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1

LIQUID CRYSTAL DISPLAY HAVING A
MODIFIED ELECTRODE ARRAY

CROSS REFERENCE

This is a divisional application of U.S. application Ser.
No. 09/184,953 filed on Nov. 3, 1998 now U.S. Pat. No.
6,577,368.

BACKGROUND OF THE INVENTION

(a) Field of the Invention

The present invention relates to a liquid crystal display
(LCD). More particularly, the present invention relates to an
LCD having a modified electrode array.

(b) Description of the Related Art

Generally, an LCD is a display having two substrates and
a liquid crystal layer therebetween. A plurality of electrodes
are formed on the inner surfaces of one or both of the
substrates. A pair of polarizers are attached to the outer
surfaces of the substrates, and the liquid crystal layer serves
as an optical switch. When a potential difference is applied
to the electrodes, liquid crystal molecules are re-arranged
according to the potential difference. The re-arranged liquid
crystal molecules scatter the incident light that has passed
through first polarizers, and change the transmission char-
acteristics of the light, thereby controlling the transmittance
of the light through second polarizers (analyzer) and dis-
playing images.

As an example of a conventional LCD, U.S. Pat. No.
5,576,861 discloses a twisted nematic LCD (TN-LCD)
where an upper electrode and a lower electrode are respec-
tively formed on the inner surfaces of upper and lower
substrates and a nematic liquid crystal material is injected
therebetween. The liquid crystal molecules are twisted par-
allel to the substrates. The potential difference applied
between the two yields an electric field perpendicular to the
substrates. The liquid crystal molecules are re-arranged such
that torques due to a dielectric anisotropy and an aligning
treatment is balanced against each other. The torque due to
the dielectric anisotropy forces the long axes of the liquid
crystal molecules to be parallel to the field direction, and the
magnitude of this torque depends on the intensity of the
electric field. The elastic torque generated by the aligning
treatment like a rubbing forces the long axes of the liquid
crystal molecules to be parallel to a predetermined direction.
When the direction of the liquid crystal twists by 90 degrees
on going from the lower electrode to the upper electrode,
and the polarization directions of the polarizers are perpen-
dicular to each other, the polarization of the incident light, in
absence of the electric field, rotates by 90 degrees. Thus, the
light passes through the analyzer, thereby causing a white
state. However, when sufficient electric field is applied to the
liquid crystal layer, the incident light passes through the
liquid crystal layer without changing its polarization. Con-
sequently, the light cannot pass through the analyzer, thereby
causing black state.

As another example of a conventional LCD, U.S. Pat. No.
5,598,285 discloses an LCD, where two linear electrodes
parallel to each other are formed on either of the two
substrates. A liquid crystal layer lies over the region between
the two electrodes, and where the liquid crystal molecules
are aligned parallel to the substrates. The potential difference
between the two electrodes yields an electric field substan-
tially parallel to the substrates and perpendicular to the two
electrodes. The liquid crystal molecules are re-arranged such
that the torque due to the dielectric anisotropy and the
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elastical torque due to rubbing are balanced against each
other. When the polarization directions of the polarizers are
perpendicular to each other, in absence of electric field, the
crossed polarizer blocks the incident light and makes the
liquid crystal display to be in a black state. However, when
sufficient electric field is applied to the liquid crystal layer,
the polarization of the incident light varies and the light
passes through the analyzer, thereby causing a white state.

The above-mentioned LCDs
described hereinafter respectively.

The principal disadvantage of the TN-LCD is its narrow
viewing angle. In the TN-LCD, the larger an angle made by
the direction of the user’s eye and the direction normal to a

have disadvantages

surface of a display, the larger the value Anityd where
birefringence An is the difference of the refractive indices
between the directions of the long axes and the short axes of
the liquid crystal molecules and d is the thickness of the
liquid crystal layer. Accordingly, the contrast, which is
defined as the luminance of the brightest state divided by
that of the darkest state, decreases dramatically. In addition,
gray inversion phenomenon also occurs. Accordingly, the
viewing angle that provides the contrast of 10 is very
narrow, and thus image quality is deteriorated when viewed
at an angle greater than the viewing angle.

To compensate the viewing angle, methods using phase
difference compensating films are suggested in U.S. Pat. No.
5,576,861, but they have disadvantages in manufacturing
cost and the number of the process steps since the phase
difference compensating films are additionally attached.
Furthermore, the satisfactory viewing angle may not be still
obtained even though the phase retardation compensation
films are used.

The U.S. Pat. No. 5,598,285 also has disadvantages in
power consumption and aperture ratio. The LCD disclosed
in the U.S. Pat. No. 5,598.285 has an electric field of which
strength is dependent on the positions. The field strength
becomes weaker as it moves further away from the elec-
trodes. Therefore, in order to obtain sufficient field strength
at the point far from the electrodes, high driving voltage is
required. In addition, since all the electrodes are formed on
one substrate and storage capacitors are formed to obtain
sufficient capacitance, the aperture ratio is small.

In the meantime, since the liquid crystal display is a
passive display, it requires an external light source. A white
light is usually used for the light source of the liquid crystal
display, and red, green and blue color filters are used for
color display. The color filters are formed on one of the
substrates, and a black matrix for preventing light leakage at
the boundaries of the color filters is formed therebetween.

The light from the light source changes its properties,
such as polarization, in the liquid crystal layer, and the
transmittance of the light depends on the wavelength of the
light. The transmittance also depends on the driving mode of
the liquid crystal display.

In the case of TN LCDs, the transmittance of the blue light
differs from those of the red and green lights by 10%.
Moreover, the IPS LCD has the difference of the transmit-
tances of the blue, red and green lights more than 40%.

In order to reduce the difference in the transmittance, two
methods are conventionally used. One is using a backlight
unit and a driving circuit and the other is making a cell gap
to be different for the pixels of different colors by adjusting
the height of the color filters. However, the former method
may increase the manufacturing cost and the number of
process steps, and the latter may cause uneven rubbing.
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SUMMARY OF THE INVENTION

An object of the present invention is to obtain a wide
viewing angle.

Another object of the present invention is to reduce power
consumption of the liquid crystal display.

Still another object of the present invention is to enlarge
the aperture ratio.

In order to accomplish the above-mentioned objects, the
LCD electrode array is modified.

First and second electrodes insulated from each other are
overlapped at least in part. The second electrode forms a
continuous plane between the first electrode, and one pixel
includes at least one first electrode and one second electrode.

The potential difference applied between the two elec-
trodes when applying voltages to the electrodes yields an
electric field. The shape of an electric line of force is
semi-ellipse or parabola having a center on a boundary line
or a boundary region between the first electrode and the
second electrode. The electric field on the electrodes has
vertical and horizontal component.

The liquid crystal molecules on the first electrode or the
second electrode and in the boundary region between the
two electrodes are re-arranged to have a twist angle and a tilt
angle due to the vertical and the horizontal components of
the electric field. Therefore, the polarization of the incident
light changes by the rearrangement of liquid crystal mol-
ecules.

As described above, a wide viewing angle may be
obtained since the liquid crystal molecules are re-arranged to
have both the twist angle and the tilt angle.

In addition, the liquid crystal molecules on the first
electrode and the second electrode contribute to displaying
images since the electric field has the vertical and horizontal
components on the first electrode and the second electrode
as well as in the boundary region between the two elec-
trodes.

In addition, power consumption is low since the strength
of the electric field is large in the boundary region between
the first electrode and the second electrode.

In addition, the aperture ratio may be enlarged since a
storage capacitor for obtaining a sufficient storage capaci-
tance is not additionally required since the two electrodes
are overlapped via an insulating film when using a thin film
transistor (TFT) as a switching element.

Additional objects and advantages of the present inven-
tion are set forth in part in the following description, and will
be obvious from the description. The objects and advantages
of the invention will be realized and attained by means of the
elements and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, illustrate embodiments of
the present invention and, together with the description,
serve to explain the principles of the invention.

FIG. 1 is a layout view of electrodes of a liquid crystal
display (LCD) according to a first embodiment of the
present invention;

FIG. 2 is a cross-sectional view taken along line II-1I' in
FIG. 1, which shows both upper and lower substrates as well
as equipotential lines and lines of electrical force between
the two substrates;

FIG. 3 illustrates the twist angle of liquid crystal mol-
ecules in the first embodiment of the present invention;

10

20

25

40

45

55

60

65

4

FIG. 4 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of the
horizontal position according to the first embodiment of the
present invention,

FIG. 5 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of height
according to the first embodiment of the present invention;

FIG. 6 shows the tilt angle of the liquid crystal molecules
according to the first embodiment of the present invention;

FIG. 7 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of height
according to the first embodiment of the present invention;

FIG. 8 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of horizontal
position according to the first embodiment of the present
invention;

FIG. 9 is a graph illustrating the transmittance as a
function of horizontal position in the LCD according to the
first embodiment of the present invention;

FIG. 10 is a graph illustrating the transmittance as a
function of applied voltage in the LCD according to the first
embodiment of the present invention;

FIG. 11 is a graph illustrating a viewing angle in the LCD
according to the first embodiment of the present invention;

FIG. 12 illustrates the twist angle of liquid crystal mol-
ecules in the second embodiment of the present invention;

FIG. 13 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of the
horizontal position according to the second embodiment of
the present invention;

FIG. 14 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of height
according to the second embodiment of the present inven-
tion;

FIG. 15 shows the tilt angle of the liquid crystal molecules
according to the second embodiment of the present inven-
tion;

FIG. 16 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of height
according to the second embodiment of the present inven-
tion;

FIG. 17 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of horizontal
position according to the second embodiment of the present
invention;

FIG. 18 illustrates the twist angle of liquid crystal mol-
ecules in the third embodiment of the present invention;

FIG. 19 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of the
horizontal position according to the third embodiment of the
present invention;

FIG. 20 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of height
according to the third embodiment of the present invention,

FIG. 21 shows the tilt angle of the liquid crystal molecules
according to the third embodiment of the present invention;

FIG. 22 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of height
according to the third embodiment of the present invention;

FIG. 23 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of horizontal
position according to the third embodiment of the present
invention;

FIG. 24 illustrates the twist angle of liquid crystal mol-
ecules in the fourth embodiment of the present invention;



US 7,280,176 B2

5

FIG. 25 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of the
horizontal position according to the fourth embodiment of
the present invention;

FIG. 26 is a graph illustrating the variation of the twist
angle of the liquid crystal molecules as a function of height
according to the fourth embodiment of the present invention;

FIG. 27 shows the tilt angle of the liquid crystal molecules
according to the fourth embodiment of the present invention;

FIG. 28 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of height
according to the fourth embodiment of the present invention;

FIG. 29 is a graph illustrating the variation of the tilt angle
of the liquid crystal molecules as a function of horizontal
position according to the fourth embodiment of the present
invention;

FIG. 30 is a layout view of an LCD according to a fifth
embodiment of the present invention;

FIG. 31 is a cross-sectional view taken along the line V-V
m FIG. 30,

FIG. 32 is a layout view of the LCD according to a sixth
embodiment of the present invention;

FIG. 33 is a cross-sectional view taken along line VIA-
VIA' in FIG. 32;

FIG. 34 is a cross-sectional view taken along line VIB-
VIB' in FIG. 32;

FIG. 35A is a layout view of the LCD according to a
seventh embodiment of the present invention;

