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(57) ABSTRACT

A liquid crystal display device includes a substrate, an insu-
lating layer, an upper electrode layer, and a lower electrode
layer. The upper electrode layer and the lower electrode layer
are formed on the same the substrate via the insulating layer.
A plurality of openings are formed in the upper electrode
layer and arranged parallel to each other so that an electric
field is passed therethrough. Liquid crystal molecules are
driven by applying voltage between the upper electrode layer
and the lower electrode layer. A minor axis of each of the
openings has a width in a range in which a V-T curve, which
represents a relationship between voltage and transmittance
ratio, does not shift with variation in the width of the minor
axis.
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LIQUID CRYSTAL DISPLAY DEVICE

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 11/976,392 filed on Oct. 24, 2007,
which claims priority to Japanese Priority Patent Application
JP 2006-296731 filed in the Japan Patent Office on Oct. 31,
2006, the entire contents of which is hereby incorporated by
reference.

BACKGROUND

[0002] The present invention relates to a liquid crystal dis-
play device and, more particularly, to a liquid crystal display
device that drives liquid crystal molecules by applying volt-
age between an upper electrode layer and a lower electrode
layer that are formed on the same substrate via an insulating
layer, wherein one of the upper electrode layer and the lower
electrode layer is a common electrode layer and the other is a
pixel electrode layer, and a plurality of openings are formed in
the upper electrode layer and arranged parallel to each other
so that an electric field is passed therethrough.

[0003] In regard to a display type of an existing liquid
crystal display device, a TN (twisted nematic) type display
device has been widely used. However, the TN type display
devicehas alimited viewing angle due to its display principle.
A horizontal electric field type display device has beenknown
as a solution for the above problem, in which a pixel electrode
and a common electrode are formed on the same substrate,
voltage is applied between the pixel electrode and the com-
mon electrode to thereby generate an electric field that is
substantially parallel to the substrate, and liquid crystal mol-
ecules are thus driven mainly within a plane parallel to the
surface of the substrate.

[0004] In the horizontal electric field type display device,
an IPS (in plane switching) mode display device and an FFS
(fringe field switching) mode display device are known. In the
IPS mode display device, a comb-shaped pixel electrode and
a comb-shaped common electrode are arranged in combina-
tion. In the FFS mode display device, an upper electrode layer
and a lower electrode layer are formed via an insulating layer,
in which one of the upper electrode layer and the lower
electrode layer is used as a common electrode layer and the
other is used as a pixel electrode layer, and then openings,
such as slits, are formed in the upper electrode layer so thatan
electric field is passed therethrough.

[0005] Tt is conceivable that the relationship between the
transmittance ratio of the horizontal electric field type liquid
crystal display device and the driving voltage thereof is dif-
ferent from that of the TN mode display device, or the like.
There have been some proposals for improvement of the
transmittance ratio of the horizontal electric field type display
device.

[0006] Japanese Unexamined Patent Application Publica-
tion No. 11-202356, for example, describes an IPS mode
liquid crystal display device, that has a high transmittance
ratio and a high apertureratio, in which the strip width of each
pixel electrode is formed narrower than the distance between
adjacent strips of an opposite electrode, the distance between
the strip of the pixel electrode and the strip of the correspond-
ing opposite electrode is smaller than a cell gap, the widths of
the strips of the opposite electrode and the widths of the strips
of the pixel electrode are formed so that liquid crystal mol-
ecules present on these electrodes are movable owing to para-
bolic electric field generated therebetween.

[0007] As described above, JP-A-11-202356 describes dis-
play quality in the case of the IPS mode display device, but it
does not always apply to display quality in the case of the FFS
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mode display device. That is, the FFS mode display device
has aslit-shaped or a comb-shaped electrode structure, which
is only used for an electrode disposed on the outermost sur-
face side among the pixel electrode layer and the common
electrode layer, and the electrode having the slit-shaped or
comb-shaped electrode structure in the outermost surface
layer is formed so that electrode portions having the same
electric potentials are arranged with openings formed ther-
ebetween. This structure differs from that of the IPS mode
display device. Thus, the positional relationship between the
openings and the electrode portions in the electrode disposed
onthe outermost surface side, that is, the relationship between
the width L of the conductive portion of each electrode por-
tion and display quality and the relationship between the short
side width S of each opening and display quality are different
from those of the IPS mode display device.

