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7) ABSTRACT

A liquid crystal display having electrodes on a single sub-
strate. A transparent planar electrode elongated in the trans-
verse direction is formed on the inner surface of a substrate,
and an insulating film is deposited thereon. A plurality of
linear electrodes, which are elongated in the longitudinal
direction and either transparent or opaque, are formed on the
insulating film. Potential difference between the planar and
the linear electrodes generated by applying voltages to the
electrodes yields an electric field. The electric field is
symmetrical with respect to the longitudinal central line of
the linear electrodes and the longitudinal central line of a
region between the linear electrodes, and has parabolic or
semi-elliptical lines of force having a center on a boundary
line between the planar and the linear electrodes. The line of
force on the planar and the linear electrodes and on the
boundary line between the planar and the linear electrodes
has the vertical and the horizontal components, and the
liquid crystal molecules are re-arranged to have a twist angle
and an tilt angle. The polarization of the incident light varies
due to the rearrangement of the liquid crystal molecules.
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LIQUID CRYSTAL DISPLAY HAVING A
MODIFIED ELECTRODE ARRAY

BACKGROUND OF THE INVENTION

[0001] (a) Field of the Invention

[0002] The present invention relates to a liquid crystal
display (LCD). More particularly, the present invention
relates to an LCD having a modified electrode array.

[0003] (b) Description of the Related Art

[0004] Generally, an LCD is a display having two sub-
strates and a liquid crystal layer therebetween. A plurality of
electrodes are formed on the inner surfaces of either or both
the substrates, a pair of polarizers are attached to the outer
surfaces of the substrates, and the liquid crystal layer serves
as an optical switching medium. When a potential difference
is applied to the electrodes, liquid crystal molecules are
re-arranged due to the potential difference, and the re-
arranged liquid crystal molecules scatter the incident light,
which have passed through one of the polarizers, or change
the transmission characteristics of the light, thereby control-
ling the transmittance of the light out of the other polarizer
(which is usually called an analyzer) and displaying images.

[0005] 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 formed
respectively on the inner surfaces of upper and lower
substrates and a nematic liquid crystal material is injected
therebetween, and where the liquid crystal molecules are
twisted with being parallel to the substrates. In the above
LCD, the potential difference between the two electrodes
generated by applying voltages to the upper and the lower
electrodes yields an electric field perpendicular to the sub-
strates. The liquid crystal molecules are re-arranged such
that the torque due to the dielectric anisotropy and the torque
due to the aligning treatment is balanced with 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 such as rubbing forces the long axes
of the liquid crystal molecules to be parallel to a predeter-
mined direction. When the director of the liquid crystal
twists by 90 degrees on going from the lower electrode to the
upper electrode, and the polarization directions of the polar-
izers are perpendicular to each other, the polarization of the
incident light, in absence of the electric field, rotates by 90
degrees and thus the light passes through the analyzer,
thereby causing white state. However, when sufficient elec-
tric field is applied to the liquid crystal layer, since the
incident light passes through the liquid crystal layer without
changing its polarization, the light cannot pass through the
analyzer, thereby causing black state.

[0006] 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, and a liquid crystal layer lies over the region
between the two electrodes, and where the liquid crystal
molecules are aligned parallel to the substrates. In this LCD,
the potential difference between the two electrodes yields an
electric field substantially parallel to the substrates and
perpendicular to the two electrodes. The liquid crystal
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molecules are re-arranged such that the torque due to the
dielectric anisotropy and the elastical torque due to rubbing
are balanced with each other. When the polarization direc-
tions 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
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 white state.

[0007] The above-mentioned LCDs have disadvantages
described hereinafter respectively.

[0008] 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 surface of a display, the larger the value An d
where birefringence An is the difference of the refractive
indices between in 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 con-
trast, which is defined as the luminance of the brightest state
divided by that of the darkest state, abruptly decreases. In
addition, gray inversion phenomenon also occurs. Accord-
ingly, the viewing angle at which the contrast is equal to 10
is very narrow, and thus image quality is abruptly deterio-
rated when viewed at an angle larger than the viewing angle.

[0009] 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 manu-
facturing 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.