FIGS. 35B and 35C are cross-sectional views taken along
lines VII1B-VIIB' and VIIIC-VIIIC' in FIG. 35A;

FIGS. 36A to 39C shows intermediate structures of the
LCD shown in FIGS. 35A to 35C;

FIG. 40 is a layout view of the LCD according to an
eighth embodiment of the present invention;

FIGS. 41 and 42 are two different cross-sectional views
taken along line VIIIA-VIIIA' in FIG. 40;

FIG. 43 is a cross-sectional view taken along line VIIIB-
VIIIB' in FIG. 40;

FIGS. 44 to 46 are cross-sectional views of LCDs accord-
ing to a ninth embodiment of the present invention;

FIG. 47 is a cross-sectional view of an LCD according to
a tenth embodiment of the present invention;

FIG. 48 is a schematic diagram of the electric field and
equipotential lines in the LCD according to the tenth
embodiment of the present invention;

FIG. 49 is a graph illustrating the transmittance as a
function of applied voltage in the LCD according to the tenth
embodiment of the present invention;

FIG. 50 is a graph illustrating a viewing angle in the LCD
according to the tenth embodiment of the present invention;

FIG. 51 is a layout view of an LCD according to an
eleventh embodiment of the present invention;

FIGS. 52 and 53 are cross-sectional views taken along
lines XIA-XIA' and XIB-XIB' in FIG. 51,

FIGS. 54A to 57B shows intermediate structures of the
LCD shown in FIGS. 51 to 53;

FIG. 58 is a layout view of an LCD according to a twelfth
embodiment of the present invention;

FIGS. 59 and 60 are cross-sectional views taken along
lines XIIA-XIIA' and XIIB-XIIB' in FIG. 58;

FIGS. 61A to 63B show intermediate structures of the
LCD shown in FIGS. 58 to 60;

FIG. 64 is a layout view of an LCD according to a
thirteenth embodiment of the present invention;

FIGS. 65 and 66 are cross-sectional views taken along
lines XIITA-XITTA" and XIIIB-XIIIB' in FIG. 64;
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FIGS. 67A to 68B show intermediate structures of the
LCD shown in FIGS. 64 to 66;

FIG. 69 is a layout view of an LCD according to a
fourteenth embodiment of the present invention;

FIG. 70 is a layout view of an LCD according to a
fifteenth embodiment of the present invention;

FIGS. 71 and 72 are cross-sectional views taken along
lines XVA-XVA' and XVB-XVB' in FIG. 70,

FIG. 73 is a layout view of an LCD according to a
sixteenth embodiment of the present invention;

FIG. 74 is a layout view of an LCD according to a
seventeenth embodiment of the present invention;

FIGS. 75 and 76 are cross-sectional views taken along
lines XVIIA-XVIIA' and XVIIB-XVIIB' in FIG. 74;

FIGS. 77 to 79 are cross-sectional views of LCDs accord-
ing to an eighteenth through a twentieth embodiments of the
present invention; and

FIG. 80 shows an LCD according to a twenty-first
embodiments of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

A liquid crystal display (LCD) according to the embodi-
ments of the present invention will be described with
reference to the drawings.

First, an LCD according to the first embodiment of the
present invention is described in detail with reference to
FIGS. 1 through 11.

FIG. 1 is a layout view of electrodes of an LCD according
to the first embodiment of the present invention, and FIG. 2
is a cross-sectional view taken along the line [I-1I" in FIG. 1,
which illustrates both upper and lower substrates as well as
equipotential lines and lines of electrical force between the
substrates.

First, the structures of a lower substrate on which elec-
trodes are formed and an upper substrate of the LCD are
described in detail.

A planar electrode 2 made of transparent conductive
material such as indium tin oxide (ITO) is formed on the
inner surface of a lower substrate 100 made of a transparent
insulating material such as glass or quartz. The planar
electrode 2 has a predetermined longitudinal width and is
elongated in the transverse direction. The planar electrode 2
is covered with an insulating film 3, and a plurality of narrow
linear electrodes 1 which are parallel to each other and
elongated in the longitudinal direction are formed on the
insulating film 3. The linear electrodes 1 may be transparent
or opaque. The width of the linear electrode 1 is no wider
than the distance between the linear electrodes 1, exactly to
say, the distance between adjacent boundary lines of the two
adjacent linear electrodes 1. An aligning film 4 made of
polyimide is coated all over the surface, and may be rubbed
or not. A polarizing plate or a polarizer 5 is attached on the
outer surface of the lower substrate 100.

On the other hand, an aligning film 6 made of polyimide
is coated on the inner surface of an upper substrate 200 of
a transparent insulating material that is facing the lower
substrate 100. A polarizing plate or an analyzer 7 is attached
on the outer surface of the upper substrate 200.

Finally, a liquid crystal layer 500 having optical anisot-
ropy is interposed between the aligning films 4 and 6.

The light source for the liquid crystal display may be
either a backlight unit (not shown) located under the lower
substrate 100 or an external, natural light which may enter
into the LCD through the upper substrate 200. In case of
reflective type LCD using the natural light, the polarizing
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plate 5 attached on the lower substrate 100 may not be
required, and it is preferable that the linear electrodes 1 and
the planar electrode 2 are made of opaque material having
high reflectance such as Aluminum (Al). In addition, the
lower substrate 100 may be opaque.

A schematic shape of the electric fields of the above-
described LCD is described with reference to FIG. 2.

When voltages are applied to the electrodes 1 and 2, the
electric field shown in FIG. 2 due to the potential difference
between the electrodes 1 and 2 is generated. In FIG. 2, solid
lines indicate equipotential lines, and dotted lines indicate
the lines of electrical force.

As shown in FIG. 2, the shape of the electrical field is
symmetrical with respect to a longitudinal central line C
(actually the line C corresponds to a plane) of a narrow
region NR on the linear electrodes 1 and a longitudinal
central line B (actually the line B also corresponds to a
plane) of a wide region WR between the linear electrodes 1.
The line of force has a semi-elliptical or parabolic shape
(hereinafter, the shape of the line of force is referred as a
semi-elliptical shape for simplicity) and is generated in a
region between the central line C of the narrow region NR
and the central line B of the wide region WR. The vertices
of the line of force are in a boundary line A (actually the line
A corresponds to a surface) between the narrow region NR
and the wide region WR.

A tangent of the line of force on the boundary line A
between the narrow region NR and the wide region WR is
substantially parallel to the substrate 100, and that at central
points of the narrow region NR and a wide region WR is
substantially perpendicular to the substrates 100 and 200. In
addition, the center and the vertical vertex of the ellipse are
positioned on the boundary line A between the narrow NR
and the wide region WR, and two horizontal vertices are
positioned in the wide region WR and the narrow region NR
respectively. The ellipse is asymumetrical with respect to the
boundary line A since the horizontal vertex positioned in the
narrow region NR is closer to the center of the ellipse than
the horizontal vertex positioned in the wide region WR. In
addition, the density of the lines of force varies depending
on the position, and thus the field strength also varies in
proportion to the density of the lines of force. Accordingly,
the field strength is the largest on the boundary line A-A
between the narrow region NR and the wide region WR, and
it becomes small as goes to the central lines C-C and B-B of
the broad and the narrow regions BR and NR and to the
upper substrate 200.

The behaviors of the liquid crystal molecules due to the
electric field are described hereinafier.

First, the initial states of the liquid crystal molecules are
described.

The two aligning films 4 and 6 are rubbed or exposed to
ultraviolet light, and the liquid crystal molecules are aligned
in one horizontal direction. The liquid crystal molecules may
have some pre-tilt angle with respect to the substrates 100
and 200 but they are aligned substantially parallel to the
substrates 100 and 200. When viewed on a plane parallel to
the substrates 100 and 200, the liquid crystal molecules are
arranged to have a predetermined angle with respect to the
directions parallel and perpendicular to the linear electrodes
1. The polarizing directions of the polarizing plates 20 and
21 are perpendicular to each other, and the polarizing
direction of the polarizer 5 almost coincides with the rub-
bing direction. The liquid crystal material inserted between
the two aligning films 4 and 6 is a nematic liquid crystal
having positive dielectric anisotropy.
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It is assumed that the voltages are applied to the linear
electrodes 1 and the planar electrode 2 and the voltage
applied to the linear electrodes 1 is higher than that to the
planar electrode 2. Then, the liquid crystal molecules are
re-arranged such that the force expected by the electric field,
which depends on the direction and the strength of the
electric field, and the elastical restoring force due to the
aligning treatment are balanced against each other.

The rearrangement of the liquid crystal molecules due to
the electric field is described in detail.

For simplicity, it is assumed that a direction perpendicular
to the substrates is z direction, a direction perpendicular to
the direction of the linear electrodes 1 is x direction, and a
direction parallel to the direction of the linear electrodes 1 is
y direction. That is to say, it is assumed that the direction
from left to right in FIG. 1 is the positive x direction, the
direction upward along the linear electrodes 1 in FIG. 1 is
the positive v direction, and the direction from the lower
substrate 200 to the upper substrate 100 in FIG. 2 is the
positive z direction.

First, the variation of a twist angle, which is defined by the
angle made by the projection of the long axis of the liquid
crystal molecule with the x axis or the initially aligned
direction onto x-y plane parallel to the substrate 100 and 11,
1s described with reference to FIGS. 3, 4 and 5.

As shown in FIG. 3, the rubbing direction is indicated by

=
R, an x-y plane component of the electric field is indicated

by E and the polarizing direction or the optical axis of the
polarizer 5 is indicated by ?, while the angle made by the

rubbing direction R with the x axis is represented by ¢z, and
the angle made by the long axis of the liquid crystal
molecule with the x axis is represented by o; . The angle o
made by the optical axis of the polarizer 5 with the x-axis is
equal to o5 since the optical axis of the polarizer 5 is parallel

-
to the rubbing direction R.

The x-y plane component E7, of the electric field is in the
positive x direction from the boundary line A to the central
line B of the wide region WR, and in the negative x direction
from the central line B of the wide region WR to the next
boundary line D.

The strength of the electric field component E is the
largest on the boundary lines A and D, and it becomes
smaller as goes to the central line B-B, where the strength of

the electric field component E7, is zero.

The magnitude of the elastical restoring force generated
by the rubbing process is substantially constant on the xy
plane regardless of position.

As illustrated in FIG. 4, the long axis of the liquid crystal
molecule or the molecular axis on the boundary lines A and

D is substantially parallel to the electric field component E,

and makes a large angle with respect to the rubbing direction
=

R since the liquid crystal molecules are arranged to balance
the two forces. However, as approaching the central lines C
and B of the regions NR and WR, the angle lgz-¢; -, which
is the angle between the molecular axis and the rubbing

s
direction R, becomes smaller and the molecular axis lies in

parallel with the rubbing direction I_{> on the central lines B
and C. The angle made by the optical axis of the polarizer
5 with the molecular axis has the same distribution as the
above since the optical axis of the polarizer 5 is parallel to
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the rubbing direction I_{>, and this angle is closely related to
the transmittance of the incident light.

Various shapes of electric fields may be generated by
varying the ratio of the widths of the narrow region NR and
the wide region WR. Although the narrow region NR on the
linear electrodes 1 cannot be used as the display region when
the linear electrodes 1 are opaque, it may also be used as the
display region when the linear electrodes 1 are transparent.