SUMMARY

[0008] An advantage of some aspects of the invention is
that it provides an FFS mode liquid crystal display device
having an electrode structure that is capable of improving
display quality.

[0009] Aspects of the invention are based upon conditions
of improved display quality which are obtained by evaluating
a degree of display quality, when the electrode width L and
the minor axis S of each opening in the upper electrode layer
located on the outermost surface side are changed, through
simulation and experiment in the FFS mode liquid crystal
display device. The results are implemented by the following
manners.

[0010] A first aspect of the invention provides a liquid
crystal display device that includes a substrate, an insulating
layer, an upper electrode layer, and a lower electrode layer.
The upper electrode layer and the lower electrode layer are
formed on the same substrate via the insulating layer. A
plurality of openings are formed in the upper electrode layer
and arranged parallel to each other so that an electric field is
passed therethrough. Liquid crystal molecules are driven by
applying voltage between the upper electrode layer and the
lower electrode layer. A minor axis of each of the openings
has a width in a range in which a V-T curve, which represents
a relationship between voltage and transmittance ratio, does
not shift with variation in the width of the minor axis.
[0011] Alternatively, a second aspect of the invention pro-
vides a liquid crystal display device that includes a substrate,
an insulating layer, an upper electrode layer, and a lower
electrode layer. The upper electrode layer and the lower elec-
trode layer are formed on the same substrate via the insulating
layer. A plurality of openings are formed in the upper elec-
trode layer and arranged parallel to each other so that an
electric field is passed therethrough. Liquid crystal molecules
are driven by applying voltage between the upper electrode
layer and the lower electrode layer. Where an electrode width,
that is, a distance between the adjacent openings, is L and the
width of a minor axis of each of the openings is S, and when
the sum of L and S is equal to or below 10 um, the electrode
width L is equal to or above 2.5 pm and the width S of the
minor axis of each of the openings is equal to or above 4.0 pm.
[0012] Inthe liquid crystal display device according to the
above aspects of the invention, each of the openings may be a
slit opening that opens with a closed shape. In addition, in the
liquid crystal display device according to the above aspects of
the invention, the plurality of openings may form a comb-
shaped opening such that one ends of the openings are con-
nected to each other. Furthermore, in the liquid crystal display
device according to the above aspects of the invention, the
upper electrode layer may be a common electrode layer.
Moreover, in the liquid crystal display device according to the
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above aspects of the invention, the upper electrode layer may
be a pixel electrode layer. Additional features and advantages
are described herein, and will be apparent from the following
Detailed Description and the figures.

BRIEF DESCRIPTION OF THE FIGURES

[0013] Theinvention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements;

[0014] FIG.11is a view showing a planar configuration of a
display pixel in a display area of an FFS mode liquid crystal
display device in which an upper electrode layer is used as a
common electrode and slits are formed therein according to
an embodiment of the invention;

[0015] FIG. 2 is a cross-sectional view that is taken along
the line II-11 in FIG. 1;

[0016] FIG. 3 is a view showing a planar configuration of a
display pixel in a display area of an FFS mode liquid crystal
display device in which an upper electrode layer is used as a
pixel electrode and slits are provided therein according to an
embodiment of the invention;

[0017] FIG. 4 is a cross-sectional view that is taken along
the line IV-1V in FIG. 3;

[0018] FIG. 5is a planar configuration of a display pixel in
a display area of an FFS mode liquid crystal display device in
which an upper electrode layer isused as a comb-shaped pixel
electrode according to an embodiment of the invention;
[0019] FIG. 6 is a schematic view showing electrode por-
tions and openings in a display pixel according to an embodi-
ment of the invention;