[0010] The U.S. Pat. No. 5,598,285 has disadvantages in
power consumption and aperture ratio. The LCD disclosed
in the above U.S. Pat. No. 5,598,285 has an clectric field of
which strength is dependent on the positions, that is, the field
strength is weaker as far from the electrodes. Therefore, in
order to obtain sufficient field strength at the far point 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 capaci-
tance, the aperture ratio is small.

[0011] In the meantime, since the liquid crystal display is
apassive 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.

[0012] The light from the tight source changes its prop-
erties, 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.

[0013] 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
transmittances of the blue, red and green lights more than
40%.
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[0014] In order to reduce the difference of the transmit-
tance, two methods are conventionally used, one using a
backlight unit and a driving circuit having additional char-
acteristics and the other 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
yield cost and the number of process steps, and the latter
may cause uneven rubbing.

SUMMARY OF THE INVENTION

[0015] An object of the present invention is to obtain a
wide viewing angle.

[0016] Another object of the present invention is to reduce
power consumption of the liquid crystal display.

[0017] Still another object of the present invention is to
enlarge the aperture ratio.

[0018] In order to accomplish the above-mentioned
objects, the array of the electrodes of the LCD is modified.

[0019] First electrodes and second electrode insulated
from each other are overlapped with each other at least in
part. The second electrode forms a continuous plane
between the first electrodes, and one pixel includes at least
one first electrode and one second electrode.

[0020] The potential difference between the two elec-
trodes gencrated by applying voltages to the electrodes
yields an electric field. The shape of an electric line of force
is semi-¢llipse or parabola having a center on a boundary
line or a boundary region between the first electrode and the
second electrode, whereby the electric field on the electrodes
has the vertical and the horizontal components.

[0021] The liquid crystal molecules on the first or the
second electrode and on 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 varies by the rearrangement of liquid crystal molecules.

[0022] 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.

[0023] 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 the
horizontal components on the first electrode and the second
electrode as well as on the boundary region between the two
electrodes.

[0024] In addition, power consumption is low since the
strength of the electric field is large on the boundary region
between the first electrode and the second electrode.

[0025] In addition, aperture ratio may be enlarged since a
storage capacitor for obtaining sufficient storage capacitance
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.

[0026] Additional objects and advantages of the present
invention are set forth in part in the description which
follows, and in part will be obvious from the description, or
may be learned by practice of the invention. The objects and
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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

[0027] The accompanying drawings, illustrate embodi-
ments of the present invention and, together with the
description, serve to explain the principles of the invention.

[0028] FIG. 1 is a layout view of electrodes of a liquid
crystal display (LCD) according to a first embodiment of the
present invention;

[0029] FIG. 2 is a cross-sectional view taken along line
II-IT' in FIG. 1, which shows both upper and lower sub-
strates as well as equipotential lines and lines of electrical
force between the two substrates;

[0030] FIG. 3 illustrates the twist angle of liquid crystal
molecules in the first embodiment of the present invention;

[0031] 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;

[0032] 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;

[0033] FIG. 6 shows the tilt angle of the liquid crystal
molecules according to the first embodiment of the present
invention;

[0034] 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,

[0035] 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;

[0036] 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;

[0037] 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;

[0038] FIG. 11 is a graph illustrating a viewing angle in
the LCD according to the first embodiment of the present
invention;

[0039] FIG. 12 illustrates the twist angle of liquid crystal
molecules in the second embodiment of the present inven-
tion,

[0040] 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;

[0041] 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
invention;
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[0042] FIG. 15 shows the tilt angle of the liquid crystal
molecules according to the second embodiment of the
present invention,

[0043] 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
invention;

[0044] 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;

[0045] FIG. 18 illustrates the twist angle of liquid crystal
molecules in the third embodiment of the present invention;

[0046] 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;

[0047] 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;

[0048] FIG. 21 shows the tilt angle of the liquid crystal
molecules according to the third embodiment of the present
invention;

[0049] 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;

[0050] 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,

[0051] FIG. 24 illustrates the twist angle of liquid crystal
molecules in the fourth embodiment of the present inven-
tion;

[0052] 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;

[0053] 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;

[0054] FIG. 27 shows the tilt angle of the liquid crystal
molecules according to the fourth embodiment of the present
invention;

[0055] 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;

[0056] 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;