On the other hand, the x-y plane component of the electric

field E_ becomes smaller along the z-axis as goes from the
lower aligning film 4 to the upper aligning film 6. The elastic
restoring force generated by the aligning treatment is the
greatest on the surfaces of the aligning films 4 and 6, and it
is reduced as approaching the center of the liquid crystal
layer between the aligning films 4 and 6.

FIG. 5 illustrates the twist angle made by the molecular
axis with the x-axis from the lower aligning film 4 to the
upper aligning film 6 along the z-axis. In FIG. 5, the
horizontal axis indicates the height from the lower aligning
film 4, and the vertical axis represents the twist angle, where
d is the cell gap between the two aligning films 4 and 6.

As illustrated in FIG. 5, the twist angle on the surfaces of
the aligning films 4 and 6 is large since the aligning force of
the aligning films 4 and 6 is great. The twist angle becomes
small as approaching the center of the liquid crystal layer,
and the molecular axis at the center of the liquid crystal layer
is substantially in the direction of the electric field compo-

nent E. The molecular axis just on the aligning films 4 and

6 is arranged in the rubbing direction R.

Supposing that the difference of the twist angle between
the adjacent liquid crystal molecules is called twist, the twist
corresponds to the magnitude of the slope of the curve in
FIG. 5. The twist is large near the surfaces of the aligning
films 4 and 6, and it decreases as it goes to the center of the
liquid crystal layer.

FIGS. 6, 7 and 8 illustrate the variation of the tilt angle
which the molecular axis makes with x-axis or the initially
aligned direction on a plane perpendicular to the substrate,
for example, zx plane. FIG. 6 illustrates only the substrates
100 and 200 to simplify the explanation. In FIG. 6, the zx

-
plane component of the R indicating the rubbing direction

R,

ZX?

in FIG. 3 is represented by and the zx plane component

B

ZX3

of the electric field is represented by while the angle

made by the field component E_, with the x axis is indicated
by 0, and the tilt angle made by the molecular axis with the

x axis is indicated by 8, .. Here, R is in the x direction

-
since the vector R exists on the Xy plane assuming a pretilt
angle is ignored.

The magnitude of the field component E, and the angle
0, becomes small as it goes to the upper substrate 200 from
the lower substrate 100.

As described above, the elastic restoring force by the
aligning treatment is the largest on the surfaces of the two
substrates 100 and 200, and it becomes small as it goes to the
center of the liquid crystal layer.

The liquid crystal molecules may be arranged to balance
the two forces. As illustrated in FIG. 7, the molecular axis
on the surfaces of the substrates 100 and 200 is arranged
substantially parallel to the x-axis since the aligning force is
the strongest there. Since the force due to the electric field
becomes relatively stronger compared with the aligning
force from the substrates 100 and 200 to a certain point, the
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magnitude of the tilt angle 8; - increases continuously. Here,
the vertex of the curve is formed at a point near the lower
substrate 100.

On the other hand, the angle 8 which the field component

E,. makes with the x axis is almost zero on the boundary
lines A and D, and it becomes large as goes to the central line

B-B. The magnitude of the field component E_. is the
greatest on the boundary lines A and D, and it is reduced as
goes to the central line B-B.

The magnitude of the elastic restoring force by the
aligning treatment is constant on the x axis regardless of the
position.

Accordingly, as illustrated in FIG. 8, the tilt angle of the
liquid crystal molecule is almost zero on the boundary lines
A and D, and it decreases as goes to the central lines C and
B. Therefore, the tilt angle of the liquid crystal molecules
has the similar distributions to the angle 6, made by the field

component . with the x axis, although the tilt angle varies
more smoothly than the angle 0.

As described above, when the voltages are applied to the
two electrodes 1 and 2, the liquid crystal molecules are
re-arranged to have the twist angle and the tilt angle. The
transmittance of the incident light varies due to the variation
of the twist angle and the tilt angle. On the boundary lines
A and D, there is little variation in the tilt angle along the z
axis, but the twist angle varies very much. On the central
lines B and C, on the other hand, there is little variation in
the twist angle along the z axis but there is a small variation
in the tilt angle. Accordingly, both the twist angle and the tilt
angle varies in the region between the boundary lines A and
D and the central lines B and C. As a result, a transmittance
curve as a function of position has a similar shape to the lines
of force.

The transmittance and the viewing angle characteristics of
the LCD according to the first embodiment of the present
invention are described with reference to experimental
results illustrated in FIGS. 9, 10 and 11.

In the experiment, the linear electrodes 1 was made of the
opaque material, the widths of the narrow region NR and the
wide region WR were 5 um and 17 pm respectively, the
voltage applied to the planar electrode 2 and the linear
electrode 1 were 0 V and 5V respectively, oz was 80°, the
pre-tilt angle was about 1.5°, and the cell gap was 4.5 pm.

FIG. 9 is a graphical illustration of the transmittance as a
function of position along the x-axis according to the
experiment, where the origin is located at the left boundary
line of the leftmost linear electrode 1 in FIG. 3.

As illustrated in FIG. 9, the transmittance is zeto in the
opaque narrow region NR, has minima near the central lines
B of the wide region WR, and has maxima in the central
regions between the boundary lines A and the central lines
B, and between the central lines B and the boundary lines D.

FIG. 10 illustrates the transmittance as a function of the
applied voltage according to the experiment, where the
horizontal axis indicates the applied voltage, and the vertical
axis indicates the transmittance. As shown in FIG. 10, the
threshold voltage is about 1.5 V, and the saturation voltage
is about 3 V. Accordingly, it is possible to drive the LCD of
the present invention with the low voltage less than 3 V.

FIG. 11 is a graphical illustration showing the viewing
angle characteristics according to the experiment. As shown
in FIG. 11, the boundary of the region where the contrast is
equal to or more than 10 is substantially over 60 degrees.

When using optical phase compensating films between
the polarizing plates and the substrates, the viewing angle
may become wider.
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In the above-mentioned embodiment and experiments, it
is possible to modify the kind of the liquid crystal material,
the kind of the aligning films, aligning methods, the pre-tilt
angle, the polarizing directions of the polarizing plates, the
cell gaps, the kind of the phase difference compensating
plates, the material forming the electrodes, the widths of the
electrodes and the distances between the electrodes. For
example, when the linear electrodes 1 are made of transpar-
ent material, the higher transmittance can be obtained since
the liquid crystal molecules on the linear electrodes 1 are
used for controlling the light.

The modifications of the kind of the liquid crystal and/or
of initial state are described through second to fourth
embodiments.

The second embodiment uses a liquid crystal having
negative dielectric anisotropy.

The structure of an LCD according to the second embodi-
ment is similar to the first embodiment, and thus the shape
of the electric field is similar. However, the rearrangement of
the liquid crystal molecules due to the electric field is
different than that of the first embodiment.

In the initial state, the two aligning films 4 and 6 are
rubbed or exposed to ultraviolet light, and the liquid crystal
molecules are aligned in one horizontal direction. The liquid
crystal molecules may have some pre-tilt angle of less than
7 degrees with respect to the substrates 100 and 200 but they
are aligned substantially parallel to the substrates 100 and
200. When viewed on a plane parallel to the substrates 100
and 200, the liquid crystal molecules are arranged to have a
predetermined angle of equal to or less than 45 degrees with
respect to the directions parallel and perpendicular to the
linear electrodes 1. The polarizing directions of the polar-
izing plates 20 and 21 are perpendicular to each other, and
the polarizing direction of the polarizer 5 almost coincides
with the rubbing direction. Then the initial state is a black
state.

For simplicity, it is assumed that a direction perpendicular
to the substrates is z direction, a direction perpendicular to
the direction of the linear electrodes 1 is x direction, and a
direction parallel to the direction of the linear electrodes 1 is
y direction. That is to say, it is assumed that the direction
from left to right in FIG. 1 is the positive x direction, the
direction upward along the linear electrodes 1 in FIG. 1 is
the positive y direction, and the direction from the lower
substrate 200 to the upper substrate 100 in FIG. 2 is the
positive z direction.

First, the variation of a twist angle, which is defined by the
angle made by the projection of the long axis of the liquid
crystal molecule with the x axis or the initially aligned
direction onto x-y plane parallel to the substrate 100 and 11,
is described with reference to FIGS. 12, 13 and 14.

As shown in FIG. 12, the rubbing direction is indicated by

E, an x-y plane component of the electric field is indicated

by E

> and the polarizing direction or the optical axis of the

polarizer 5 is indicated by ?, while the angle made by the

rubbing direction R with the x axis is represented by oz, and
the angle made by the long axis of the liquid crystal
molecule with the x axis is represented by ;. The angle ¢
made by the optical axis of the polarizer 5 with the x-axis is
equal to 4, since the optical axis of the polarizer 5 is parallel

to the rubbing direction R.

The x-y plane component E of the electric field is in the
positive x direction from the boundary line A to the central
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line B of the wide region WR, and in the negative x direction
from the central line B of the wide region WR to the next
boundary line D.

The strength of the electric field component E, is the
largest on the boundary lines A and D, and it becomes
smaller as goes to the central line B-B, where the strength of

the electric field component E ], is zero.

The magnitude of the elastically restoring force generated
by the rubbing process is substantially constant on the x-y
plane regardless of position.

As illustrated in FIG. 13, the long axis of the liquid crystal
molecule or the molecular axis on the boundary lines A and
D is substantially perpendicular to the electric field compo-

nent E, and to the rubbing direction R since the liquid
crystal molecules are arranged to balance the two forces.
However, as approaching the central lines C and B of the

regions NR and WR, the angle lyz-o; -, which is the angle

between the molecular axis and the rubbing direction E,
becomes smaller and the molecular axis lies in parallel with

the rubbing direction R on the central lines B and C. The
angle made by the optical axis of the polarizer 5 with the
molecular axis has the same distribution as the above since
the optical axis of the polarizer 5 is parallel to the rubbing

—_—
direction R, and this angle is closely related to the trans-
mittance of the incident light.
On the other hand, the x-y plane component of the electric

field E, becomes smaller along the z-axis as goes from the
lower aligning film 4 to the upper aligning film 6. The elastic
restoring force generated by the aligning treatment is the
greatest on the surfaces of the aligning films 4 and 6, and it
is reduced as approaching the center of the liquid crystal
layer between the aligning films 4 and 6.

FIG. 14 illustrates the twist angle made by the molecular
axis with the x-axis from the lower aligning film 4 to the
upper aligning film 6 along the z-axis. In FIG. 14, the
horizontal axis indicates the height from the lower aligning
film 4, and the vertical axis represents the twist angle, where
d is the cell gap between the two aligning films 4 and 6.

As illustrated in FIG. 14, the twist angle on the surfaces
of the aligning films 4 and 6 is large since the aligning force
of the aligning films 4 and 6 is great. The twist angle
becomes small as approaching the center of the liquid crystal
layer, and the molecular axis at the center of the liquid
crystal layer is substantially in the direction of the electric

field component EJ. The molecular axis just on the aligning

films 4 and 6 is arranged in the rubbing direction R.

Supposing that the difference of the twist angle between
the adjacent liquid crystal molecules is called twist, the twist
corresponds to the magnitude of the slope of the curve in
FIG. 14. The twist is large near the surfaces of the aligning
films 4 and 6, and it decreases as goes to the center of the
liquid crystal layer.

