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 148 in (a)
of FIG. 23 in the simulation. (¢) of FIG. 23 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Comparative Example 7

[0193] SimT was obtained in a similar manner to the
Example 11 except for that FFS driving was carried out
instead of comb driving. In other words, SimT was obtained
in a similar manner to the Example 2 except for that the
electrode width L/electrode spacing S of the comb electrodes
14A and 14B was changed from 2.6 pm/8.0 um to 2.6 pm/4.0
pm.

[0194] Table 5 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 24 shows an applied
voltage in the simulation, and (b) of FIG. 24 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 24 in the simulation. (¢) of FIG. 24 shows how a pixel
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is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 14

[0195] SimT was obtained in a similar manner to the
Example 13 except for that FFS driving was carried out
instead of comb driving.

[0196] Table 3 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and the
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 9 shows the electrical energy EL in
addition to these values. (a) of FIG. 21 shows an applied
voltage in the simulation, and (b) of FIG. 21 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 143 in (a)
of FIG. 21 in the simulation. (¢) of FIG. 21 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Comparative Example 8

[0197] SimT was obtained in a similar manner to the
Example 12 except for that FFS driving was carried out
instead of comb driving. In other words, SimT was obtained
in a similar manner to the Example 14 except for that the
thickness of the insulating layer 13 was changed from 0.1 pm
t0 0.6 um (6000 A).

[0198] Table 5 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 9 shows the electrical energy EL in
addition to these values. (a) of FIG. 25 shows an applied
voltage in the simulation, and (b) of FIG. 25 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 25 in the simulation. (¢) of FIG. 25 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 15

[0199] SimT was obtained in a similar manner to the
Example 10 except for that the thickness of the insulating
layer 13 was changed from 1.5 um to 1.8 um (18000 A). In
other words, SimT was obtained in a similar manner to the
Example 1 except for that the thickness of the insulating layer
13 was changed from 0.1 um to 1.8 pm (18000 A).

[0200] Table 3 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 26 shows an applied
voltage in the simulation, and (b) of FIG. 26 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 26 in the
simulation. (¢) of FIG. 26 shows how a pixel is displayed in a
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case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Comparative Example 9

[0201] SimT was obtained in a similar manner to the
Example 15 except for that the thickness of the insulating
layer 13 was changed from 1.8 pm to 2.0 um (20000 A). In
other words, SimT was obtained in a similar manner to the
Example 1 except for that the thickness of the insulating layer
13 was changed from 0.1 pm to 2.0 pm (20000 A).

[0202] Table 5 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 27 shows an applied
voltage in the simulation, and (b) of FIG. 27 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 27 in the
simulation. (¢) of FIG. 27 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 16

[0203] SimT was obtained in a similar manner to the
Example 1 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 um/8.0 um to 2.6 pm/12.0 pm.

[0204] Table 4 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 28 shows an applied
voltage in the simulation, and (b) of FIG. 28 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 28 in the
simulation. (¢) of FIG. 28 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.

Example 17

[0205] SimT was obtained in a similar manner to the
Example 3 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 pm/8.0 pum to 2.6 pm/12.0 pm.

[0206] Table 4 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 29 shows an applied
voltage in the simulation, and (b) of FIG. 29 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 29 in the simulation. (¢) of FIG. 29 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 18

[0207] SimT was obtained in a similar manner to the
Example 17 except for that the electrode width L/electrode
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spacing S of the comb electrodes 14A and 14B was changed
from 2.6 pm/12.0 um to 2.6 um/14.0 pm.

[0208] Table 4 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 30 shows an applied
voltage in the simulation, and (b) of FIG. 30 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 30 in the simulation. (¢) of FIG. 30 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 19

[0209] SimT was obtained in a similar manner to the
Example 18 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 um/14.0 um to 2.6 um/16.0 pm.

[0210] Table 4 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 8 shows the electrical energy EL in
addition to these values. (a) of FIG. 31 shows an applied
voltage in the simulation, and (b) of FIG. 31 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to each of the comb electrodes 14A and 14B in (a)
of FIG. 31 in the simulation. (¢) of FIG. 31 shows how a pixel
is displayed in a case where power is off in the simulation and
how a pixel is displayed in a case where power is on in the
simulation.

Example 20

[0211] SimT was obtained in a similar manner to the
Example 4 except for that the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B was changed
from 2.6 um/6.0 pm to 2.6 um/2.0 um. In other words, SimT
was obtained in a similar manner to the Example 1 except for
that the electrode width L/electrode spacing S of the comb
electrodes 14A and 14B was changed from 2.6 pm/8.0 pm to
2.6 um/2.0 pm.