[0020] FIG. 7 is a graph showing V-T curves that are cal-
culated by changing an electrode interval S according to the
embodiment of the invention;

[0021] FIG. 8 is a view, showing changes in maximum
transmittance ratio T, using the electrode interval S as a
parameter, when an electrode width L is changed according to
the embodiment of the invention;

[0022] FIG. 9 is a graph showing changes in maximum
transmittance ratio T, using the electrode width L. as a param-
eter, when the electrode interval S is changed according to the
embodiment of the invention;

[0023] FIG. 10 is a graph showing changes in maximum
transmittance ratio T, using the electrode width L as a param-
eter, when the sum of L and S is changed according to the
embodiment of the invention;

[0024] FIG. 11 is a graph showing changes in driving volt-
age, using the electrode width [ as a parameter, when the
electrode interval S is changed according to the embodiment
of the invention;

[0025] FIG. 12 is a graph showing white voltages that cor-
respond respectively to V10, V50, V90 and V100, which are
parameters of the V-T curves, when the electrode interval S is
changed according to the embodiment of the invention; and
[0026] FIG. 13 isa graph showing how V50 depends on the
electrode width L, resulting from evaluation of display panels
that were made experimentally according to the embodiment
of the invention.

DETAILED DESCRIPTION

[0027] Anembodiment ofthe invention will be described in
detail with reference to the accompanying drawings. An FFS
mode liquid crystal display device that performs display com-
posed of three colors, that is, red (R), green (G), blue (B), will
be described. Of course, for example, the display device may
perform display composed of multicolor that further includes
C (cyan), or the like, in addition to R, G, B or may simply
perform monochrome display. In addition, the shape, struc-
ture, material, and the like, described below, are an example
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forillustration and may be modified in accordance with appli-
cation of the liquid crystal display device, where appropriate.
[0028] FIG.11isaview showing a planar configuration of a
display pixel, that is, three sub pixels corresponding to three
colors, in a display area when display is performed with three
color structure composed of R, G, B in an FFS mode liquid
crystal display device 30. The FFS mode liquid crystal dis-
play device 30 is configured so that a pixel electrode and a
common electrode are arranged on an array substrate 32, a
color filter, a black matrix, and the like, are arranged on an
opposite substrate that is opposed to the array substrate 32,
and a liquid crystal molecules layer is sealed between the
substrates. FIG. 1 is a plan view of the array substrate 32 as
viewed from the opposite substrate and is virtually, because
elements arranged on the opposite substrate are omitted, a
plan view of the array substrate 32. FIG. 2 is a cross-sectional
view taken along the line II-II in FIG. 1 with enlarged in the
thickness direction, and only shows the array substrate 32.
[0029] As shown in FIG. 1, in the liquid crystal display
device 30, a plurality of drain wirings 46 each extend linearly
(extend in a vertical direction in an example shown in FIG. 1),
and a plurality of gate wirings 40 is arranged to extend in a
direction that intersects with the direction in which the drain
wirings 46 extend (that is, a perpendicular direction and also
a horizontal direction in the example shown in FIG. 1). Sepa-
rate regions that are defined by the plurality of drain wirings
46 and the plurality of gate wirings 40 are pixel array regions,
and three pixel array regions corresponding to three color
composed of R, G, B are shown in FIG. 1. Here, pixels are
counted in color imaging units, and this unit is defined as one
display pixel. Therefore, the pixel array region herein means
the region of a sub pixel. Hereinafter, the word “pixel” means
a sub pixel unit unless otherwise stated. Note that the com-
mon electrode 60 is arranged over the entire surface of the
array substrate 32 or over the plurality of pixels and, there-
fore, F1G. 1 does not show the outline of the common elec-
trode 60 except the shape lines of the slits 61.