FIGS. 15,16 and 17 illustrate the variation of the tilt angle
which the molecular axis makes with x-axis or the initially
aligned direction on a plane perpendicular to the substrate,
for example, z-x plane. FIG. 15 illustrates only the substrates
100 and 200 to simplify the explanation. In FIG. 15, the z-x

plane component of the R indicating the rubbing direction
in FIG. 12 is represented by R,

ZX?

and the zx plane component

E,

A
made by the field component E], with the x axis is indicated

of the electric field is represented by while the angle
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by 6, and the tilt angle made by the molecular axis with the

x axis is indicated by 8,.. Here, R, is in the x direction

=
since the vector R exists on the x-y plane assuming a pretilt
angle is ignored.

The magnitude of the field component E, and the angle
0 becomes small as it goes to the upper substrate 200 from
the lower substrate 100.

As described above, the elastic restoring force by the
aligning treatment is the largest on the surfaces of the two
substrates 100 and 200, and it becomes small as it goes to the
center of the liquid crystal layer.

The liquid crystal molecules may be arranged to balance
the two forces. As illustrated in FIG. 7, the molecular axis
on the surfaces of the substrates 100 and 200 is arranged
substantially parallel to the x-axis since the aligning force is
the strongest there. Since the force due to the electric field
becomes relatively stronger compared with the aligning
force from the substrates 100 and 200 to a certain point, the
magnitude of the tilt angle 8; . increases continuously. Here,
the vertex of the curve is formed at a point near the lower
substrate 100.

On the other hand, the angle 6 which the field component

. makes with the x axis is almost zero on the boundary
lines A and D, and it becomes large as goes to the central line

B-B. The magnitude of the field component E,. is the
greatest on the boundary lines A and D, and it is reduced as
goes to the central line B-B.

The magnitude of the elastic restoring force by the
aligning treatment is constant on the x-axis regardless of the
position.

Accordingly, as illustrated in FIG. 17, the tilt angle of the
liquid crystal molecule is almost zero on the boundary lines
A and D, and it decreases as goes to the central lines C and
B. Therefore, the tilt angle of the liquid crystal molecules
has the similar distributions to the angle 0 made by the field

component F_, with the x axis, although the tilt angle varies
more smoothly than the angle 0.

As described above, when the voltages are applied to the
two electrodes 1 and 2, the liquid crystal molecules are
re-arranged to have the twist angle and the tilt angle. The
transmittance of the incident light varies due to the variation
of the twist angle and the tilt angle. On the boundary lines
A and D, there is little variation in the tilt angle along the
z-axis, but the twist angle varies very much. On the central
lines B and C, on the other hand, there is little variation in
the twist angle along the z-axis but there is a small variation
in the tilt angle. Accordingly, both the twist angle and the tilt
angle vary in the region between the boundary lines A and
D and the central lines B and C. As a result, a transmittance
curve as a function of position has a similar shape to the lines
of force.

The third embodiment uses a liquid crystal having posi-
tive dielectric anisotropy but the liquid crystal molecules in
their initial states are perpendicular to the substrates.

The structure of an LCD according to the third embodi-
ment is similar to the first embodiment, and thus the shape
of the electric field is similar. However, the rearrangement of
the liquid crystal molecules due to the different initial states
is different than that of the first embodiment.

In the initial state, the two aligning films 4 and 6 are
rubbed or exposed to ultraviolet light, and the liquid crystal
molecules are aligned perpendicular to the substrates 100
and 200. The liquid crystal molecules may have some
pre-tilt angle with respect to the substrates 100 and 200 but
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they are aligned substantially perpendicular to the substrates
100 and 200. When viewed on a plane parallel to the
substrates 100 and 200, the liquid crystal molecules are
arranged to have a predetermined angle with respect to the
directions parallel and perpendicular to the linear electrodes
1. The polarizing directions of the polarizing plates 20 and
21 are perpendicular to each other, and the polarizing
direction of the polarizer 5 almost coincides with the rub-
bing direction. Then the initial state is a black state. The
liquid crystal is nematic and may have chiral dopant of
0.001-3.0 wt %.

For simplicity, it is assumed that a direction perpendicular
to the substrates is z direction, a direction perpendicular to
the direction of the linear electrodes 1 is x direction, and a
direction parallel to the direction of the linear electrodes 1 is
y direction. That is to say, it is assumed that the direction
from left to right in FIG. 1 is the positive x direction, the
direction upward along the linear electrodes 1 in FIG. 1 is
the positive y direction, and the direction from the lower
substrate 200 to the upper substrate 100 in FIG. 2 is the
positive z direction.

First, the variation of a twist angle, which is defined by the
angle made by the projection of the long axis of the liquid
crystal molecule with the x axis or the initially aligned
direction onto x-y plane parallel to the substrate 100 and 11,
is described with reference to FIGS. 18, 19 and 20.

As shown in FIG. 18, the rubbing direction is indicated by

-
R, an x-y plane component of the electric field is indicated

by E, and the polarizing diiection or the optical axis of the
polarizer 5 is indicated by P, while the angle made by the

rubbing direction R with the x axis is represented by o, and
the angle made by the long axis of the liquid crystal
molecule with the x axis is represented by o; . The angle o
made by the optical axis of the polarizer 5 with the x-axis is
equal to oz since the optical axis of the polarizer 5 is parallel

-
to the rubbing direction R.

The x-y plane component E, of the electric field is in the
positive x direction from the boundary line A to the central
line B of the wide region WR, and in the negative x direction
from the central line B of the wide region WR to the next
boundary line D.

The strength of the electric field component E, is the
largest on the boundary lines A and D, and it becomes
smaller as goes to the central line B-B, where the strength of

the electric field component E is zero.

The magnitude of the elastically restoring force generated
by the rubbing process is substantially constant on the x-y
plane regardless of position.

As illustrated in FIG. 19, the long axis of the liquid crystal
molecule or the molecular axis on the boundary lines A and

D is substantially parallel to the electric field component E,

and makes a large angle with respect to the rubbing direction
=

R since the liquid crystal molecules are arranged to balance
the two forces. However, as approaching the central lines C
and B of the regions NR and WR, the angle lgz-¢; -, which
is the angle between the molecular axis and the rubbing

s
direction R, becomes smaller and the molecular axis lies in

parallel with the rubbing direction I_{> on the central lines B
and C. The angle made by the optical axis of the polarizer
5 with the molecular axis has the same distribution as the
above since the optical axis of the polarizer 5 is parallel to
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the rubbing direction I_{>, and this angle is closely related to
the transmittance of the incident light.
On the other hand, the x-y plane component of the electric

field E}, becomes smaller along the z-axis as goes from the
lower aligning film 4 to the upper aligning film 6. The elastic
restoring force generated by the aligning treatment is the
greatest on the surfaces of the aligning films 4 and 6, and it
is reduced as approaching the center of the liquid crystal
layer between the aligning films 4 and 6.

FIG. 20 illustrates the twist angle made by the molecular
axis with the x-axis from the lower aligning film 4 to the
upper aligning film 6 along the z-axis. In FIG. 20, the
horizontal axis indicates the height from the lower aligning
film 4, and the vertical axis represents the twist angle, where
d is the cell gap between the two aligning films 4 and 6.

As illustrated in FIG. 20, the twist angle on the surfaces
of the aligning films 4 and 6 is large since the aligning force
of the aligning films 4 and 6 is great. The twist angle
becomes small as approaching the center of the liquid crystal
layer, and the molecular axis at the center of the liquid
crystal layer is substantially in the direction of the electric

field component E,. The molecular axis just on the aligning

films 4 and 6 is arranged in the rubbing direction R.

Supposing that the difference of the twist angle between
the adjacent liquid crystal molecules is called twist, the twist
corresponds to the magnitude of the slope of the curve in
FIG. 20. The twist is large near the surfaces of the aligning
films 4 and 6, and it decreases as goes to the center of the
liquid crystal layer.

FIGS. 21, 22 and 23 illustrate the variation of the tilt angle
which the molecular axis makes with x-axis or the initially
aligned direction on a plane perpendicular to the substrate,
for example, z-x plane. FIG. 21 illustrates only the substrates
100 and 200 to simplify the explanation. In FIG. 21, the z-x

plane component of the E indicating the rubbing direction

R, and the z-x plane compo-
E,., while the

paal

in FIG. 18 is represented by
nent of the electric field is represented by

angle made by the field component E_, with the z axis is
indicated by 0, and the tilt angle made by the molecular

axis with the z axis is indicated by 0, . Here, R__ is in the

-
x direction since the vector R exists on the x-y plane,
assuming a pretilt angle is ignored.

The magnitude of the field component E_, and the angle
0 becomes large as it goes to the upper substrate 200 from
the lower substrate 100.

As described above, the elastic restoring force by the
aligning treatment is the largest on the surfaces of the two
substrates 100 and 200, and it becomes small as it goes to the
center of the liquid crystal layer.

The liquid crystal molecules may be arranged to balance
the two forces. As illustrated in FIG. 21, the molecular axis
on the surfaces of the substrates 100 and 200 is arranged
substantially parallel to the z-axis since the aligning force is
the strongest there. Since the force due to the electric field
becomes relatively stronger compared with the aligning
force from the substrates 100 and 200 to a certain point, the
magnitude of the tilt angle 8, . increases continuously. Here,
the vertex of the curve is formed at a point near the lower
substrate 100.

On the other hand, the angle 8 which the field component

E.

. makes with the z axis is almost 90 degrees on the
boundary lines A and D, and it becomes small as it goes to
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the central line B-B. The magnitude of the field component

E, is the greatest on the boundary lines A and D, and it is
reduced as goes to the central line B-B.

The magnitude of the elastic restoring force by the
aligning treatment is constant on the x-axis regardless of the
position.

Accordingly, as illustrated in FIG. 23, since the long axes
of the liquid crystal molecules at the boundary lines A and
D are almost perpendicular to the field direction, the lines A
and D form a discontinuous plane. However, the tilt angle of
the liquid crystal molecule is almost 90 degrees near the
boundary lines A and D, and decreases as it goes to the
central lines C and B. Therefore, the tilt angle of the liquid
crystal molecules has the similar distributions to the angle

0_ made by the field component B, with the 7 axis, although
the tilt angle varies more smoothly than the angle 0.

When the liquid crystal molecules have a pre-tilt angle,
the discontinuous plane may be eliminated.

As described above, when the voltages are applied to the
two electrodes 1 and 2, the liquid crystal molecules are
re-arranged to have the twist angle and the tilt angle. The
transmittance of the incident light varies due to the variation
of the twist angle and the tilt angle. On the boundary lines
A and D, there is large variation in the tilt angle and the twist
angle along the z-axis. On the central lines B and C, on the
other hand, there is little variation in the twist angle and the
tilt angle along the z-axis. Accordingly, both the twist angle
and the tilt angle vary in the region between the boundary
lines A and D and the central lines B and C. As a result, a
transmittance curve as a function of position has a similar
shape to the lines of force.

The fourth embodiment uses a liquid crystal having
negative dielectric anisotropy and the liquid crystal mol-
ecules in their initial states are perpendicular to the sub-
strates.

The structure of an LCD according to the third embodi-
ment is similar to the first embodiment, and thus the shape
of the electric field is similar. However, the rearrangement of
the liquid crystal molecules due to the different initial states
is different from that of the first embodiment.