[0212] Table 4 collectively shows the SimT, relative per-
mittivity € and thickness d of the insulating layer 13, and
electrode width L/electrode spacing S of the comb electrodes
14A and 14B. Table 6 shows the electrical energy EL in
addition to these values. (a) of FIG. 32 shows an applied
voltage in the simulation, and (b) of FIG. 32 shows transmit-
tance, a director distribution of the liquid crystal molecules
31, and an equipotential curve achieved when a voltage of 6V
is applied to the comb electrode 14A in (a) of FIG. 32 in the
simulation. (¢) of FIG. 32 shows how a pixel is displayed in a
case where power is off in the simulation and how a pixel is
displayed in a case where power is on in the simulation.
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TABLE 1
Example 1 Example 2 Example 3 Example 4 Example5 Example 6 Example 7 Example 8
L/S 2.6/8.0 2.6/8.0 2.6/8.0 2.6/6.0 2.6/6.0 2.6/6.0 2.6/6.0 2.6/8.0
Relative permittivity € 6.9 6.9 6.9 6.9 6.9 33 6.9 33
Thickness d 0.1 0.1 0.3 0.1 0.1 3.2 0.3 1.0
Driving method Comb FFS FFS Comb FFS Comb FFS Comb
driving driving driving driving driving driving driving driving
Voltage V - ov 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
transmittance % 0.5V 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
1v 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
15V 0.1% 0.2% 0.2% 0.2% 0.2% 0.0% 0.1% 0.0%
2V 1.9% 13.3% 1.1% 0.9% 1.7% 0.1% 0.8% 0.2%
25V 7.5% 17.8% 7.7% 5.9% 3.8% 2.8% 2.8% 1.3%
3V 9.5% 20.0% 12.5% 10.0% 12.1% 11.4% 6.2% 5.0%
35V 11.4% 21.5% 15.6% 12.2% 14.8% 16.1% 7.8% 10.9%
4V 12.1% 22.5% 16.3% 13.5% 18.0% 19.1% 9.3% 17.5%
45V 12.9% 23.0% 16.9% 14.3% 20.0% 21.0% 10.5% 20.6%
5V 14.2% 23.3% 17.9% 15.5% 21.2% 22.2% 11.6% 22.4%
55V 15.8% 23.7% 18.3% 16.2% 22.0% 22.9% 12.5% 23.6%
6V 16.2% 23.8% 18.6% 16.7% 22.5% 23.3% 13.3% 24.4%
TABLE 2 TABLE 2-continued
Com- Com- Com- Com- Com- Com- Com- Com-
parative  parative  parative  parative parative  parative  parative  parative
Example 1 Example 2 Example 3 Example 4 Example 1 Example 2 Example 3 Example 4
. L/s o 2.641&0 2.6/8.0 2.6/8.0 2.6/8.0 25V 0.0% 0.0% 0.1% 0.2%
Re atlvelpermlmwty € No ing 3.3 3.3 3.3 3v 4.5% 0.0% 1.9% 0.8%
Thickness d Nothing 3.2 3.2 1.0 o o o o
Driving method Comb FFS Comb FFS 35V 16.1% 0.0% 13.6% 1.8%
- L - P 4V 20.0% 0.0% 19.7% 3.1%
driving driving driving driving
Voltage V - ov 0.0% 0.0% 0.0% 0.0% 45V 22.3% 0.0% 22.1% 4:4%
Transmittance 0.5V 0.0% 0.0% 0.0% 0.0% S5V 237% 0.0% 23.5% 5.7%
% 1V 0.0% 0.0% 0.0% 0.0% 55V 24.4% 0.0% 24.3% 7.3%
15V 0.0% 0.0% 0.0% 0.0% 6V 24.8% 0.1% 24.7% 8.5%
2V 0.0% 0.0% 0.0% 0.0%
TABLE 3
Example Example Example Example Example Example Example
9 10 11 12 13 14 15
L/S 2.6/8.0 2.6/8.0 2.6/4.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/8.0
Relative permittivity € 6.9 6.9 6.9 33 33 3.3 6.9
Thickness d 1.0 1.5 0.1 0.6 0.1 0.1 1.8
Driving method Comb Comb Comb Comb Comb FFS Comb
driving driving driving driving driving driving driving
Voltage V - 0.0V 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Transmittance % 0.5V 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
1.0V 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
15V 0.0% 0.0% 0.2% 0.0% 0.1% 0.2% 0.0%
20V 0.4% 0.2% 7.2% 0.3% 1.0% 1.5% 0.1%
25V 2.1% 1.6% 14.4% 1.8% 10.1% 15.8% 1.4%
3.0V 5.2% 4.8% 16.5% 4.9% 13.5% 19.4% 5.0%
35V 8.7% 9.2% 18.3% 8.7% 15.4% 21.3% 11.4%
40V 19.5% 13.7% 20.7% 19.7% 17.2% 22.0% 17.4%
45V 22.3% 16.5% 21.7% 21.2% 18.5% 22.9% 20.5%
S0V 23.5% 22.1% 22.3% 22.0% 19.5% 23.2% 22.2%
55V 242% 24.7% 22.5% 24.3% 20.1% 23.5% 23.3%
6.0V 24.6% 24.8% 23.2% 24.8% 20.4% 23.8% 24.1%
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TABLE 4

Example 16 Example 17 Example 18 Example 19 Example 20

L/S 2.6/12.0 2.6/12.0 2.6/14.0 2.6/16.0 2.6/2.0
Relative permittivity € 6.9 6.9 6.9 6.9 6.9
Thickness d 0.1 0.3 0.3 0.3 0.1
Driving method Comb FFS FFS FFS Comb
driving driving driving driving driving
Voltage V - 0.0V 0.0% 0.0% 0.0% 0.0% 0.0%
Transmittance % 0.5V 0.0% 0.0% 0.0% 0.0% 0.0%
1.0V 0.0% 0.0% 0.0% 0.0% 0.0%
15V 0.0% 0.1% 0.1% 0.1% 0.3%
20V 0.1% 0.9% 1.0% 0.7% 1.2%
25V 0.3% 3.0% 3.0% 2.3% 3.3%
3.0V 4.6% 6.1% 5.3% 4.8% 5.2%
3.5V 9.1% 9.2% 7.9% 7.6% 7.1%
40V 9.9% 11.7% 10.3% 10.2% 8.9%
45V 10.5% 13.7% 12.5% 12.3% 10.5%
5.0V 11.8% 15.2% 14.2% 13.9% 11.8%
55V 12.8% 16.4% 15.6% 15.1% 13.0%
6.0V 14.1% 16.9% 16.8% 16.1% 14.0%
TABLE 5

Comparative Comparative Comparative Comparative Comparative
Example 5  Example 6 Example 7  Example 8 Example 9

L/S 2.6/8.0 2.6/8.0 2.6/4.0 2.6/8.0 2.6/8.0
Relative permittivity € 6.9 6.9 6.9 33 6.9
Thickness d 1.0 1.5 0.1 0.6 2.0
Driving method FFS driving FFS driving FFSdriving FFS driving  Comb driving
Voltage V - 0.0V 0.0% 0.0% 0.0% 0.0% 0.0%
Transmittance % 0.5V 0.0% 0.0% 0.0% 0.0% 0.0%
1.0V 0.0% 0.0% 0.0% 0.0% 0.0%
15V 0.0% 0.0% 0.1% 0.0% 0.0%
20V 0.3% 0.1% 0.8% 0.2% 0.1%
25V 1.1% 0.5% 1.2% 0.8% 1.2%
3.0V 2.6% 1.3% 11.5% 2.1% 4.8%
35V 4.7% 2.5% 12.5% 3.7% 12.0%
40V 7.0% 4.1% 13.2% 5.8% 18.0%
45V 20.0% 5.8% 13.8% 19.0% 20.9%
5.0V 21.1% 7.6% 14.4% 20.6% 22.5%
55V 21.6% 20.1% 14.8% 21.2% 24.6%
6.0V 22.6% 21.0% 15.3% 21.7% 24.8%
TABLE 6
Comparative  Example Example Example Comparative Example  Example
Example 1 16 Example 1 Example 9 10 15 Example 9 Example 4 11 20
L/S 2.6/8.0 2.6/12.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/6.0 2.6/4.0 2.6/2.0
Relative Nothing 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9
permittivity €
Thickness d Nothing 0.1 0.1 1.0 1.5 1.8 2.0 0.1 0.1 0.1
Driving method Comb Comb Comb Comb Comb Comb Comb Comb Comb Comb
driving driving driving driving driving driving driving driving driving driving
SimT 20V 0.0% 0.1% 1.9% 0.4% 0.2% 0.1% 0.1% 0.9% 7.2% 1.2%
25V 0.0% 0.3% 7.5% 2.1% 1.6% 1.4% 1.2% 5.9% 14.4% 3.3%
35V 16.1% 9.1% 11.4% 8.7% 9.2% 11.4% 12.0% 12.2% 18.3% 7.1%
45V 22.3% 10.5% 12.9% 22.3% 16.5% 20.5% 20.9% 14.3% 21.7% 10.5%
55V 24.4% 12.8% 15.8% 24.2% 24.7% 23.3% 24.6% 16.2% 22.5% 13.0%
Electrical energy 0.29 0.48 0.62 0.59 0.48 0.44 0.34 0.63 0.69 0.74
EL
(J/m?)
Actual 20V — — 0.4% — — — — — — —
measurement T 2.5V — — 1.3% — — — — — — —
35V — — 4.4% — — — — — — —
45V — — 8.0% — — — — — — —