[0030] Here, in the embodiment, a plurality of drain wir-
ings 46 are arranged with the same pitch. In addition, the
width of each drain wiring 46 (the size of each drain wiring 46
along a direction in which the drain wirings 46 are arranged)
is the same as well. Furthermore, FIG. 1 shows that the shape
of each drain wiring 46 is linear. However, for example, the
drain wiring 46 may locally have a curved portion and extend
in the above extending direction as a whole. Moreover, the
pixel array may be formed in a stripe array, a delta array, a
mosaic array, or the like.

[0031] A pixel TFT 70 is arranged in each of the pixel
arrangement regions which are defined by the drain wirings
46 and the gate wirings 40. In the embodiment shown in FIG.
1, in each of the pixel TFTs 70, a semiconductor layer 36 (see
FIG. 2) extends to form substantially a U-shape (in the draw-
ing, the substantially U-shape is inverted upside down), and
the gate wirings 40 extend to intersect perpendicularly with
the direction in which the drain wirings 46 are arranged across
two arm portions of that substantially U-shaped semiconduc-
tor layer 36. In this configuration, the source electrode of each
pixel TFT 70, together with the drain electrode that is con-
nected to the drain wiring 46, is positioned on the same side
relative to the gate wiring 40. In this manner, the pixel TFT 70
has a configuration in which the gate wiring 40 intersects with
the semiconductor layer 36 twice between the source and the
drain of the semiconductor layer 36, that is, two gate elec-
trodes are provided between the source and drain of the semi-
conductor layer 36.

[0032] Thus, the drain of the pixel TFT 70 is connected to
the nearest drain wiring 46, while, on the other hand, the
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source of the pixel TFT 70 is connected to the pixel electrode
52 through the source electrode 48. The pixel electrode 52 is
provided for each pixel and is a plate-like electrode that is
connected to the source of the pixel TFT 70 of pixel. FIG. 1
shows the pixel electrode 52 having a rectangular shape.
[0033] The common electrode 60, as described above, 1s
arranged on the array substrate 32. However, depending on
circumstances, the common electrode 60 may be provided for
each pixel. In the case of that configuration, a common elec-
trode wiring is arranged to connect the common electrodes 60
ofthe pixels. The common electrode 60 is formed so that slits
61, which serve as openings, are provided in a transparent
electrode film layer. Each of the slits 61, when voltage is
applied between the pixel electrode 52 and the common elec-
trode 60, passes electric field and has the function of gener-
ating a horizontal electric field that is mainly parallel to the
surface of the substrate.

[0034] Analignment layer is arranged on the common elec-
trode 60 and a rubbing process is performed as an alignment
process. A rubbing direction may be, for example, a direction
parallel to the gate wiring 40 shown in FIG. 1. The slits 61 of
the common electrode 60 are formed so that the direction in
which the long side of each slit 61 extends is slightly inclined
relative to the rubbing direction. For example, the direction in
which the long side of each slit 61 may be formed to be
slightly inclined at an angle of about 5 degrees relative to the
rubbing direction. The alignment layer is formed on the com-
mon electrode 60 and the rubbing process is then performed,
so that the array substrate 32 is completed.

[0035] Next, with reference to the cross-sectional view of
FIG. 2, a configuration of the array substrate 32 in the FFS
mode liquid crystal display device will be described. FI1G. 2
is, as described above, a cross-sectional view that is taken
along the line II-II in FIG. 1, showing elements in one of the
pixels.

[0036] The array substrate 32 includes a transparent sub-
strate 34, the semiconductor layer 36, a gate insulating film
38, the gate wiring 40, an interlayer insulating film 44, the
drain wiring 46, the source electrode 48, a planarizing film 50,
the pixel electrode 52, an FFS insulating layer 58, and the
common electrode 60.

[0037] The transparent substrate 34 is, for example, formed
of glass. The semiconductor layer 36 is, for example, formed
of polysilicon and arranged on the transparent substrate 34.
The gate insulating film 38 is, for example, formed of'silicon
oxide, silicon nitride, or the like, and arranged on the trans-
parent substrate 34 so as to cover the semiconductor layer 36.
The gate wiring 40 is, for example, formed of Mo, Al or the
like, and arranged on the gate insulating film 38 so as to be
opposed to the semiconductor layer 36. The gate wiring 40
forms the pixel TFT 70 in cooperation with the gate insulating
film 38 and the semiconductor layer 36. Note that the gate
wiring 40 may also be termed a scanning line.