In the initial state, the two aligning films 4 and 6 are
rubbed or exposed to ultraviolet light, and the liquid crystal
molecules are aligned perpendicular to the substrates 100
and 200. The liquid crystal molecules may have some
pre-tilt angle with respect to the substrates 100 and 200 but
they are aligned substantially perpendicular to the substrates
100 and 200. When viewed on a plane parallel to the
substrates 100 and 200, the liquid crystal molecules are
arranged to have a predetermined angle with respect to the
directions parallel and perpendicular to the linear electrodes
1. The polarizing directions of the polarizing plates 20 and
21 are perpendicular to each other, and the polarizing
direction of the polarizer 5 almost coincides with the rub-
bing direction. Then the initial state is a black state. The
liquid crystal is nematic and may have chiral dopant of
0.001-3.0 wt %.

For simplicity, it is assumed that a direction perpendicular
to the substrates is z direction, a direction perpendicular to
the direction of the linear electrodes 1 is x direction, and a
direction parallel to the direction of the linear electrodes 1 is
y direction. That is to say, it is assumed that the direction
from left to right in FIG. 1 is the positive x direction, the
direction upward along the linear electrodes 1 in FIG. 1 is
the positive y direction, and the direction from the lower
substrate 200 to the upper substrate 100 in FIG. 2 is the
positive z direction.
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First, the variation of a twist angle, which is defined by the
angle made by the projection of the long axis of the liquid
crystal molecule with the x axis or the initially aligned
direction onto x-y plane parallel to the substrate 100 and 11,
is described with reference to FIGS. 24, 25 and 26.

As shown in FIG. 24, the rubbing direction is indicated by

-
R, an x-y plane component of the electric field is indicated

by E_.

» and the polarizing direction or the optical axis of the

polarizer 5 is indicated by F, while the angle made by the

rubbing direction R with the x axis is represented by oz, and
the angle made by the long axis of the liquid crystal
molecule with the x axis is represented by o; . The angle ¢
made by the optical axis of the polarizer 5 with the x-axis is
equal to o since the optical axis of the polarizer 5 is parallel

-
to the rubbing direction R.

The x-y plane component E, of the electric field is in the
positive x direction from the boundary line A to the central
line B of the wide region WR, and in the negative x direction
from the central line B of the wide region WR to the next
boundary line D.

The strength of the electric field component E is the
largest on the boundary lines A and D, and it becomes
smaller as goes to the central line B-B, where the strength of

the electric field component Ejy is zero.

The magnitude of the elastically restoring force generated
by the rubbing process is substantially constant on the x-y
plane regardless of position.

As illustrated in FIG. 25, the long axis of the liquid crystal
molecule or the molecular axis on the boundary lines A and
D is substantially perpendicular to the electric field compo-

nent E, and 1o the rubbing direction E since the liquid
crystal molecules are arranged to balance the two forces.
However, as approaching the central lines C and B of the
regions NR and WR, the angle lgz-o; -, which is the angle

s
between the molecular axis and the rubbing direction R
becomes smaller and the molecular axis lies in parallel with

the rubbing direction R on the central lines B and C. The
angle made by the optical axis of the polarizer 5 with the
molecular axis has the same distribution as the above since
the optical axis of the polarizer 5 is parallel to the rubbing

direction R, and this angle is closely related to the trans-
mittance of the incident light.
On the other hand, the x-y plane component of the electric

field E_ becomes smaller along the z-axis as goes from the
lower aligning film 4 to the upper aligning film 6. The elastic
restoring force generated by the aligning treatment is the
greatest on the surfaces of the aligning films 4 and 6, and it
is reduced as approaching the center of the liquid crystal
layer between the aligning films 4 and 6.

FIG. 26 illustrates the twist angle made by the molecular
axis with the x-axis from the lower aligning film 4 to the
upper aligning film 6 along the z-axis. In FIG. 26, the
horizontal axis indicates the height from the lower aligning
film 4, and the vertical axis represents the twist angle, where
d is the cell gap between the two aligning films 4 and 6.

As illustrated in FIG. 26, the twist angle on the surfaces
of the aligning films 4 and 6 is large since the aligning force
of the aligning films 4 and 6 is great. The twist angle
becomes small as approaching the center of the liquid crystal
layer, and the molecular axis at the center of the liquid
crystal layer is substantially in the direction of the electric
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field component E:y The molecular axis just on the aligning

films 4 and 6 is arranged in the rubbing direction E

Supposing that the difference of the twist angle between
the adjacent liquid crystal molecules is called twist, the twist
corresponds to the magnitude of the slope of the curve in
FIG. 26. The twist is large near the surfaces of the aligning
films 4 and 6, and decreases as it goes to the center of the
liquid crystal layer.

FIGS. 27, 28 and 29 illustrate the variation of the tilt angle
which the molecular axis makes with x-axis or the initially
aligned direction on a plane perpendicular to the substrate,
for example, zx plane. FIG. 27 illustrates only the substrates
100 and 200 to simplify the explanation. In FIG. 27, the zx

plane component of the R indicating the rubbing direction
in FIG. 24 is represented by R,

ZX?

and the zx plane component

B

of the electric field is represented by E_, while the angle

made by the field component E_, with the z axis is indicated

zx

by 8, and the tilt angle made by the molecular axis with the

z axis is indicated by 6, ... Here, R_, is in the x direction since

-
the vector R exists on the x-y plane assuming a pretilt angle
is ignored.

The magnitude of the field component E,, and the angle
6 becomes large as it goes to the upper substrate 200 from
the lower substrate 100.

As described above, the elastic restoring force by the
aligning treatment is the largest on the surfaces of the two
substrates 100 and 200, and it becomes small as it goes to the
center of the liquid crystal layer.

The liquid crystal molecules may be arranged to balance
the two forces. As illustrated in FIG. 27, the molecular axis
on the surfaces of the substrates 100 and 200 is arranged
substantially parallel to the z-axis since the aligning force is
the strongest there. Since the force due to the electric field
becomes relatively stronger compared with the aligning
force from the substrates 100 and 200 to a certain point, the
magnitude of the tilt angle 0; . increases continuously. Here,
the vertex of the curve is formed at a point near the lower
substrate 100.

On the other hand, the angle 0 which the field component

E,. makes with the z axis is almost 90 degrees on the
boundary lines A and D, and it becomes small as it goes to
the central line B-B. The magnitude of the field component

E,. is the greatest on the boundary lines A and D, and it is
reduced as goes to the central line B-B.

The magnitude of the elastic restoring force by the
aligning treatment is constant on the x-axis regardless of the
position.

Accordingly, as illustrated in FIG. 29, the tilt angle of the
liquid crystal molecule is almost zero degrees on the bound-
ary lines A and D, and increases as it goes to the central lines
C and B. Therefore, the tilt angle of the liquid crystal
molecules has the similar distributions to the angle 0, made

by the field component E_ with the z axis, although the tilt
angle varies more smoothly than the angle 6.

When the liquid crystal molecules have a pre-tilt angle,
the discontinuous plane may be eliminated.

As described above, when the voltages are applied to the
two electrodes 1 and 2, the liquid crystal molecules are
re-arranged to have the twist angle and the tilt angle. The
transmittance of the incident light varies due to the variation
of the twist angle and the tilt angle. On the boundary lines
A and D, there is little variation in the tilt angle but the twist
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angle along the z-axis varies greatly. On the central lines B
and C, on the other hand, there is little variation in the twist
angle along the z-axis but there is a small variation in the tilt
angle. Accordingly, both the twist angle and the tilt angle
vary in the region between the boundary lines A and D and
the central lines B and C. As a result, a transmittance curve
as a function of position has a similar shape to the lines of
force.

Next, modifications of the electrode structure are
described.

The LCD according to the fifth embodiment of the present
invention is described with reference to the FIGS. 30 and 31.

Unlike the first to fourth embodiments of the present
invention, the portions of the planar electrode overlapping
the linear electrodes are removed in this embodiment. There-
fore, the planar electrode is divided into a plurality of
common electrodes 2, each being located between the linear
electrodes 1. Furthermore, since the two adjacent common
electrodes 2 in the transverse direction should be connected,
common electrode lines or connections 23 connecting the
common electrodes 2 are provided. These connections 23
may overlap the linear electrodes 1 as shown in FIG. 30, but
may be located outward the linear electrodes 1 in order to
prevent overlapping. In FIG. 30, openings 8 are defined by
the adjacent two common electrodes 2 and the connections
23 connecting them.

For simplicity, a region on a linear electrode 1 is defined
as a narrow region NR, a region including an opening 8 and
connections 23 as a boundary region BR, and a region on the
common electrode 2 as a wide region WR, while the widths
of the narrow region NR, the boundary region BR, and the
wide region WR is designated as a, ¢ and b, respectively.

In FIG. 31 which is a cross-sectional view taken along
line V-V' in FIG. 30, the lines of force between the central
line C of the narrow region NR and the central line B of the
wide region WR are in parabolic or semi-elliptical shapes.
When the width of the boundary region BR is fixed, the
location of the vertex of the line of force varies depending
on the value of the a/b. However, the vertex of the parabolic
line of force is located approximately on the central line I of
the boundary region BR. The shape of the parabola is
asymmetric when a is different from b, but it is substantially
symmetric when a and b are the same. When c¢ is zero, the
electric field has the shape similar to the electric field of the
first embodiment, and even though c is not zero, the electric
field on the planar electrode 2 or the linear electrodes 1 also
has the horizontal component and the vertical component.

Accordingly, in the transmissive type display where both
or one of the two electrodes 1 and 2 is made of transparent
material, the light incident on the liquid crystal layer through
the transparent electrode 1 or 2 is controlled by the twist and
the tilt of the liquid crystal molecules on the transparent
electrode. Here, the smaller the value of ¢, the lesser the
threshold voltage of the liquid crystal material becomes.

In case of the reflection type display where the two
electrodes 1 and 2 are made of opaque metal having high
reflectance such as Al, the reflectance gets higher as the
value of ¢ becomes smaller. In this case, the re-arranged
liquid crystal molecules on the electrodes 1 and 2 having the
twist angle and the tilt angle change the polarization of the
light incident on the liquid crystal layer through the upper
substrate and that of the light which is reflected by the
electrodes 1 and 2 and incident on the liquid crystal layer.

The LCD according to the sixth embodiment of the
present invention having a thin film transistor as a switching
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element as well as the electrodes suggested in the first to the
fifth embodiments, is described in detail with reference to
FIGS. 32 to0 34.

FIG. 32 is a layout of a pixel formed on the lower
substrate of the LCD according to the sixth embodiment of
the present invention, wherein hundreds of thousands of
such pixels are formed in a matrix type in the LCD.

A plurality of gate lines or scanning signal lines 10 and a
plurality of planar common electrodes 20 are formed on a
transparent insulating substrate 100. The scanning signal
lines 10 are elongated in the transverse direction, and the
common electrodes are located between the scanning signal
lines 10. A portion 11 of the scanning signal line 10 serve as
a gate electrode, and connections 23 connect adjacent com-
mon electrodes 20.

The scanning signal lines 10 and the common electrodes
20 are covered with a gate insulating film 40, and a channel
layer 51 made of amorphous silicon is formed on a portion
of a gate insulating film 40 opposite the gate electrode 11 of
the scanning signal line 10. Two separated portions 61 and
62 of the doped amorphous silicon layer heavily doped with
n-type impurity are formed on portions of the channel layer
51, and the portions 61 and 62 are opposite to each other
with respect to the gate electrode 11.