55V — — 11.8% — — — — — — —
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TABLE 7
Comparative
Example 13 Example 12 Example 8 Example3 Example 6
L/S 2.6/8.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/6.0
Relative permittivity € 33 33 33 33 33
Thickness d 0.1 0.6 1.0 3.2 3.2
Driving method Comb Comb Comb Comb Comb
driving driving driving driving driving
SimT 20V 1.0% 0.3% 0.2% 0.0% 0.1%
25V 10.1% 1.8% 1.3% 0.1% 2.8%
35V 154% 8.7% 10.9% 15.6% 16.1%
45V 18.5% 21.2% 20.6% 22.1% 21.0%
55V 20.1% 24.3% 23.6% 24.3% 22.9%
Electrical energy EL 0.85 0.77 0.67 0.37 0.49
(I/m3)
Actual 20V — — — 0.0% —
measurement T 2.5V — — — 0.0% —
3.5V — — — 12.8% —
45V — — — 17.0% —
55V — — — 19.5% —
TABLE 8
Example Example Example Comparative Comparative Comparative
19 18 17 Example 2 Example 3 Example5  Example 6 Example5 Example7 Example7
L/S 2.6/16.0 2.6/14.0 2.6/12.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/8.0 2.6/6.0 2.6/6.0 2.6/4.0
Relative 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9 6.9
permittivity €
Thickness d 0.3 0.3 0.3 0.1 0.3 1.0 1.5 0.1 0.3 0.1
Driving method FFS FES FFS FFS FFS FFS driving  FFS driving FFS FES FFS driving
driving driving driving driving driving driving driving
SimT 20V 0.7% 1.0% 0.9% 13.3% 1.1% 0.3% 0.1% 1.7% 0.8% 0.8%
25V 2.3% 3.0% 3.0% 17.8% 7.7% 1.1% 0.5% 3.8% 2.8% 1.2%
3.5V 7.6% 7.9% 9.2% 21.5% 15.6% 4.7% 2.5% 14.8% 7.8% 12.5%
45V 12.3% 12.5% 13.7% 23.0% 16.9% 20.0% 5.8% 20.0% 10.5% 13.8%
55V 15.1% 15.6% 16.4% 23.7% 18.3% 21.6% 20.1% 22.0% 12.5% 14.8%
Electrical energy 0.49 0.58 0.56 0.61 0.51 0.40 0.30 0.49 0.44 0.42
EL
(J/m?)
Actual 20V — — — 1.1% — — — — — —
measurement T 2.5V — — — 3.1% — — — — — —
3.5V — — — 7.8% — — — — — —
45V — — — 12.9% — — — — — —
5.5V — — — 19.6% — — — — — —
[0213] As is clear from Tables 2 and 6, in a case where a
TABLE 9 liquid crystal panel which does not have an FFS structure
(e.g., theliquid crystal panel 102 of the Comparative Example
Example Comparative Comparative Comparative l) . b-dri ising volt fliquid tal 1 1
14 Example 8  Fxampled  Fxample 2 1) is comb-driven, a rising voltage of liquid crystal molecules
is not less than 2.5V.
L/S 2.6/8.0 2.6/8.0 2.6/8.0 2.6/8.0 . . .. .
Relative 33 13 13 13 [0214] The fol.lowmg. d1§c.usses adriving Voltage. reduction
pemittivity e effect on the basis of this rising voltage. As shown in Table 9,
Thickness d 0.1 0.6 1.0 3.2 in a case where an insulating layer 13 made of an organic
Driving method FFS FFSdriving  FFS driving  FFS driving . . P . .
driving material such as an acrylic resin, i.e., an insulating layer 13
SimT 20V 1.5% 0.2% 0.0% 0.0% having a low relative permittivity € of 3.3 for example is
25V 15.8% 0.8% 0.2% 0.0% used, a driving voltage reduction effect cannot be observed
0, 0, 0, 0, .. . .
35V 213% 3.7% 1.8% 0.0% under the conditions that (i) the electrode width [/electrode
45V 229% 19.0% 4.4% 0.0% . S of th bel des 14A and 14B is 2.6/8.0. (ii
S5V 23.5% 21.2% 73% 0.0% spacing S of the comb electrodes an is 2.6/8.0, (ii)
Electrical 0.64 0.35 0.34 0.33 a thickness d of the insulating layer 13 is not less than 0.6 um
energy EL (J/m?) for example, and (iii) the liquid crystal panel 2 is FFS driven.
Actual 20V — - - 0.0% However, even in a case where such an organic insulating
EZ?;”TN izz - - - 8‘8;’ layer 13 having a low relative permittivity € of 3.3 for
.. _— _— —_— . 0 . . . .
45V _ _ _ 0.0% example is used, a (.1r1V1ng.V01tage reduction effec.t can be
55V _ _ _ 0.0% observed and transmittance increases under the condition that

the insulating layer has a small thickness d of 0.1 ym for
example.
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[0215] As shown in Table 8, in a case where an inorganic
insulating layer 13 having a high relative permittivity € of 6.9
for example is used, a driving voltage reduction effect cannot
be observed under the conditions that (i) the electrode width
L/electrode spacing S of the comb electrodes 14A and 14B is
2.6/8.0, (ii) a thickness d of the insulating layer 13 is not less
than 1.0 um for example, and (iii) the liquid crystal panel 2 is
FFS driven. However, even in a case where such an inorganic
insulating layer 13 having a high relative permittivity € of 6.9
for example is used, a driving voltage reduction effect can be
observed and transmittance increases under the condition that
the insulating layer has a small thickness d of not more than
0.3 um for example.

[0216] As described above, in a case where FFS driving is
carried out, a smaller thickness d of the insulating layer 13
produces a higher driving voltage reduction effect and higher
transmittance regardless of the relative permittivity €
although a suitable thickness d of the insulating layer 13
varies depending on the relative permittivity €.

[0217] Further, as shown in Tables 6 and 7, also in a case
where the liquid crystal panel 2 is comb-driven, a smaller
thickness d of the insulating layer 13 produces a higher driv-
ing voltage reduction effect and higher transmittance regard-
less of the relative permittivity €.