[0057] FIG. 30 is a layout view of an LCD according to
a fifth embodiment of the present invention;
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[0058] FIG. 31 is a cross-sectional view taken along the
line V-V'in FIG. 30,

[0059] FIG. 32 is a layout view of the LCD according to
a sixth embodiment of the present invention;

[0060] FIG. 33 is a cross-sectional view taken along line
VIA-VIA' in FIG. 32;

[0061] FIG. 34 is a cross-sectional view taken along line
VIB-VIB' in FIG. 32;

[0062] FIG. 35A is a layout view of the LCD according to
a seventh embodiment of the present invention;

[0063] FIGS. 35B and 35C are cross-sectional views
taken along lines VII1B-VIIB' and VII1C-VIIC' in FIG.
35A;

[0064] FIGS. 36A to 39C shows intermediate structures
of the LCD shown in FIGS. 35A to 35C;

[0065] FIG. 40 is a layout vies of the LCD according to
an eighth embodiment of the present invention;

[0066] FIGS. 41 and 42 are two different cross-sectional
views taken along line VIIIA-VIIIA' in FIG. 40,

[0067] FIG. 43 is a cross-sectional view taken along line
VIIIB-VIIIB' in FIG. 40;

[0068] FIGS. 44 to 46 are cross-sectional views of LCDs
according to the ninth embodiment of the present invention;

[0069] FIG. 47 is a cross-sectional view of an LCD
according to the tenth embodiment of the present invention;

[0070] 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;

[0071] 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;

[0072] FIG. 50 is a graph illustrating a viewing angle in
the LCD according to the tenth embodiment of the present
invention;

[0073] FIG. 51 is a layout view of an LCD according to
an eleventh embodiment of the present invention;

[0074] FIGS. 52 and 53 are cross-sectional views taken
along lines XIA-XIA' and XIB-XIB' in FIG. 51;

[0075] FIGS. 54A to 57B shows intermediate structures
of the LCD shown in FIGS. 51 to 53,

[0076] FIG. 58 is a layout view of an LCD according to
an twelfth embodiment of the present invention;

[0077] FIGS. 59 and 60 are cross-sectional views taken
along lines XITA-XIIA' and XIIB-XIIB' in FIG. 58;

[0078] FIGS. 61A to 63B show intermediate structures of
the LCD shown in FIGS. 58 to 60;

[0079] FIG. 64 is a layout view of an LCD according to
an thirteenth embodiment of the present invention;

[0080] FIGS. 65 and 66 are cross-sectional views taken
along lines XIIA-XIIA' and XIIB-XIIB' in FIG. 64;

[0081] FIGS. 67A to 68B show intermediate structures of
the LCD shown in FIGS. 64 to 66,
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[0082] FIG. 69 is a layout view of an LCD according to
an fourteenth embodiment of the present invention;

[0083] FIG. 70 is a layout view of an LCD according to
an fifteenth embodiment of the present invention;

[0084] FIGS. 71 and 72 are cross-sectional views taken
along lines XVA-XVA' and XVB-XVB' in FIG. 70;

[0085] FIG. 73 is a layout view of an LCD according to
an sixteenth embodiment of the present invention;

[0086] FIG. 74 is a layout view of an LCD according to
an seventeenth embodiment of the present invention;

[0087] FIGS. 75 and 76 are cross-sectional views taken
along lines XVIIA-XVIIA' and XVIIB-XVIIB' in FIG. 74,

[0088] FIGS. 77 to 79 are cross-sectional views of LCDs
according to the eighteenth to the twentieth embodiments of
the present invention; and

[0089] FIG. 80 shows an LCD according to the twenty
first embodiments of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0090] A liquid crystal display (LLCD) according to the
embodiments of the present invention will become apparent
from a study of the following detailed description when
viewed in light of the drawings.

[0091] First, the LCD according to the first embodiment of
the present invention is described in detail with reference to
FIGS. 1 to 11.

[0092] 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
II-IT' in FIG. 1, which illustrates both upper and lower
substrates as well as equipotential lines and lines of electri-
cal force between the substrates.

[0093] First, the structures of a lower substrate on which
electrodes are formed and an upper substrate of the LCD are
described in detail.

[0094] A planar electrode 2 made of transparent conduc-
tive 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 equal to or
smaller 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.