On the other hand, a plurality of data lines 70 are formed
on the gate insulating film 40 and elongated longitudinally
to intersect the gate lines 10. A branch of the data line 70
extends to one portion 61 of the doped amorphous silicon
layer to form a source electrode 71, and a drain electrode 72
is formed on the other portion 62 of the doped amorphous
silicon layer. The gate electrode 11, the source electrode 71
and the drain electrode 72 form electrodes of the TFT along
with the channel layer 51. The doped amorphous silicon
layer 61 and 62 improves ohmic contact between the source
and the drain electrodes 71 and 72 and the amorphous silicon
layer 51.

The drain electrode 72 extends to form a plurality of linear
pixel electrodes 75 elongated longitudinally and a connect-
ing portion 76 of the pixel electrodes 75. The data line 70,
the source and the drain electrodes 71 and 72 and the
connecting portion 76 are covered with a passivation film
80, and the aligning film 4 is coated thereon.

Since the connections 23 overlap the data line 70, and the
overlapping causes parasitic capacitance to increase the RC
delay of the image signal of the data line 70. To reduce the
RC delay, it is preferable that the overlapping between the
connection 23 and the data line 70 is minimized.

A portion of the passivation film 80 in the display region
where the pixel electrode 75 and the common electrode 20
are located may be removed to obtain sufficient electric field.

Other amorphous silicon patterns 52 are formed on the
portions of the gate insulating layer 40 where the gate lines
10, the connections 23 intersect the data lines 70 in order to
enhance the insulation therebetween.

A method for manufacturing the LCD according to the
sixth embodiment of the present invention is described in
detail hereinafter.

First, a transparent conductive layer such as indium tin
oxide (ITO) is deposited and patterned to form common
electrodes 20 and their connections 23. A film of Cr, Al, Mo,
Ti, Ta or their alloys are deposited and patterned to form
scanning signal lines 10. A gate insulating film 40 made of
such as silicon nitride is deposited to cover the common
electrode 20, the gate electrode 11 and the scanning signal
lines 10. An amorphous silicon layer and an n+ type amor-
phous silicon layer are sequentially deposited on the gate
insulating film 40, and patterned to form 51, 52 and 61, 62.
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A film of Cr, Al, Mo and Ta or their alloys are deposited and
patterned to form a data wire including data lines 70, source
electrodes 71, drain electrodes 72 and pixel electrodes 75. A
portion of the n+ type amorphous silicon layer which is not
covered by the data wire are removed. Next, a passivation
film 80 is deposited and patterned to form an opening 81 on
the display region. Finally, an aligning film 4 is coated
thereon.

Next, a substrate for a liquid crystal display and a manu-
facturing method thereof according to the seventh embodi-
ment are described in detail.

First, the structure of a liquid crystal display substrate is
described with reference to FIGS. 35A to 35C. FIG. 35A is
a layout view of a lower substrate of a liquid crystal display,
and FIGS. 35B and 35C are sectional views taken along the
lines VII1B-VIIIB' and VII1C-VII1C' respectively.

As shown in FIGS. 35A to 35C, a planar common
electrode 20 made of transparent conductive material such
as ITO (indium tin oxide) is formed on a transparent
insulating substrate 100. The common electrode 20 is in a
pixel region, and is connected to adjacent common elec-
trodes (not shown) in adjacent pixel regions via a plurality
of connections 23 on the substrate 100 to transmit common
signals. A common signal transmitter 24 on the substrate 100
is electrically connected to the common electrode 20 via the
connection 23, and located near the right edge of the
substrate 100.

At the lower part of the pixel region, a gate line 10 is
formed on the substrate 100 and extends in the transverse
direction. The gate line 10 is connected to a gate pad 12
which is located near the left edge of the substrate 100 and
receives external scanning signals. A portion 11 of the gate
line 10 serves as a gate electrode.

The common electrode 20, the connections 23, the com-
mon signal transmitter 24, the gate line 10 and the gate pad
12 are made of transparent conductive materials, and a
redundant pattern for preventing their disconnection is
formed on the upper part of the common electrode 20, the
connections 23, the common signal transmitter 24 and the
gate line 10. A redundant connection 33 is provided on the
connections 23 and upper part of the common electrode 20,
a redundant common signal transmitter 34 on the common
signal transmitter 24, and a redundant gate line 30 and a
redundant gate electrode 31 on the gate line 10 and the gate
electrode 11, respectively. The redundant pattern 30, 31, 33
and 34 may be made of any conductive material such as Al
or Al alloy. However, when using Al or Al alloy, since direct
contact of ITO and Al and Al alloy yields an oxide therebe-
tween, a buffer layer 32 and 35 made of refractory metal
such as Cr or MoW alloy is interposed between the two
layers.

The common electrode 20 and the redundant pattern are
covered with a gate insulating layer 40. As shown in FIGS.
35A and 35B, a channel layer 51 made of amorphous silicon
1s formed on the gate insulating layer 40 opposite the gate
electrode 11. Two separate portions 61 and 62 of a contact
layer of amorphous silicon heavily doped with n type
impurity are formed on the channel layer 51 and located
opposite to each other with respect to the gate electrode 11.

A data line 70 extending in the longitudinal direction is
also formed on the gate insulating layer 40 and intersects the
gate line. A branch of the data line 70 extends to one portion
61 of the doped amorphous silicon layer to form a source
electrode 71, and a drain electrode 72 is formed on the other
portion 62 of the doped amorphous silicon layer. The gate
electrode 11, the source electrode 71 and the drain electrode
72 form electrodes of the TFT along with the channel layer
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51. The doped amorphous silicon layer 61 and 62 improves
ohmic contact between the source and the drain electrodes
71 and 72 and the amorphous silicon layer 51.

The drain electrode 72 extends to form a plurality of linear
pixel electrodes 75 elongated longitudinally and a connect-
ing portion 76 of the pixel electrodes 75. The data line 70,
the source and the drain electrodes 71 and 72 and the
connecting portion 76 are covered with a passivation film
80, and the passivation film 80 and the gate insulating layer
40 having a contact hole 82 exposing the gate pad 12.

A portion of the passivation film 80 in the pixel region
where the pixel electrode 75 and the common electrode 20
are located may be removed to obtain sufficient electric field.

A method for manufacturing the LCD according to the
seventh embodiment of the present invention is described in
detail with reference to FIGS. 36A to 39C. FIGS. 36A, 37A,
38A and 39A are layout views of the intermediate structures
of the liquid crystal display substrate according to this
embodiment, and FIGS. 36B and 36C, 37B and 37C, 38B
and 38C, and 39B and 39C are sectional views taken along
the lines VII2B and VII2C in FIG. 36A, VII3B and VII3C
in FIG. 37A, and VII4B and VII4C in FIG. 38A and VII5SB
and VII5C in FIG. 39A.

First, as shown in FIGS. 36A-36C, a transparent conduc-
tive layer such as indium tin oxide is deposited to the
thickness of 50-100 nm on an insulating substrate 100 and
patterned using a first mask to form a common wire includ-
ing a common electrode 20, their connections 23 and a
common signal transmitter 24, and a gate wire including a
gate line 10 and a gate pad 12.

As shown in FIGS. 37A-37C, a lower conductive film
made of a refractory metal such as Cr or Mo—W, and an
upper conductive film of Al or Al alloys with thickness of
100-400 nm are deposited in sequence and patterned by
using a second mask to form a redundant pattern 30, 33 and
34 and a buffer layer 32 and 35 thereunder. A gate insulating
layer 40 is deposited thereon.

As shown in FIGS. 38A-38C, an amorphous silicon layer
and an n+ type amorphous silicon layer are sequentially
deposited on the gate insulating film 40, and patterned by
using a third mask to form the patterns 51 and 60.

As shown in FIGS. 39A-39C, a film made of Cr, Al, Mo
and Ta or their alloys are deposited to a thickness of 100-200
nm and patterned by using a fourth mask to form a data wire
including data lines 70, source electrodes 71, drain elec-
trodes 72 and pixel electrodes 75. A portion of the n+ type
amorphous silicon layer which is not covered by the data
wire are removed.

Finally, a passivation film 80 with thickness of 200-400
nm is deposited and patterned along with the gate insulating
layer 40 by using a fifth mask to form a contact hole 82.

Alternatively, the common wire and the gate wire are
formed after the redundant pattern and the buffer layer is
formed.

The material and the width of the electrodes 20 and 75 and
the distance between the electrodes 20 may vary depending
on the design of the liquid crystal display. For example, if
the pixel electrodes 75 are transparent, the liquid crystal
molecules over the pixel, electrodes 75 contribute to the
display of images, causing larger transmittance. In case of
reflective liquid crystal display, the common electrode 20
and the pixel electrodes 75 may be made of an opaque
material having large reflectance.

Next, a substrate for a liquid crystal display and a manu-
facturing method thereof according to the eighth embodi-
ment are described in detail.
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The structure of a liquid crystal display substrate with
reference to FIGS. 40 to 42. FIG. 40 is a layout view of a
lower substrate of a liquid crystal display, and FIGS. 41 and
42 are sectional views of different embodiments taken along
the line VIITA-VIIIA".

As shown in FIGS. 40 to 42, a plurality of rectangular
common electrodes 20 made of transparent conductive
material such as ITO (indium tin oxide) are formed on a
transparent insulating substrate 100. Each common elec-
trode 20 is in a pixel region, and is connected to adjacent
common electrodes in adjacent pixel regions via a plurality
of connections 23 on the substrate 100 to transmit common
signals. However, the connections 23 may be eliminated.

A plurality of common electrode lines 33 located at the
upper parts of the common electrodes 20 extends in the
transverse direction to electrically connect the common
electrodes 20. The common electrode lines 33 have lower
resistivity than the common electrodes 20, and are located
either on the common electrodes 20 as in FIG. 41 or under
the common electrodes 20 as in FIG. 42.

Between the common electrodes 20 adjacent along a
column, a gate line 10 is formed on the substrate 100 and
extends in the transverse direction. A portion 11 of the gate
line 10 serves as a gate electrode.

The common electrode lines 33 and the gate line 10 may
be made of any conductive material such as Al, Al alloy, Mo
or Cr. However, when using Al or Al alloy, since direct
contact of ITO and Al and Al alloy yields an oxide therebe-
tween, a buffer layer made of refractory metal such as Cr or
MoW alloy is interposed between the two layers.

The common electrodes 20 and the gate line 10 and the
common electrode lines 33 are covered with a gate insulat-
ing layer 40. As shown in FIGS. 41 and 42, a channel layer
51 of amorphous silicon is formed on the gate insulating
layer 40 opposite the gate electrode 11. Two separate por-
tions 61 and 62 of a contact layer of amorphous silicon
heavily doped with n type impurity are formed on the
channel layer 51 and located opposite to each other with
respect to the gate electrode 11.

A data line 70 extending in the longitudinal direction is
also formed on the gate insulating layer 40 and intersects the
gate line 10. A branch of the data line 70 extends to one
portion 61 of the doped amorphous silicon layer to form a
source electrode 71, and a drain electrode 72 is formed on
the other portion 62 of the doped amorphous silicon layer.
The gate electrode 11, the source electrode 71 and the drain
electrode 72 form electrodes of the TFT along with the
channel layer 51. The doped amorphous silicon layer 61 and
62 improves ohmic contact between the source and the drain
electrodes 71 and 72 and the amorphous silicon layer 51.