[0218] However, in a case where the liquid crystal panel 2 is
comb-driven and where an organic insulating layer 13 having
a low relative permittivity € of 3.3 for example is used, a
driving voltage reduction effect cannot be observed under the
conditions that (i) the electrode width L/electrode spacing S
of the comb electrodes 14A and 14B is 2.6/8.0 and (ii) the
insulating layer 13 has a large thickness d of 3.2 um for
example (see Table 7). In such a case where the insulating
layer 13 has a low relative permittivity € of 3.3 and the
electrode width L/electrode spacing S of the comb electrodes
14A and 14B is 2.6/8.0, a driving voltage reduction effect can
be observed and transmittance increases under the condition
that the thickness d of the insulating layer 13 is not more than
1.0 pum for example.

[0219] Meanwhile, in a case where the liquid crystal panel
2 is comb-driven and where an inorganic insulating layer 13
having a high relative permittivity € of 6.9 for example is
used, a driving voltage reduction effect cannot be observed
under the conditions that (i) the electrode width L/electrode
spacing S of the comb electrodes 14A and 14B is 2.6/8.0 and
(ii) the insulating layer 13 has a large thickness d of 2.0 um for
example (see Table 6). However, in a case where the inorganic
insulating layer 13 having a high relative permittivity € 0f 6.9
is used, a driving voltage reduction effect could be observed
in all of the Examples as a result of comb driving of the liquid
crystal panel 2 under the condition that the insulating layer 13
has a thickness d of not more than 1.8 pum, regardless of the
thickness d of the insulating layer 13 and the electrode width
L/electrode spacing S of the comb electrodes 14A and 14B.
[0220] Further, in a case where the liquid crystal panel 2 is
comb-driven and in a case where an organic insulating layer
13 having a low relative permittivity € of 3.3 for example and
having a thickness of 3.2 pum is used as described above, a
driving voltage reduction effect can be observed and trans-
mittance increases in a case where the electrode spacing S is
made smaller, as is clear from a comparison between the
Example 6 and the Comparative Example 3.

[0221] Note that in a case where the liquid crystal panel 2 is
comb-driven and in a case where an insulating layer 13 having
a high relative permittivity € of 6.9 for example is used, a
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smaller electrode spacing S produces a higher effect regard-
less of the thickness d of the insulating layer 13, as is clear
from comparisons among the Examples 1, 4, 11, 16 and 20
shown in Table 6 and a comparison between the Example 6
and the Comparative Example 3 shown in Table 7.

[0222] Incontrast to the case where comb driving is carried
out, in a case where FFS driving is carried out and where the
insulating layer 13 has a thickness d of 0.1 um, a smaller
electrode spacing S produces a smaller driving voltage reduc-
tion effect and lower transmittance, as is clear from compari-
sons among the Example 2, the Example 5, and the Compara-
tive Example 7 shown in Table 8. However, in a case where
FFS driving is carried out and where the insulating layer 13
has a thickness d of 0.3 um, tendency of a driving voltage
reduction effect and transmittance varies depending on
whether the electrode spacing S is not more than 12.0 um or
notless than 12.0 um, as is clear from comparisons among the
Examples 3, 7, and 17-19 shown in Table 8. Specifically, in a
case where the electrode spacing S is not more than 12.0 pm,
a smaller electrode spacing S tends to produce a smaller
driving voltage reduction effect and lower transmittance.
Meanwhile, in a case where the electrode spacing S is not less
than 12.0 um, a larger electrode spacing S tends to produce a
smaller driving voltage reduction effect and lower transmit-
tance.

[0223] It can be hypothesized that the reason why a higher
effect can be obtained as the electrode spacing S becomes
smaller is that since, in comb driving, an electric field is
applied in parallel in a lateral direction, the electric field
intensity increases as the electrode spacing S becomes
smaller.

[0224] With the use of the electrical energy EL, reasons for
these phenomena can be explained. Specifically, it was con-
firmed that the smaller the thickness d of the insulating layer
13 becomes, the higher the electrical energy EL becomes and
the more actively liquid crystal molecules move regardless of
a relative permittivity € and a driving method although a
suitable thickness d of the insulating layer 13 varies depend-
ing on the relative permittivity € as described above.

[0225] Further, in comb driving, the electrical energy
increases on the whole as the electrode spacing S becomes
smaller, as shown in Tables 6 and 7. In contrast, in FFS
driving, the electrical energy EL becomes smaller as the
electrode spacing S becomes smaller, as shown in Table 8.
[0226] The results shown in Tables 6 through 8 revealed
that a driving voltage reduction effect can be observed in an
arrangement in which the electrical energy EL is not less than
0.44 J/m?, regardless of whether comb driving is carried out
or FFS driving is carried out. Further, in a case where FFS
driving was carried out, a remarkable effect could be attained
in driving voltage reduction and transmittance improvement
in a case where the electrical energy EL was not less than 0.6
Tim3.

[0227] Each of the liquid crystal panels 2 and 102 used in
the Examples and the Comparative Examples is a vertical
alignment lateral electric field mode liquid crystal panel in
which driving with the use of a lateral electric field is carried
out in a vertical alignment mode. As such, the liquid crystal
molecules 31 in the liquid crystal panel 2 and the liquid
crystal molecules 131 in the liquid crystal panel 102 are
aligned vertically with respect to a substrate surface and each
pixel becomes dark as shown in (¢) of FIGS. 4 through 32
when the power is off (i.e., in a case where no electric field is
generated between the comb electrodes 14A and 14B,
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between the upper electrode (the comb electrodes 14A and
14B) and the lower electrode 12 and between the comb elec-
trodes 112 and 113).

[0228] Meanwhile, when the power is on (i.e., in a case
where driving is carried out with the use of a lateral electric
field generated between the electrodes), the liquid crystal
molecules 31 are aligned symmetrically with respect to a line
that is halfway between the comb electrodes 14A and 14B and
the liquid crystal molecules 131 are aligned symmetrically
with respect to a line that is halfway between the comb elec-
trodes 112 and 113, and each pixel becomes bright as shown
in (c) of FIGS. 4 through 32.

[0229] Notethatin (c) of FIGS. 4 through 32, “H” indicates
analignment space in which the liquid crystal molecules 31 or
the liquid crystal molecules 131 operate when the power is on,
and “T” indicates disclination (border at which alignment
disorder occurs) between the comb electrodes 14A and 14B
or between the comb electrodes 14A and 14B. Note that
transmittance varies depending on how large the alignment
space is, and is affected by the disclination.

[0230] Theresults shown in (c) of FIGS. 4 through 32 show
that in a case where an identical driving method is used,
occurrence of the disclination can be suppressed more effec-
tively in the Examples as compared to the Comparative
Examples. Especially in a case where comb driving is carried
out, no disclination occurs between the comb electrodes 14A
and 14B in the Examples 1, 4, 9, 10, 11-13, and 17, so that a
liquid crystal panel 2 that is bright and good in display quality
can be realized.

[0231] Next, the following describes a suitable thickness d
ofthe insulating layer 13 and a suitable electrode spacing S in
each driving method which were examined in view of the
electrical energy EL.