[0038] The interlayer insulating film 44 is, for example,
formed of silicon oxide, silicon nitride, or the like, and
arranged on the gate insulating film 38 so as to cover the gate
wiring 40, or the like. Contact holes are formed to extend
through the interlayer insulating film 44 and the gate insulat-
ing film 38 and provided at positions corresponding to the
source and drain of the pixel TFT 70 in the semiconductor
layer 36. The drain wiring 46 is, for example, formed ofmetal,
such as Mo, Al, or Ti. The drain wiring 46 is arranged on the
interlayer insulating film 44 and connected through one of the
contact holes to the semiconductor layer 36. Note that the
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drain wiring may also be termed as a signal line. The source
electrode 48 is, for example, formed of the same material as
that of the drain wiring 46. The source electrode 48 is
arranged on the interlayer insulating film 44 and connected
through the other contact hole to the semiconductor layer 36.

[0039] Here, in the semiconductor layer 36, a portion to
which the drain wiring 46 is connected is termed as the drain
of the pixel TFT 70 and a portion to which the pixel electrode
52 is connected through the source electrode 48 is termed as
the source of the pixel TFT 70; however, the term “drain” and
“source” used may be exchanged in contrast to the above.

[0040] The planarizing film 50 is, for example, insulating
transparent resin, or the like, such as acrylic, and arranged on
the interlayer insulating film 44 so as to cover the drain wiring
46 and the source electrode 48. A contact hole is formed
above the source electrode 48 to extend through the planariz-
ing film 50.

[0041] The pixel electrode 52 is, for example, formed of
transparent conductive material, such as ITO (indium thin
oxide). The pixel electrode 52 is arranged on the planarizing
film 50 and is connected through the above contact hole to the
source electrode 48.

[0042] The FFS insulating layer 58 is an insulating film
layer that is arranged between the pixel electrode 52 and the
common electrode 60. The FFS insulating layer 58 is, for
example, formed of silicon nitride and arranged on the pla-
narizing film 50 so as to cover the pixel electrode 52.

[0043] The common electrode 60 is, for example, formed
of transparent conductive material, such as ITO. The common
electrode 60 is arranged on the FFS insulating layer 58 and
connected to a common electrode wiring (not shown). The
common electrode 60 is opposed to the pixel electrode 52 via
the FFS insulating layer 58 and has the plurality of slits 61
formed at positions that are opposed to the corresponding
pixel electrode 52. Each of the slits 61 is a thin elongated and
closed opening having a major axis oriented in a direction that
is slightly inclined relative to the direction in which the gate
wiring 40 extends. The angle of this inclination is set in
conjunction with a rubbing angle in the alignment process.
[0044] The alignment layer (not shown) is arranged on the
common electrode 60. The alignment layer is a layer that has
a function of initially aligning liquid crystal molecules. The
alignment layeris, for example, used by performing a rubbing
process on an organic film made of polyimide, or the like.

[0045] Thus, the common electrode 60, which is an upper
electrode layer, and the pixel electrode 52, which is a lower
electrode layer, are formed on the same transparent substrate
34 via the FFS insulating layer 58, which is an insulating
layer. For example, as shown in FIG. 2, the upper electrode
layer, the lower electrode layer and the FES insulating layer
are formed on the same major surface of the substrate. The
slits 61 are formed in the common electrode 60 serving as the
upper electrode layer. Then, when voltage is applied between
the common electrode 60 and the pixel electrode 52 serving as
the lower electrode layer, it is possible to generate a horizon-
tal electric field that is mainly parallel to the surface of the
substrate and thereby to drive liquid crystal molecules via the
alignment layer.