[0095] On the other hand, an aligning film 6 made of
polyimide is coated on the inner surface of an upper sub-
strate 200, which is opposite the lower substrate 100 and
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also made of a transparent insulating material. A polarizing
plate or an analyzer 7 is attached on the outer surface of the
upper substrate 200.

[0096] Finally, a liquid crystal layer 500 having optical
anisotropy is interposed between the aligning films 4 and 6
on the substrates 100 and 200.

[0097] 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
plate § 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.

[0098] A schematic shape of the electric fields of the
above-described LCD is described with reference to FIG. 2.

[0099] 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.

[0100] Asshown 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 ¢lectrodes 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.

[0101] 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 asymmetrical
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 dependent 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.
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[0102] The behaviors of the liquid crystal molecules due
to the electric field are described hereinafter.

[0103] First, the initial states of the liquid crystal mol-
ecules are described.

[0104] 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 perpendicu-
lar 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 coin-
cides with the rubbing direction. The liquid crystal material
inserted between the two aligning films 4 and 6 is a nematic
liquid crystal having positive dielectric anisotropy.

[0105] Tt 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 due to the electric field,
which depends on the direction and the strength of the
electric field, and an elastical restoring force due to the
aligning treatment are balanced with each other.

[0106] The rearrangement of the liquid crystal molecules
due to the electric field is described in detail.

[0107] For simplicity, it is assumed that a direction per-
pendicular to the substrates is z direction, a direction per-
pendicular to the substrates and 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.

[0108] 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 xy plane parallel to the substrate 100
and 11, is described with reference to FIGS. 3, 4 and 5.

[0109] 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.
optical axis of the polarizer 5 is indicated by P, while the

and the polarizing direction or the

xy?

angle made by the rubbing direction Rwith the x axis is
represented by 1z, and the angle made by the long axis of
the liquid crystal molecule with the x axis is represented by
Y . The angle {, made by the optical axis of the polarizer
5 with the x-axis is equal to y since the optical axis of the

polarizer 5 is parallel to the rubbing direction K.

[0110] The x-y plane component ﬁxy of the electric field
is in the positive x direction from the boundary line A to the
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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.

[0111] The strength of the electric field component fxy 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 fxy is zero.

[0112] The magnitude of the elastical restoring force gen-
erated by the rubbing process is substantially constant on the
xy plane regardless of position.

[0113] 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 com-

ponent ﬁxy, and makes a large angle with respect to the

rubbing direction K since the liquid crystal molecules may
be arranged to balance the two forces. However, the closer
to the central lines C and B of the regions NR and WR, the
smaller the angle [z —; | which the molecular axis makes

with the rubbing direction R, and the molecular axis on the

central lines B and C is in the rubbing direction K. 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 K, and this angle is closely related to the trans-
mittance of the incident light.

[0114] 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 be also used
as the display region when the linear electrodes 1 are
transparent.

[0115]

electric field ﬁxy 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 treat-
ment is the greatest on the surfaces of the aligning films 4
and 6, and it is reduced as goes to the center of the liquid
crystal layer between the aligning films 4 and 6.

[0116] 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.

[0117] 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 goes to 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

On the other hand, the xy plane component of the

electric field component ﬁxy. The molecular axis just on the
aligning films 4 and 6 is arranged in the rubbing direction K.
[0118] Supposing that the difference of the twist angle

between the adjacent liquid crystal molecules is called twist,
the twist corresponds to the slope of the curve in FIG. 5. The
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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.

[0119] 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 for the purpose of simplifying

explanation. In FIG. 6, the zx plane component of the R
indicating the rubbing direction in FIG. 3 is represented by

I3
represented by ﬁzx, while the angle made by the field

and the zx plane component of the electric field is

zx?

component E)ZX with the x axis is indicated by O, and the
tilt angle made by the molecular axis with the x axis is

indicated by 6, . Here, ﬁzx is in the x direction since the

vector R exists on the xy plane assuming a pretilt angle is
ignored.

[0120] The magnitude of thy field component E _and the
angle O, becomes small as goes to the upper substrate 200
from the lower substrate 100.

[0121] 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 goes to
the center of the liquid crystal layer.