[0232] [Thickness d of the Insulating Layer 13 in a Case
Where FFS Driving is Used]

[0233] FIG. 33 shows a relationship between the electrical
energy EL and the thickness d of the insulating layer 13 in
each of the Examples 2, 3, and 14 and the Comparative
Examples 2, 4, 5, 6, and 8 in which FFS driving was used.
[0234] As shown in FIG. 33, in a case where FFS driving is
used, the electrical energy EL becomes larger as the thickness
d becomes smaller, regardless of the relative permittivity €.
[0235] The result shown in FIG. 33 reveals that in a case
where an organic insulating layer 13 having a low relative
permittivity € of 3.3 for example is used, it is preferable that
the thickness d of the insulating layer 13 is not more than 0.35
um which allows the electrical energy to be not less than 0.44
J/m>. Further, the result shown in FIG. 33 reveals that in a case
where an inorganic insulating layer 13 having a high relative
permittivity € of 6.9 for example is used, it is preferable that
the thickness d of the insulating layer 13 is not more than 0.65
pwm ;NhiCh allows the electrical energy to be not less than 0.44
Jm®.

[0236] Note that the result shown in FIG. 33 shows that an
upper limit of the thickness d of the insulating layer 13 falls in
a range from 0.35 to 0.65 in a case where the relative permit-
tivity € of the insulating layer 13 is in a range from 3.3 to 6.9.
[0237] Itis preferable, from the viewpoint of an insulation
property, that a lower limit of the thickness d of the insulating
layer 13is 0.1 um. As long as the thickness d of the insulating
layer 13 is not less than 0.1 um, it is possible to prevent
occurrence of insulation failure due to lattice defects.

[0238] Further, as shown in FIG. 33, in a case where the
electrode spacing S is 8.0 um, an electrical energy EL of not
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less than 0.60 J/m3 can be obtained regardless of the relative
permittivity €, as long as the thickness d of the insulating
layer 13 is 0.1 pm.

[0239] [Thickness d of the Insulating Layer 13 in a Case
where Comb Driving is Used]

[0240] FIG. 34 shows a relationship between the electrical
energy EL and the thickness d of the insulating layer 13 in
each of the Examples 1, 8, 9, 10, 12, 13, and 15 and the
Comparative Examples 1, 3, and 9 in which comb driving was
used.

[0241] As shown in FIG. 34, also in a case where comb
driving is used, the electrical energy EL becomes larger as the
thickness d becomes smaller, regardless of the relative per-
mittivity €.

[0242] The result shown in FIG. 34 reveals that in a case
where an organic insulating layer 13 having a low relative
permittivity € of 3.3 for example is used, it is preferable that
the thickness d of the insulating layer 13 is not more than 2.8
um which allows the electrical energy to be not less than 0.44
J/m>. Further, the result shown in FIG. 33 reveals thatin a case
where an inorganic insulating layer 13 having a high relative
permittivity € of 6.9 for example is used, it is preferable that
the thickness d of the insulating layer 13 is not more than 1.8
um which allows the electrical energy to be not less than 0.44
Im?.

[0243] Alsoinacase where an inorganic insulating layer 13
is used as above, it is preferable, from viewpoint of prevention
of insulation failure due to lattice defects and uneven film
thickness, that the thickness d of the insulating layer 13 is not
less than 0.1 um.

[0244] [Electrode Spacing S in a Case where FFS Driving
was Used]
[0245] FIG. 35 shows a relationship between the electrical

energy EL and the electrode spacing S of the comb electrodes
14A and 14B in each of the Examples 2,3, 5,7,17, 18,and 19
and the Comparative Examples 7 in which FFS driving was
used.

[0246] As shown in FIG. 35, in a case where FFS driving is
used and where the thickness d of the insulating layer 1315 0.1
um, the electrical energy EL becomes smaller as the electrode
spacing S becomes smaller.

[0247] Meanwhile, in a case where the thickness d of the
insulating layer 13 is 0.3 um, the electrical energy EL
becomes smaller as the electrode spacing S becomes smaller
under the condition that the electrode spacing S is not more
than 12.0 um, whereas the electrical energy EL becomes
larger as the electrode spacing S becomes smaller under the
condition that the electrode spacing S is not less than 12.0 pm.

[0248] The result shown in FIG. 35 reveals that in a case
where an inorganic insulating layer 13 which has a thickness
d of 0.1 um and has a high relative permittivity € of 6.9 for
example is used, it is preferable that the electrode spacing S is
not less than 4.5 pm which allows the electrical energy EL to
be not less than 0.44 J/m>.

[0249] Further, the result shown in FIG. 35 reveals that in a
case where an inorganic insulating layer 13 which has a
thickness d of 0.3 um and has a high relative permittivity € of
6.9 for example is used, it is preferable that the electrode
spacing S is in a range from not less than 6.0 um to not more
than 17.5 um which allows the electrical energy EL to be not
less than 0.44 J/m>.
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[0250] [Electrode Spacing S in a Case where Comb Driving
was Used]
[0251] FIG. 36 shows a relationship between the electrical

energy EL and the electrode spacing S of the comb electrodes
14A and 14B in each of the Examples 1,4, 11, and 16 in which
comb driving was used.

[0252] As described above, in a case where comb driving is
used, the electrical energy EL. becomes larger as the electrode
spacing S becomes smaller, regardless of the thickness d of
the insulating layer 13. FIG. 36 shows a relationship between
the electrical energy EL and the electrode spacing S which
relationship is obtained in a case where an inorganic insulat-
ing layer 13 which has a thickness d of 0.1 pm and has a
relative permittivity € of 6.9 is used.

[0253] The result shown in FIG. 36 reveals that in a case
where an inorganic insulating layer 13 which has a thickness
d of 0.1 um and has a high relative permittivity € of 6.9 for
exampleis used, itis preferable that the electrode spacing S of
the comb electrodes 14A and 14B is not more than 14.5 pm
which allows the electrical energy EL to be not less than 0.44
J/m?.

[0254] [Aperture Ratio]

[0255] The transmittance in each the Examples and the
Comparative Examples shown in Tables 1 through 5 is trans-
mittance within an infinite plane. In actual manufacturing of
the liquid crystal panel 2 (liquid crystal display element), a
pixel size makes a difference.

[0256] Specifically, assuming that a pixel has a size of
approximately 100x300 pm, the number of dark lines is deter-
mined depending on the electrode spacing S. The number of
dark lines increases as the electrode spacing S becomes
smaller.

[0257] Here, asubstantial transmission part (part except for
the dark lines) becomes an aperture. The transmission part
becomes larger as an area of the aperture becomes larger.
Accordingly, the electrode spacing S is limited.