[0046] In the above embodiment, via the FFS insulating
layer 58, the lower electrode layer serves as the pixel elec-
trode 52 and the upper electrode layer serves as the common
electrode 60, and the slits 61 are formed in the common
electrode 60. However, it is applicable that the lower elec-
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trode layer serves as the common electrode 60 and the upper
electrode layer serves as the pixel electrode 52.

[0047] FIG. 3 and FIG. 4 are views of a configuration of the
liquid crystal display device 30 in which the lower electrode
layer serves as the common electrode 60, the upper electrode
layer serves as the pixel electrode 52, and slits 53 are formed
in the pixel electrode 52. FIG. 3 and FIG. 4 correspond to FIG.
1 and FIG. 2, respectively, and specifically show the configu-
ration of the array substrate 32. The same reference numerals
used in FIG. 3 and FIG. 4 denote the same or similar compo-
nents to those shown in FIG. 1 and FIG. 2. and a specific
description thereof is omitted.

[0048] When the upper electrode layer serves as the pixel
electrode 52, as shown in FIG. 4, the pixel electrode 52 that is
connected to the source electrode 48 is arranged on the FFS
insulating layer 58. Then, the slits 53 are formed in the pixel
electrode 52 that is an electrode of the array substrate 32,
disposed on the outermost surface side. Each of the slits 83, as
described in conjunction with FIG. 1 and FIG. 2, is a thin
elongated and closed opening having a major axis oriented in
a direction that is slightly inclined relative to the direction in
which the gate wiring 40 extends. In addition, the common
electrode 60, which serves as the lower electrode layer, is
arranged on the entire surface of the array substrate 32 or
arranged to extend over the plurality of pixels.

[0049] Further, in the above embodiment, the slits, each of
which is a thin elongated open groove, are described as the
openings formed in the upper electrode layer so that an elec-
tric field is passed therethrough. However, it is applicable that
the upper electrode structure is formed into a comb-shape or
apalisade-shape. In this case, the electric field passes through
an opening formed in the comb-shape or the palisade-shape.
[0050] FIG. 5 is a view of a configuration of the liquid
crystal display device 30 in which the lower electrode layer
serves as the common electrode 60, the upper electrode layer
serves as the pixel electrode 52, the pixel electrode 52 is
formed into a comb-shape, and an opening 55 is formed
between the teeth of the comb-shaped pixel electrode 52 so
that an electric field is passed therethrough. FIG. 5 corre-
sponds to FIG. 1 and specifically shows the configuration of
the array substrate 32. The same reference numerals used in
FIG. 5 denote the same or similar components to those shown
in FIG. 1, and a specific description thereof is omitted. In this
case, the pixel electrode 52, which serves as the upper elec-
trode layer, is formed into a comb-shape. In addition, the
common electrode 60, which serves as the lower electrode
layer, is arranged over the entire surface of the array substrate
32 or arranged to extend over the plurality of pixels.

[0051] Thus,inthe FFS mode display device, the slits or the
comb-shaped openings are formed in the upper electrode
layer of the array substrate, disposed on the outermost surface
side. Therefore, the upper electrode layer is configured so that
electrode portions, which are conductive portions, and open-
ings, from which conductive portions are removed, are alter-
nately arranged. FIG. 6 is a schematic view of the electrode
portions 82 and the openings 84 in one pixel 80. In the above
alternately arranged portion, the width of the minor axis of
each opening 84 is defined as S, and the width of each elec-
trode portion 82 serving as the conductive portion, whichis an
interval between the adjacent openings 84, is defined as L.
Hereinafter, S is termed as an electrode interval, and L is
termed as an electrode width. Here, the openings 84 corre-
spond to the above described slits 61. 53, or the comb-shaped
opening 55.
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[0052] The following will describe an embodiment of an
optimum electrode structure formed in the upper electrode
layer of the FFS mode display device with reference to FIG.
7 to FIG. 13. Simulation of the transmittance ratio of a liquid
crystal display element in the FFS structure and the V-T
curve, which shows a relationship between voltage and trans-
mittance ratio, may be performed using commercially avail-
able software, such as LCD MASTER SHINTECH’s soft-
ware, for example. Then, the simulation was performed by
changing the electrode interval S and/or the electrode width L
where the relationship between a birefringence An and a
thickness d of the liquid crystal molecules layer is defined as
And=0.35.