The drain electrode 72 extends to form a plurality of linear
pixel electrodes 75 elongated longitudinally and a connect-
ing portion 76 of the pixel electrodes 75. The data line 70,
the source and the drain electrodes 71 and 72 and the
connecting portion 76 are covered with a passivation film
80.

A plurality of isolated amorphous silicon patterns 52 are
located at the intersections of the gate line 10 and the
common electrode lines 33 and the data lines 70, and
interposed between the gate insulating layer 40 and the data
lines 70.

A method for manufacturing the LCD according to the
eighth embodiment of the present invention is described.

In the case of the structure shown in FIG. 41, an ITO layer
and a metal layer are deposited in sequence. The metal layer
is patterned to form common electrode lines 33 and gate

10

15

20

25

30

35

40

45

50

55

60

24

lines 10, and the ITO layer is patterned to form common
electrodes 20 and connections 23.

On the other hand, in the case of the structure shown in
FIG. 42, a metal layer is deposited and patterned to form
common electrode lines 33 and gate lines 10. Thereafter, an
ITO layer is deposited and patterned to form common
electrodes 20 and connections 23. In this case, the connec-
tions 23 may be eliminated.

Next, a gate insulating layer 40, an amorphous silicon
layer 51 and a doped amorphous silicon layer 61 and 62 are
deposited in sequence, and the doped amorphous silicon
layer and the amorphous silicon layer are then patterned.

A metal film is deposited and patterned to form a data wire
including data lines 70, source electrodes 71, drain elec-
trodes 72 and pixel electrodes 75. A portion of the n+ type
amorphous silicon layer which is not covered by the data
wire are removed.

Finally, a passivation film 80 is deposited and patterned
along with the gate insulating layer 40 to expose pads of the
gate lines 10 and of the data lines 70.

In this embodiment, since the common electrodes 20 are
patterned by using the common electrode lines 33 and the
gate lines 10, misalignment may be reduced.

FIG. 43 shows a sectional view taken along the line
VIIIB-VIIIB' in FIG. 40 but includes an upper substrate.
Among the regions between the pixel electrodes 75 and the
common electrodes 20, the regions S adjacent to the data
line 70 have disturbed electric field due to the signals
flowing through the data line 70. Accordingly, the liquid
crystal molecules in the regions S arrange themselves dif-
ferent from the other regions, and light may leak.

The ninth embodiment suggests the structure reducing the
light leakage.

FIGS. 44, 45 and 46 are sectional views of the liquid
crystal display according to the ninth embodiment of the
present invention.

As shown in FIG. 44, a light blocking film 210 made of
an opaque material such as Cr is formed on the upper
substrate 200, and located at the position corresponding to
the regions S.

In addition to the light blocking film 210 on the upper
substrate 200, another light blocking film 110 is formed
between the data line 70 and the pixel electrodes 75 adjacent
thereto as shown in FIG. 45. The light blocking films 110 are
formed on both the lower substrate 100 and the common
electrodes 20, covered with the gate insulating layer 40, and
overlap the data line 70.

It is preferable that the light blocking films 110 are
conductive as well as opaque to have a potential equal to the
common electrodes 20. In this case, the light blocking films
110 block the electric field due to the data line 70 as well as
prevent light leakage in the region S.

FIG. 46 shows the structure having only a light blocking
film 120 on the lower substrate 100. The light blocking film
120 is formed on the gate insulating layer 40 and covers the
data line 70 at all and the pixel electrodes in part. The light
blocking film 120 in FIG. 46 is made of insulating material,
preferably organic material, since it directly contacts the
data line 70 and the pixel electrodes 75.

The structures in the previous embodiments include a
planar electrode, an insulating layer covering the planar
electrode and a plurality of linear electrodes on the insulat-
ing layer. However, the linear electrode may be located
under the planar electrode or may lie on the same plane.
These structures are obtained by patterning the planar elec-
trodes such that the planar electrode forms a continuous
plane between the linear electrodes. The planar electrode
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may overlap the linear electrode in part. Otherwise, the
planar electrode may not overlap the linear electrode but the
distance between the adjacent boundaries of the pixel elec-
trode and of the linear electrode is very close. The width of
the planar electrode is either equal to or larger than that of
the linear electrode. The liquid crystal molecules above the
planar electrode are used for display, while the conventional
IPS LCD uses the liquid crystal molecules only above the
regions between the electrodes.

FIG. 47 is a sectional view of an LCD according to the
tenth embodiment of the present invention.

As shown in FIG. 10, a plurality of linear first electrodes
1 are formed on an insulating substrate 100, and the first
electrodes 1 are covered with an insulating layer 3. A
plurality of planar second electrodes 2 are formed on the
insulating layer 3, overlap the first electrode in part, and
have the width equal to or larger than that of the first
electrode. The first and the second electrodes 1 and 2 may be
transparent or opaque according to the type of the LCD.

FIGS. 48, 49 and 50 shows an electric field, transmittance
and viewing angle characteristic of the LCD according to the
tenth embodiment, respectively.

When applying 0 V and 5 V to the first and the second
electrodes 1 and 2 respectively, the potential difference
between the first and the second electrodes 1 and 2 yields the
electric field shown in FIG. 48. In FIG. 48, solid lines
indicate equipotential lines, and dotted lines indicate the
lines of electrical force.

As shown in FIG. 48, the shape of the electrical field is
symmetrical with respect to the central lines of the first and
the second electrodes 1 and 2, and similar to that shown in
FIG. 2.

FIG. 49 illustrates the transmittance as a function of the
applied voltage according this embodiment. As shown in
FIG. 10, the threshold voltage is about 1.5 V, and the
saturation voltage is about 5 V.

FIG. 50 is a graphical illustration showing the viewing
angle characteristics according to this embodiment. As
shown in FIG. 50, the boundary of the region where the
contrast is equal to or more than 10 is substantially over 60
degrees.

The LCD according to a eleventh embodiment of the
present invention having a thin film transistor as a switching
element as well as the electrodes suggested in the tenth
embodiment, is described in detail with reference to FIGS.
51 to 53.

FIG. 51 is a layout of a lower substrate of an LCD
according to the eleventh embodiment of the present inven-
tion, wherein hundreds of thousands of such pixels are
formed in a matrix type in the LCD. FIGS. 52 and 53 are
sectional views taken along the lines XIA-XIA' and XIB-
XIB', respectively.

A plurality of gate lines or scanning signal lines 10 and a
gate pad 12 are formed on a transparent insulating substrate
100. The gate line 10 extends in the transverse direction and
the gate pad 12 is connected to the left end of the gate line
10. A portion 11 of the gate line 10 serves as a gate electrode
of a thin film transistor.

A plurality of common electrodes 20 elongated longitu-
dinally are formed on the 100, and lies between the gate lines
10. A pair of transverse common electrode lines 23 connect-
ing the common electrodes 20 are also formed on the
substrate 100.

The gate lines 10, the common electrodes 20 and the
common electrode lines 23 are covered with a gate insulat-
ing film 40, and a channel layer 51 made of amorphous
silicon is formed on a portion of a gate insulating film 40
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opposite to the gate electrode 11 of the scanning signal line
10. Two separated portions 61 and 62 of a amorphous silicon
layer heavily doped with n type impurity are formed on
portions of the channel layer 51, and the portions 61 and 62
are opposite to each other with respect to the gate electrode
11.

On the other hand, a plurality of data lines 70 and a data
pad 73 are formed on the gate insulating film 40. The data
line 70 is elongated longitudinally to intersect the gate lines
10, and the data pad 73 is connected to the upper end of the
gate line 10. A branch of the data line 70 extends to one
portion 61 of the doped amorphous silicon layer to form a
source electrode 71, and a drain electrode 72 is formed on
the other portion 62 of the doped amorphous silicon layer.
The gate electrode 11, the source electrode 71 and the drain
electrode 72 form electrodes of the TFT along with the
channel layer 51. The doped amorphous silicon layer 61 and
62 improves the ohmic contact between the source and the
drain electrodes 71 and 72 and the amorphous silicon layer
51

The data line 70, the data pad 73 and the source and the
drain electrodes 71 and 72 are covered with a passivation
film 80. The passivation film 80 has contact holes 82, 83 and
84 exposing the gate pad 12, the data pad 73 and the drain
electrode 84.

A plurality of linear pixel electrodes 91 elongated longi-
tudinally and a connecting portion 92 of the pixel electrodes
91 are formed on the passivation film 80, and a redundant
gate pad 95 and a redundant data pad 96 are also formed on
the passivation layer 80. The boundaries 93 of the pixel
electrodes 91 are over the common electrodes 20, and the
connecting portion 92 is connected to the pixel electrodes 91
and connected to the drain electrode 72 through the contact
hole 84. The width of the pixel electrode 91 is equal to or
larger than that of the common electrode 20. The redundant
gate pad 95 and the redundant data pad 96 are connected to
the gate pad 12 and the data pad 73 through the contact holes
82 and 83, respectively.

A method for manufacturing the LCD according to the
eleventh embodiment of the present invention is described in
detail with reference to FIGS. 51 to 53 and 54A to 57B.

First, as shown in FIGS. 54A-54B, a conductive layer
made of a refractory metal such as Cr, Al, Mo, Ti, Ta or their
alloys is deposited on an insulating substrate 100 and
patterned using a first mask to form a common wire includ-
ing a plurality of common electrodes 20 and common
electrode lines 33, and a gate wire including a gate line 10
and a gate pad 12.

As shown in FIGS. 55A-55B, a gate insulating layer 40 of
such as silicon nitride, an amorphous silicon layer and an n+
type amorphous silicon layer are sequentially deposited on
the gate insulating film 40. The n+ type amorphous silicon
layer and the amorphous silicon layer are patterned using a
second mask to form the channel layer 51 and a pattern 60.

As shown in FIGS. 56A-56B, a film made of Cr, Al, Mo
and Ta or their alloys are deposited and patterned by using
a third mask to form a data wire including data lines 70, a
data pad 73, a source electrode 71 and a drain electrodes 72.
A portion of the n+ type amorphous silicon layer which is
not covered by the data wire is removed.

As shown in FIGS. 57A-57B, a passivation film 80 with
thickness of 200-400 nm is deposited and patterned along
with the gate insulating layer 40 by using a fourth mask to
form contact holes 82, 83 and 84.
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Finally, an ITO layer is deposited and patterned by using
a fifth mask to form pixel electrodes 91, connecting mem-
bers 92, a redundant gate pad 95 and a redundant data pad
96.

An LCD according to a twelfth embodiment has pixel
electrodes directly on a gate insulating layer, as shown in the
layout of FIG. 58. FIGS. 59 and 60 are sectional views taken
along the lines XIIA-XITA' and XIIB-XIIB', respectively.

A plurality of pixel electrodes 91 are formed on a portion
of a gate insulating layer 40 between common electrodes 20
on an insulating substrate 100. A drain electrode 72 on the
gate insulating layer 40 extends to connecting portion 92 of
the pixel electrodes 91 and is electrically connected to the
pixel electrodes 91. A passivation film 80 covers a data line
70, a source electrode 71 and the drain electrode 72 on the
gate insulating layer 40, and has an opening 81 in the display
region in order to obtain sufficient electrical field.