[0258] Table 10 shows results obtained by calculating, as
an aperture ratio, a space part of each pixel (part except for the
comb electrodes 14A and 14B) along with the electrode spac-
ing S, the electrode width L, and the number of the comb
electrodes 14A and 14B (number of lines), which space part
was calculated on the assumption that each pixel has a width
0f'100 um (width in a direction vertical to the comb electrodes
14A and 14B). FIG. 37 shows a relationship between the
electrode spacing S and the aperture ratio which relationship
is obtained in this case. Note that the aperture ratio is calcu-
lated based on the electrode spacing S, the electrode width L,
and the number of lines, as described above. Accordingly,
whether comb driving is carried out or FFS driving is carried
out makes no difference.

[0259] Theresultshown in FIG. 37 reveals that the aperture
ratio rapidly declines as the electrode spacing S goes below 4
um. Accordingly, it is preferable, from the viewpoint of the
aperture ratio, that the electrode spacing S is not less than 4
wm, and the result shown in FIG. 37 and Table 10 shows that
it is more preferable that the electrode spacing S is not less
than 6 um, regardless of whether comb driving is carried out
or FFS driving is carried out.
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TABLE 10

Electrode Electrode Number of Aperture
spacing S width L lines ratio
2 pm 2.6 um 22 43%
4ym 2.6 um 15 61%
6 um 2.6 um 12 70%
8 um 2.6 um 9 75%
10 pm 2.6 um 8 79%
12 ym 2.6 um 7 82%
14 um 2.6 um 6 84%
16 ym 2.6 um 5 86%

[0260] [Substantial Transmittance]

[0261] A substantial transmittance of a liquid crystal dis-
play device using a liquid crystal panel such as a TFT panel
can be calculated by multiplying (i) the aperture ratio, (ii)
transmittance within an infinite plane according to the present
invention, and (iii) transmittance of a color filter (approxi-
mately 28%).

[0262] Table 11 shows substantial transmittance obtained
in a case where the driving methods were employed, along
with an electrode spacing S between adjacent comb elec-
trodes 14A and 14B, transmittance within an infinite plane
obtained when a voltage of 6V is applied, and an aperture
ratio.

TABLE 11
Electrode 6V Aperture  Substantial

Examples  spacing S transmittance ratio transmittance
Comb  Example 2 um 14.0% 43% 1.7%
driving 20

Example 4 pym 23.2% 61% 3.9%

11

Example 4 6 um 16.7% 70% 3.3%

Example 1 8 um 16.2% 75% 3.4%

Example 12 pm 14.1% 82% 3.2%

16
FFS Example 7 6 pm 13.3% 70% 2.6%
driving Example 3 8 um 18.6% 75% 3.9%

Example 12 pm 16.9% 82% 3.9%

17

Example 14 pm 16.8% 84% 4.0%

18

Example 16 pm 16.1% 86% 3.9%

19
[0263] FIG. 38 shows relationships in the respective driv-

ing methods between substantial transmittance and an elec-
trode spacing S.

[0264] As shown in FIG. 38, in a case where comb driving
is carried out, substantial transmittance rapidly declines as the
electrode spacing S exceeds 12.0 um. As such, in a case where
comb driving is carried out, it is preferable, from the view-
point of substantial transmittance, that the electrode spacing S
is not more than 12.0 um. Further, as shown in FIG. 38, in a
case where comb driving is carried out, substantial transmit-
tance rapidly declines as the electrode spacing S goes below
4 um. As such, in a case where comb driving is carried out, it
is preferable, not only from the viewpoint of an aperture ratio
(see FIG. 37 and Table 10), but also from the viewpoint of
substantial transmittance, that the electrode spacing S is not
less than 4 pm.

[0265] Further, FIG. 38 shows that in a case where FFS
driving is carried out and where the thickness d of the insu-
lating layer 13 is 0.3 pum, also from the viewpoint of substan-
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tial transmittance, the electrode spacing S is preferably not
less than 6 um, and more preferably not less than 8 pum, as in
the relationship between the electrical energy EL and the
electrode spacing S shown in FIG. 35. FIG. 38 also shows that
the substantial transmittance starts to decline as the electrode
spacing S becomes 12.0 um or larger.

[0266] The above results reveal that evaluation using the
electrical energy EL is useful as an easy evaluation method
for obtaining a liquid crystal panel 2 and a liquid crystal
display device 1 in which a driving voltage is low and trans-
mittance is high.

[0267] Itis therefore possible to manufacture a liquid crys-
tal panel 2 and a liquid crystal display device 1 in which a
driving voltage is low and transmittance is high in a case
where on one of substrates 10 and 20 which sandwich a liquid
crystal layer 30 and face each other, an upper electrode con-
stituted by comb electrodes 14A and 14B and a lower elec-
trode 12 are formed so as to overlap each other via an insu-
lating layer 13, and a combination of an electrode spacing S of
the comb electrodes 14A and 14B, a thickness of the insulat-
ing layer 13, a relative permittivity € of the insulating layer
13, and a driving method is determined so that an electrical
energy EL is not less than 0.44 J/m?>.

[0268] The above results reveal that in a case where comb
driving is carried out, an electrical energy EL of not less than
0.44 J/m? and high transmittance can be obtained under the
conditions that (1) the insulating layer 13 has a relative per-
mittivity of 3.3, (ii) the electrode spacing S between the
adjacent comb electrodes 14A and 14B is not more than 12.0
um, and (iii) the insulating layer 13 has a thickness d of 2.8
um. According to the arrangement, it is therefore possible to
manufacture a liquid crystal panel 2 and a liquid crystal
display device 1 in which a driving voltage is low and trans-
mittance is high.

[0269] Further, in a case where comb driving is carried out,
an electrical energy EL of not less than 0.44 J/m® and high
transmittance can be obtained also under the conditions that
(1) the insulating layer 13 has a relative permittivity in a range
from 3.3 to 6.9, (ii) the electrode spacing S between the
adjacent comb electrodes 14A and 14B is not more than 12.0
um, and (iii) the insulating layer 13 has a thickness d of not
more than 1.8 pm. Also in this case, it is therefore possible to
manufacture a liquid crystal panel 2 and a liquid crystal
display device 1 in which a driving voltage is low and trans-
mittance is high.

[0270] Note that, for the above-mentioned reason, itis pref-
erable that the thickness d of the insulating layer 13 is not less
than 0.1 um.

[0271] Meanwhile, in a case where FFS driving is carried
out, in order to obtain an electrical energy EL. of not less than
0.44 J/m?>, it is preferable that the thickness d of the insulating
layer 13 is not more than 0.65 pm, under the conditions that
the relative permittivity of the insulating layer 13 is 6.9 and
the electrode spacing S between the adjacent comb electrodes
14A and 14B is 8.0 um. Further, it is preferable that the
thickness d of the insulating layer 13 is not more than 0.35 pum
under the conditions that the relative permittivity of the insu-
lating layer 13 is in a range from 3.3 to 6.9 and the electrode
spacing S between the adjacent comb electrodes 14A and 14B
is 8.0 pum.