[0053] FIG. 7 is a graph showing V-T curves that are cal-
culated by changing the electrode interval S where the elec-
trode width [L.=4.0 um. The abscissa axis represents a voltage
applied between the pixel electrode and the common elec-
trode, and the ordinate axis represents a transmittance ratio T
of light from an arbitrary reference point. FIG. 7 demon-
strates that, when the combination of the electrode width L
and the electrode interval S is changed, the maximum trans-
mittance ratio varies and the driving voltage, which is a volt-
age that gives the maximum fransmittance ratio, varies. In
addition, the voltage at a predetermined transmittance ratio,
which is a V-T curve parameter, varies with a change in
combination of L and S. For example, V10, which is a voltage
at a transmittance ratio of 10%, V50, which is a voltage at a
transmittance ratio of 50%, V90, which is a voltage at a
transmittance ratio of 90%, change in accordance with the
combination of L and S.

[0054] FIG. 8 is a view showing changes in maximum
transmittance ratio T, using the electrode interval S as a
parameter, when the electrode width L is changed. FIG. 9 is a
view showing changes in maximum transmittance ratio T,
using the electrode width I as a parameter, when the electrode
interval S is changed. These drawings demonstrate that the
maximum transmittance ratio T is improved the smaller the
electrode width L is or the narrower the electrode interval S is.
[0055] FIG. 10 is a graph showing changes in maximum
transmittance ratio T, using the electrode width L as a param-
eter, when the sum of L and S is changed. The results of FIG.
10 demonstrate that it is effective to reduce the sum of L and
S in order to improve the maximum transmittance ratio.
[0056] On the other hand, FIG. 11 is a graph showing
changes in voltage that exhibits the maximum transmittance
ratio, that is, driving voltage, using the electrode width L as a
parameter, when the electrode interval S is changed according
to the embodiment of the invention. The results of FIG. 11
demonstrate that the driving voltage increases the smaller the
electrode interval S is. Similarly, FIG. 12 is a graph showing
white voltages that correspond respectively to V10, V50, V90
and V100, which are parameters of the V-T curves, when the
electrode interval S is changed where the electrode width L is
2 um or 4 um according to the embodiment of the invention.
The results of FIG. 12 demonstrate that each of the param-
eters in the V-T curves is shifted to a high voltage side when
the electrode interval S is reduced.