A portion of the gate insulating layer 40 on a gate pad 12
connected to a gate line is removed to form a contact hole
41, and a redundant gate pad 95 on the gate insulating layer
40 is in contact with the gate pad through the contact hole
41. A data pad 96 is formed on the gate insulating layer 40
and the data line 70 extends to the data pad 96 to contact the
data pad 96. The passivation layer 80 has contact holes 82
and 83 respectively exposing the redundant gate pad 95 and
the data pad 96.

The remaining structure is substantially the same as the
eleventh embodiment.

A method for manufacturing the LCD according to the
twelfth embodiment of the present invention is described in
detail with reference to FIGS. 58 to 60 and 61A to 63B.

Gate lines 10, a gate pad 12, common electrodes 91 and
common electrode lines 23 are formed, a gate insulating
layer 40, an amorphous silicon layer and a doped amorphous
silicon layer are deposited, and the doped amorphous silicon
layer 51 and the amorphous silicon layer 60 are patterned as
in the eleventh embodiment.

As shown in FIGS. 61A and 61B, the gate insulating layer
40 is patterned to form a contact hole 32 exposing the gate
pad 12 by using a third mask.

As shown in FIGS. 62A and 62B, an ITO layer is
deposited and patterned by using a fourth mask to form pixel
electrodes 91, connecting members 92, a redundant gate pad
95 and a data pad 96.

As shown in FIGS. 63A and 63B, a film made of Cr, Al,
Mo and Ta or their alloys are deposited and patterned by
using a fifth mask to form a data wire including data lines 70,
a source electrode 71 and a drain electrodes 72. A portion of
the n+ type amorphous silicon layer which is not covered by
the data wire is removed to form a contact layer 61 and 62.

A passivation film 80 with thickness of 200-400 nm is
deposited and patterned by using a sixth mask to form
contact holes 82 and 83 and an opening 81.

As described above, the method according to the twelfth
embodiment requires six masks. However, if eliminating the
redundant gate pad, only 5 masks are necessary.

A thirteenth embodiment changed the order of the step of
forming the pixel electrodes and the step of forming the data
wire in the twelfth embodiment. FIG. 64 is a layout view of
an LCD according to the thirteenth embodiment of the
present invention, and FIGS. 65 and 66 are sectional views
taken along the lines XIITA-XIIIA' and XIIB-XIIIB,
respectively.

The structure of the LCD in this embodiment is substan-
tially the same as that in the twelfth embodiment except the
points that a connecting portion 92 is on a drain electrode 72
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not under the drain electrode 72, a data pad 73 is made of the
same layer as a data line 70, and a redundant data pad 96 is
on the data pad 73.

A method for manufacturing the LCD according to the
thirteenth embodiment of the present invention is substan-
tially the same as that of the twelfth embodiment until the
step of forming contact hole 32 in a gate insulating layer 40.

As shown in FIGS. 67A and 678, a film made of Cr, Al,
Mo and Ta or their alloys are deposited and patterned by
using a fourth mask to form a data wire including data lines
70, a source electrode 71 and a drain electrodes 72. A portion
of the n+ type amorphous silicon layer which is not covered
by the data wire is removed to form a contact layer 61 and
62.

As shown in FIGS. 68A and 68B, an ITO layer is
deposited and patterned by using a fifth mask to form pixel
electrodes 91, connecting members 92, a redundant gate pad
95 and a data pad 96.

The step of forming a passivation layer is also the same
as the twelfth embodiment.

The fourteenth embodiment suggests a structure having
non-overlapping electrodes.

FIG. 69 is a sectional view of an LCD according to the
fourteenth embodiment of the present invention.

As shown in FIG. 69, a plurality of linear first electrodes
1 are formed on an insulating substrate 100, and the first
electrodes 1 are covered with an insulating layer 3. A
plurality of planar second electrodes 2 are formed on the
insulating layer 3, and have the width equal to or larger than
that of the first electrode. The first and the second electrodes
1 and 2 do not overlap each other, but the distance therebe-
tween is very small.

The LCD according to a fifteenth embodiment of the
present invention having a thin film transistor as a switching
element as well as the electrode suggested in the fourteenth
embodiment, is described in detail with reference to FIGS.
70 to 72.

FIG. 70 is a layout of a lower substrate of an LCD
according to the fifteenth embodiment of the present inven-
tion, and FIGS. 71 and 72 are sectional views taken along
the lines XVA -XVA' and XVB-XVB?, respectively.

Pixel electrodes 91 and common electrodes 20 do not
overlap, but the distance therebetween is very small. The
remaining structure is substantially the same as the eleventh
embodiment. The manufacturing method is similar to that of
the eleventh embodiment, and its modifications as in the
twelfth and the thirteenth are possible.

The sixteenth embodiment suggests electrodes lying on
the same layer.

FIG. 73 is a sectional view of an LCD according to the
sixteenth embodiment of the present invention.

As shown in FIG. 73, a plurality of linear first electrodes
1 are formed on an insulating substrate 100, and a plurality
of planar second electrodes 2 are formed on the substrate
100 and located between the first electrodes 1. The first and
the second electrodes 1 and 2 do not overlap each other, and
the electric field is similar to that of the first embodiment.

The LCD according to a seventeenth embodiment of the
present invention having a thin film transistor as a switching
element as well as the electrode suggested in the fourteenth
embodiment, is described in detail with reference to FIGS.
74 10 76.

FIG. 74 is a layout of a lower substrate of an LCD
according to the seventeenth embodiment of the present
invention, and FIGS. 75 and 76 are sectional views taken
along the lines XVIIA-XVIIA' and XVIIB-XVIIB', respec-
tively.
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A portion of a gate insulating layer 40 in the pixel region
surrounded by gate lines 10 and data lines 70 is removed,
and pixel electrodes 91 lie between the common electrodes
20. The remaining structure is substantially the same as the
fourteenth embodiment. The manufacturing method is simi-
lar to that of the eleventh embodiment, and its modifications
as in the twelfth and the thirteenth are possible.

Now, embodiments having electrodes on the upper sub-
strate as well as those on the lower substrate will be
described.

In the eighteenth embodiment, a planar electrode 2 is
formed on a lower substrate 100 and covered with an
insulating layer 3 as shown in FIG. 77. A plurality of linear
electrodes 1 made of Cr or ITO are formed on the insulating
layer 3. An upper electrode 250 is formed on an upper
substrate 200. Since field strength is stronger, the response
time becomes short and the arrangement of the liquid crystal
molecules is stable. Moreover, since the upper electrode 250
has an aperture 251 causing fringe field, the arrangement of
the liquid crystal molecules varies depending on the
domains.

The planar and the linear electrodes 2 and 1 according to
the nineteenth embodiment lie on the same plane as shown
in FIG. 78. Also, in this case, the upper electrode 250
according to the twentieth embodiment has an aperture 251
as shown in FIG. 79.

In the meantime, as shown in the graph shown in FIG. 10,
the transmittance for the red and the green pixels is about 0.1
and that for the blue pixels is about 0.08 which is lower than
the red and the green pixels by 20%. In order to reduce this
difference between the transmittance for respective pixels,
the aperture ratio may be adjusted depending on the color.

FIG. 80 shows a plan view of a black matrix for an LCD
according to the twenty-first embodiment. In FIG. 80, the
reference numeral 210 represents a black matrix which may
be formed either on an upper substrate or on the lower
substrate, and R, G and B indicates the red, the green and the
blue pixels respectively. The area of the openings is deter-
mined by the relation TR*SR=TG*SG=TB*SB where TR,
TG and TB are transmittances for red, green and blue pixels
and SR, SG and SB are the area of the openings for red,
green and blue pixels. As a result, the aperture ratio increases
as the transmittance decreases.

As described above, the viewing angle can be widened,
the driving voltage can be lowered down, and the aperture
ratio can be increased.

Other embodiments of the invention will be apparent to
the skilled in the art from consideration of the specification
and practice of the invention disclosed herein. It is intended
that the specification and examples be considered as exem-
plary only, with the true scope and spirit of the invention
being indicated by the following claims.

What is claimed is:

1. A liquid crystal display (LCD), comprising:

a first substrate having a plurality of gate lines and a
plurality of data lines;

a second substrate facing the first substrate;

a liquid crystal layer formed between the first substrate
and second substrate and comprising a plurality of
liquid crystal molecules;

a plurality of pixel regions formed between the first
substrate and the second substrate and districted by the
gate lines and data lines;

a plurality of pixel electrodes formed in the pixel regions,
respectively, on the first substrate; and
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a plurality of planar common electrodes formed in the
pixel regions, respectively, on the first substrate, and
electrically connected to each other,

wherein the plurality of pixel electrodes overlap the
plurality of common electrodes to form storage capaci-
tors in each pixel region, and wherein each of the
plurality of pixel electrodes includes a plurality of
linear pixel electrodes connected to each other by a
connecting portion, and the common electrode in each
pixel region includes a single continuous planer portion
extending in a first direction parallel to the connecting
portion from a first linear pixel electrode to a last linear
pixel electrode connected by the connecting portion,
wherein the single continuous planar portion overlaps
and runs between each of the linear pixel electrodes in
each pixel region.

2. The LCD of claim 1, further comprising an insulating
layer formed between the pixel electrodes and the common
electrodes.

3. The LCD of claim 2, wherein the pixel electrodes are
located under the insulating layer, and the common elec-
trodes are located on the insulating layer.

4. The LCD of claim 2, wherein the pixel electrodes are
located on the insulating layer, and the common electrodes
are located under the insulating layer.

5. The LCD of claim 4, further comprising a main
connection connecting the common electrodes.

6. The LCD of claim 5, further comprising a redundant
connection formed on the main connection.

7. The LCD of claim 5, further comprising a redundant
connection formed under the main connection.

8. The LCD of claim 5, wherein the main connection is
located on the common electrodes.

9. The LCD of claim 1, further comprising:

a light blocking film formed on the first substrate covering

a region between the data line and the common elec-
trodes and the pixel electrodes adjacent to the data line.

10. The LCD of claim 1, wherein the pixel electrodes and
the common electrodes are located on the same plane.

11. The LCD of claim 1, further comprising:

a plurality of color filters formed on the second substrate;

and

a black matrix formed on the second substrate and having
a plurality of openings exposing the color filters,

wherein areas of the openings vary depending on colors of
the color filters exposed by the openings.

12. The LCD of claim 11, wherein the area of the opening
exposing a blue color filter is greater than the area of the
opening exposing a red color filter and the area of the
opening exposing a green color filter.

13. The LCD of claim 6, further comprising a buffer layer
interposed between the main connection and the redundant
connection.

14. The LCD of claim 13, wherein the buffer layer
comprises a refractory metal.

15. The LCD of claim 9, wherein part of the light blocking
film is formed on the common electrode.

16. The LCD of claim 1, wherein the single continuous
planar portion extends in a second direction perpendicular to
the connecting portion and parallel to a lengthwise direction
of the linear pixel electrodes to substantially the entire
length of each of the linear pixel electrodes without over-
lapping the connecting portion.

17. The LCD of claim 1, wherein at least three linear pixel
electrodes are connected by the connecting portion and
overlapped by the single continuous planar portion of the
common electrode.
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