[0272] Note that, for the above-mentioned reason, itis pref-
erable, also in these cases, that the thickness d of the insulat-
ing layer 13 is not less than 0.1 pum.
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[0273] Further, in a case where FFS driving is carried out, it
is preferable that the electrode spacing S between the adjacent
comb electrodes 14A and 14B is not less than 4.5 pm under
the conditions that the relative permittivity of the insulating
layer 13 is 6.9 and the thickness of the insulating layer 13 is
0.1 pm. In this case, an electrical energy EL of not less than
0.44 J/m? and high substantial transmittance can be obtained,
as described above. Note that, in this case, the larger the
electrode spacing S is, the better it is. That is, an upper limit
of the electrode spacing S is not limited in particular. Note
that the upper limit of the electrode spacing S is automatically
determined based on a pixel area, as long as the number of
comb electrodes 14A and 14B (the number of lines) and the
electrode width L are determined.

[0274] Further, in a case where FFS driving is carried out,
an electrical energy EL of not less than 0.44 J/m® and high
transmittance can be obtained as described above also under
the conditions that (i) the insulating layer 13 has a relative
permittivity of 6.9, (ii) the insulating layer 13 has a thickness
in a range from 0.1 um to 0.3 pm, and (iii) the electrode
spacing S between the adjacent comb electrodes 14A and 14B
is not less than 6.0 pm.

[0275] Further, in a case where FFS driving is carried out
and where the electrode spacing S is 8.0 um, an electrical
energy EL of not less than 0.60 J/m® can be obtained regard-
less of the relative permittivity € as long as the thickness d of
the insulating layer 13 is 0.1 um.

[0276] As thus far described, the present invention is an
extremely revolutionary invention which can realize both of
reduction in voltage and improvement in transmittance in a
display mode in which a lateral electric field is applied in a
vertical alignment cell, which realization has been considered
difficult.

[0277] Note that, according to the present invention, a
material (relative permittivity €) and a thickness d of the
insulating layer 13 and the electrode width [/electrode spac-
ing S are not limited in particular, provided that they are
set/selected so that an electrical energy EL satisfies the above
range.

[0278] Further, materials and formation methods for other
constituents can be selected/set as has been conventionally
done, and need not to be changed.

[0279] The above Examples have dealt with an example in
which. ITO was used as the comb electrodes 14A and 14B.
However, it is needless to say that IZO (Indium Zinc Oxide)
can be used instead of ITO. Similarly, a material and thick-
ness of each constituent is not limited in particular.

[0280] These conditions can be appropriately selected and
changed by a person skilled in the art. It is only necessary that
at least one parameter selected from a group of a material
(relative permittivity €) and a thickness d of the insulating
layer 13 and the electrode width L/electrode spacing S is set
in accordance with a formation condition of each used con-
stituent so that an electrical energy EL satisfies the above
range.

[0281] Note that in a case where an acrylic resin having a
thickness in a range from 1 pm to 3 um is used as an organic
insulating layer 13, a black matrix 13A and a color filter 13B
may be formed as the insulating layer 13 as shown in FIG. 39
instead of forming a color filter layer on the substrate 20. That
is, a color filter can be used instead of the insulating layer 13
so as to function as an insulating layer. In other words, the
insulating layer 13 may include a color filter layer.
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[0282] FIG. 39 is a cross-sectional view of a liquid crystal
panel 2 in which an insulating layer constituted by the black
matrix 13A and the color filter 13B is used as the insulating
layer 13 as described above, which cross-sectional view is
taken when no voltage is applied.

[0283] As described above, a liquid crystal panel of the
present invention includes: a pair of substrates which face
each other; a liquid crystal layer sandwiched by the pair of
substrates; and an upper electrode and a lower electrode
which are provided on one of the pair of substrates and over-
lap each other via an insulating layer, the upper electrode
being constituted by comb electrodes, an average electrical
energy being not less than 0.44 J/m® in a part of the liquid
crystal layer which part is 0.1 um deep from a surface of the
other one of the pair of substrates and which part overlaps the
comb electrodes when the liquid crystal layer is viewed from
a direction vertical to a substrate surface. Further, a liquid
crystal display device of the present invention includes the
liquid crystal panel.

[0284] The liquid crystal panel may be arranged such that
(i) the upper electrode is constituted by a first and second
comb electrodes, and the liquid crystal layer is driven with use
of an electric field generated between the first and second
comb electrodes which are adjacent or may be arranged such
that (ii) the liquid crystal layer is driven with use of an electric
field generated between the upper electrode and the lower
electrode.

[0285] Here, it is preferable that a relative permittivity of
the insulating layer is 3.3, a spacing between the first and
second comb electrodes is not more than 12.0 pm, and a
thickness of the insulating layer is in a range from not less
than 0.1 um to not more than 2.8 um or it is preferable that a
relative permittivity of the insulating layer is in a range from
33 to 6.9, a spacing between the first and second comb
electrodes is not more than 12.0 um, and a thickness of the
insulating layer is in a range from not less than 0.1 pm to not
more than 1.8 pm.

[0286] Further, it is preferable, for the above-mentioned
reason, that the spacing between the first and second comb
electrodes is not less than 4 um.

[0287] Meanwhile, in a case where (ii) the liquid crystal
layer is driven with use of an electric field generated between
the upper electrode and the lower electrode, it is preferable
that the electrical energy is not less than 0.60 J/m>.

[0288] Further, in a case where (ii) the liquid crystal layeris
driven with use of an electric field generated between the
upper electrode and the lower electrode, in order that the
electrode energy is 0.44 J/m?, it is preferable that a relative
permittivity of the insulating layer is 6.9, a spacing between
any adjacent two of the comb electrodes in the upper elec-
trode is 8.0 um, and a thickness of the insulating layer is in a
range from not less than 0.1 um to not more than 0.65 pm.
Alternatively, it is preferable that a relative permittivity of the
insulating layer is in a range from 3.3 to 6.9, a spacing
between any adjacent two of the comb electrodes in the upper
electrode is 8.0 um, and a thickness of the insulating layer is
in a range from not less than 0.1 pm to not more than 0.35 pm.
Alternatively, it is preferable that a relative permittivity of the
insulating layer is 6.9, a thickness of the insulating layeris 0.1
um, and a spacing between any adjacent two of the comb
electrodes in the upper electrode is not less than 4.5 pm.
Alternatively, it is preferable that a relative permittivity of the
insulating layer is 6.9, a thickness of the insulating layer is in
a range from 0.1 um to 0.3 pum, and a spacing between any
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adjacent two of the comb electrodes in the upper electrode is
in a range from not less than 6.0 pm to not more than 12.0 pm.
[0289] Further, the insulating layer may include a color
filter layer. That is, in a case where an acrylic resin as an
organic insulating layer is used as the insulating layer, a color
filter layer can be used instead of the insulating layer so as to
function as an insulating layer. This makes it possible (i) to
form a color filter on the substrate on which the upper elec-
trode and the lower electrode are provided and (ii) to reduce
a thickness of the liquid crystal panel.