[0057] Such a shift in the V-T curves, if the line width L or
S fluctuates within the surface of a display panel due to
variation in the manufacturing process, results in variation in
luminance and chrominance non-uniformity. Hence, the dis-
play quality degrades. In addition, the margin of manufactur-
ing process is remarkably reduced and the yield is, thereby,
reduced. Thus, in consideration of maintenance of display
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quality, securing of the margin of manufacturing process,
maintenance of the yield, or the like, the shift ofthe V-T curve
needs to be limited. The results of FIG. 12 demonstrate that,
when it is considered that the V-T curves do not change
particularly in characteristics of V10 to V50, which corre-
spond to intermediate gray-scale levels, the lower limit of the
electrode interval S is around 4 pm.
[0058] Onthe otherhand, the results of simulation shown in
FIG. 11 demonstrate that the driving voltage increases the
smaller the electrode width L is. In order to confirm the above
characteristics, display panels having different electrode
widths [ were made experimentally with the electrode inter-
val S actually set to 4 um or above. FIG. 13 is a graph showing
how V50 depends on the electrode width L, resulting from
evaluation of the display panels that were actually made
experimentally. The results of FIG. 12 demonstrate that the
increase in driving voltage begins in the region where the
electrode interval S is smaller than 4 pm. For this reason, it
turns out that the lower limit of the electrode width L is around
2.5 pm.
[0059] Because the results of FIG. 10 demonstrate that the
maximum transmittance ratio T is reduced the larger the sum
of L and S is, when the above results are combined together,
the optimum value of L/S is 2.5 um/4 pm. Alternatively, it
may be configured so that, when there is a range of the
optimum value, the sum of L and S is equal to or below 10 um,
L is equal to or above 2.5 um, and S is equal to or above 4.0
pm. Accordingly, in the FFS mode liquid crystal display
device, it is possible to set the electrode structure having the
upper electrode layer with high display quality.
[0060] Tt should be understood that various changes and
modifications to the presently preferred embodiments
described herein will be apparent to those skilled in the art.
Such changes and modifications can be made without depart-
ing from the spirit and scope of the present subject matter and
without diminishing its intended advantages. It is therefore
intended that such changes and modifications be covered by
the appended claims.
The invention is claimed as follows:
1. A liquid crystal display device, comprising:
a substrate;
an insulating layer;
an upper electrode layer;
a gate wiring extending in a first direction; and
a lower electrode layer, wherein the upper electrode layer
and the lower electrode layer are formed above a same
major surface of the substrate with the insulating layer
therebetween, wherein a plurality of openings are
formed in the upper electrode layer and arranged parallel
to each other so that an electric field is passed there-
through, wherein liquid crystal molecules are driven by
applying voltage between the upper electrode layer and
the lower electrode layer,
wherein an electrode width, which corresponds to a dis-
tance between the adjacent openings, is I and the width
ofaminoraxis of each ofthe openingsis S, and when the
sum of L and S is equal to or below 10 um, the electrode
width L is equal to orabove 2.5 wm and the width S of the
minor axis of each of the openings is equal to or above
4.0 pm, and
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wherein the openings extend in a second direction that is

slightly inclined relative to the first direction.

2. The liquid crystal display device according to claim 1,
wherein an angle of inclination between the first direction and
the second direction is about 5 degrees.

3. The liquid crystal display device according to claim 1,
wherein each of the openings is a slit opening that opens with
a closed shape.

4. The liquid crystal display device according to claim 1,
wherein the plurality of openings form a comb-shaped open-
ing such that one end of the openings are connected to each
other.

5. The liquid crystal display device according to claim 1,
wherein the upper electrode layer is a common electrode
layer.

6. The liquid crystal display device according to claim 1,
wherein the upper electrode layer is a pixel electrode layer.

7. A liquid crystal display device, comprising:

a substrate;

an insulating layer;

an upper electrode layer;

analignment layer formed above the upper electrode layer,

the alignment layer having been subjected to a rubbing
process in a first direction; and

a lower electrode layer, wherein the upper electrode layer

and the lower electrode layer are formed above a same
major surface of the substrate with the insulating layer
therebetween, wherein a plurality of openings are
formed in the upper electrode layer and arranged parallel
to each other so that an electric field is passed there-
through, wherein liquid crystal molecules are driven by
applying voltage between the upper electrode layer and
the lower electrode layer,

wherein an electrode width, which corresponds to a dis-

tance between the adjacent openings, is L. and the width
of'aminor axis of each of the openings is S, and when the
sum of L and S is equal to or below 10 pum, the electrode
width L is equal to or above 2.5 um and the width S of the
minor axis of each of the openings is equal to or above
4.0 pm, and

wherein the openings extend in a second direction that is

slightly inclined relative to the first direction.

8. The liquid crystal display device according to claim 7,
wherein an angle of inclination between the first direction and
the second direction is about 5 degrees.

9. The liquid crystal display device according to claim 7,
wherein each of the openings is a slit opening that opens with
a closed shape.

10. The liquid crystal display device according to claim 7,
wherein the plurality of openings form a comb-shaped open-
ing such that one ends of the openings are connected to each
other.

11. The liquid crystal display device according to claim 7,
wherein the upper electrode layer is a common electrode
layer.

12. The liquid crystal display device according to claim 7,
wherein the upper electrode layer is a pixel electrode layer.
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