[0290] As described above, a method of the present inven-
tion for manufacturing a liquid crystal panel, includes: form-
ing an upper electrode and a lower electrode on one of a pair
of substrates which sandwich a liquid crystal layer and face
each other, the upper electrode being constituted by comb
electrodes and overlapping the lower electrode via an insu-
lating layer; and determining a combination of an electrode
spacing of the comb electrodes, a thickness of the insulating
layer, a relative permittivity of the insulating layer, and a
driving mode so that an average electrical energy becomes not
less than 0.44 J/m> in a part of the liquid crystal layer which
part is 0.1 um deep from a surface of the other one of the pair
of substrates and which part overlaps the comb electrodes
when the liquid crystal layer is viewed from a direction ver-
tical to a substrate surface.

[0291] According to the present invention, it is possible to
provide (i) a liquid crystal panel, (ii) a method for manufac-
turing the liquid crystal panel, and (iii) a liquid crystal display
device, each of which can achieve a high-speed response, a
wide viewing angle characteristic, and a high contrast, can
carry out driving with the use of a practical driving voltage,
and has a high transmittance.

[0292] The present invention is not limited to the descrip-
tion of the embodiments above, but may be altered by a
skilled person within the scope of the claims. An embodiment
based on a proper combination of technical means disclosed
in different embodiments is encompassed in the technical
scope of the present invention.

INDUSTRIAL APPLICABILITY

[0293] A liquid crystal panel and a liquid crystal display
device of the present invention do not require an initial bend
transition operation, have high transmittance while attaining
a practical driving voltage, and can simultaneously achieve
characteristics of (i) a wide viewing angle equivalent to those
of an MVA mode and an IPS mode, (ii) a high-speed response
as fast as or faster than that of the OCB mode, and (iii) a high
contrast. As such, the liquid crystal panel and the liquid crys-
tal display device of the present invention can be suitably
applied especially to a public bulletin board for an outdoor
use, and mobile devices such as a mobile phone and a PDA.

REFERENCE SIGNS LIST

[0294] 1: Liquid crystal display device
[0295] 2: Liquid crystal panel

[0296] 3: Driving circuit

[0297] 4: Backlight

[0298] 5: Liquid crystal cell

[0299] 10: Substrate

[0300] 11: Glass substrate

[0301] 12: Lower electrode

[0302] 13: Insulating layer

[0303] 13A: Black matrix
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[0304] 13B: Color filter
[0305] 14: Upper electrode
[0306] 14A: Comb electrode
[0307] 14B: Comb electrode
[0308] 15: Alignment film
[0309] 20: Substrate
[0310] 21: Glass substrate
[0311] 22: Alignment film
[0312] 30: Liquid crystal layer
[0313] 31: Liquid crystal molecule
[0314] 33: Spacer
[0315] 34: Sealing agent
[0316] 35: Polarizer
[0317] 36: Polarizer
[0318] 37: Phase plate
[0319] 38: Phase plate

1. A liquid crystal panel comprising:

a pair of substrates which face each other;

a liquid crystal layer sandwiched by the pair of substrates;
and

an upper electrode and a lower electrode which are pro-
vided on one of the pair of substrates and overlap each
other via an insulating layer,

the upper electrode being constituted by comb electrodes,

an average electrical energy being not less than 0.44 J/m> in
apartofthe liquid crystal layer which part is 0.1 pm deep
from a surface of the other one of the pair of substrates
and which part overlaps the comb electrodes when the
liquid crystal layer is viewed from a direction vertical to
a substrate surface.

2. The liquid crystal panel according to claim 1, wherein:

the upper electrode is constituted by first and second comb
electrodes, and the liquid crystal layer is driven with use
of an electric field generated between the first and sec-
ond comb electrodes which are adjacent to each other.

3. The liquid crystal panel according to claim 1, wherein:

a relative permittivity of the insulating layer is 3.3, a spac-
ing between the first and second comb electrodes which
are adjacent to each other is not more than 12.0 um, and
a thickness of the insulating layer is in a range from not
less than 0.1 pm to not more than 2.8 um.

4. The liquid crystal panel according to claim 1, wherein:

a relative permittivity of the insulating layer is in a range
from 3.3 to 6.9, a spacing between the first and second
comb electrodes which are adjacent to each other is not
more than 12.0 um, and a thickness of the insulating
layer is in a range from not less than 0.1 pm to not more
than 1.8 pm.
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5. The liquid crystal panel according to claim 1, wherein:

the liquid crystal layer is driven with use of an electric field
generated between the upper electrode and the lower
electrode.

6. The liquid crystal panel according to claim 5, wherein:

the electrical energy is not less than 0.60 J/m®.

7. The liquid crystal panel according to claim 5, wherein:

a relative permittivity of the insulating layer is 6.9, a spac-
ing between any adjacent two of the comb electrodes in
the upper electrode is 8.0 um, and a thickness of the
insulating layer is in a range from not less than 0.1 pm to
not more than 0.65 um.

8. The liquid crystal panel according to claim 5, wherein:

a relative permittivity of the insulating layer is in a range
from 3.3 to 6.9, a spacing between any adjacent two of
the comb electrodes in the upper electrode is 8.0 um, and
a thickness of the insulating layer is in a range from not
less than 0.1 um to not more than 0.35 pm.

9. The liquid crystal panel according to claim 5, wherein:

a relative permittivity of the insulating layer is 6.9, a thick-
ness of the insulating layer is 0.1 pm, and a spacing
between any adjacent two of the comb electrodes in the
upper electrode is not less than 4.5 pum.

10. The liquid crystal panel according to claim 5, wherein:

a relative permittivity of the insulating layer is 6.9, a thick-
ness of the insulating layer is in a range from 0.1 um to
0.3 um, and a spacing between any adjacent two of the
comb electrodes in the upper electrode is in a range from
not less than 6.0 um to not more than 12.0 um.

11. The liquid crystal panel according to claim 1, wherein:

the insulating layer includes a color filter layer.

12. A liquid crystal display device comprising a liquid

crystal panel as set forth in claim 1.

13. A method for manufacturing a liquid crystal panel,

comprising;

forming an upper electrode and a lower electrode on one of
a pair of substrates which sandwich a liquid crystal layer
and face each other, the upper electrode being consti-
tuted by comb electrodes and overlapping the lower
electrode via an insulating layer; and

determining a combination of an electrode spacing of the
comb electrodes, a thickness of the insulating layer, a
relative permittivity of the insulating layer, and a driving
mode so that an average electrical energy becomes not
less than 0.44 J/m® in a part of the liquid crystal layer
which part is 0.1 pm deep from a surface of the other one
of the pair of substrates and which part overlaps the
comb electrodes when the liquid crystal layer is viewed
from a direction vertical to a substrate surface.
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