[0122] The liquid crystal molecules may be arranged to
balance the two forces. As illustrated in FIG. 7, the molecu-
lar axis on the surfaces of the substrates 100 and 200 is
arranged substantially parallel to the x-axis since the align-
ing 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 continu-
ously. Here, the vertex of the curve is formed at a point near
the lower substrate 100.

[0123] On the other hand, the angle 08 which the field

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

[0124] The magnitude of the elastic restoring force by the
aligning treatment is constant on the x axis regardless of the
position.

[0125] 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 lLiquid crystal
molecules has the similar distributions to the angle 8 made

by the field component E’ZX with the x axis, although the tilt
angle varies more smoothly than the angle 6.

[0126] 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 vary 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
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lines B and C, on the other hand, there is little variation in
the twist angle along the z axis but there is a little 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.

[0127] The transmittance and the viewing angle charac-
teristics of the LCD according to the first embodiment of the
present invention are described with reference to experi-
mental results illustrated in FIGS. 9, 10 and 11.

[0128] Inthe experiment, the linear electrodes 1 was made
of the opaque material, the widths of the narrow and the
wide regions NR was 5 um and 17 um respectively, the
voltage applied to the planar and the linear electrodes 2 and
1 was 0V and 5 V respectively, ) was 80°, the pre-tilt angle
was about 1.5°, and the cell gap was 4.5 um.

[0129] FIG. 9 is a graphical illustration of the transmit-
tance 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 leftest linear electrode 1 in FIG. 3.

[0130] Asillustrated in FIG. 9, the transmittance is zero in
the opaque narrow region NR, has minima near the central
lines B of the wide region WR, and has maxima in the
central region between the boundary lines A and D and the
central lines B.

[0131] FIG. 10 illustrates the tranmittance as a function of
the applied voltage according 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 3V.

[0132] 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.

[0133] When using optical phase compensating films
between the polarizing plates and the substrates, the viewing
angle may become wider.

[0134] In the above-mentioned embodiment and experi-
ments, 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 the transparent material, the higher transmittance
can be obtained since the liquid crystal molecules on the
linear electrodes 1 are used for controlling the light

[0135] The modifications of the kind of the liquid crystal
and/or of initial state are described through second to fourth
embodiments.

[0136] The second embodiment uses a liquid crystal hav-
ing negative dielectric anisotropy.

[0137] The structure of an LCD according to the second
embodiment is similar to the first embodiment, and thus the
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shape of the ¢lectric field is similar However, the rearrange-
ment of the liquid crystal molecules due to the electric field
is different from the first embodiment.

[0138] Inthe initial state, the two aligning films 4 and 6 are
rubbed or exposed to ultraviolet flight, and the liquid crystal
molecules are aligned in one horizontal direction. The liquid
crystal molecules may have some pretilt 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 black
state.

[0139] For simplicity, it is assumed that a direction per-
pendicular to the substrates is z direction, a direction per-
pendicular to the substrates and 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.

[0140] 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 xy-plane parallel to the substrate 100
and 11, is described with reference to FIGS. 12, 13 and 14.

[0141] As shown in FIG. 12, the rubbing direction is
indicated by R, an x-y plane component of the electric field
is indicated by fxy, and the polarizing direction 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 104, and the angle made by the long axis of
the liquid crystal molecule with the x axis is represented by
;. The angle 1, made by the optical axis of the polarizer
5 with the x-axis is equal to ,,» since the optical axis of the

polarizer 5 is parallel to the rubbing direction K.

[0142] The x-y plane component ﬁ’xy 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.

[0143] The strength of the electric field component ﬁxy 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 ﬁxy is zero.
[0144] The magnitude of the elastically restoring force

generated by the rubbing process is substantially constant on
the xy plane regardless of position.
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[0145] Asillustrated 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

component ﬁxy, and to the rubbing direction K since the
liquid crystal molecules may be arranged to balance the two
forces. However, the closer to the central lines C and B of
the regions NR and WR, the smaller the angle [Yz-; |
which the molecular axis makes with the rubbing direction

ﬁ, and the molecular axis on the central lines B and C is in

the rubbing direction K. 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 transmittance of the incident
light.

[0146]

electric field ﬁxy 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 treat-
ment is the greatest on the surfaces of the aligning films 4
and 6, and it is reduced as goes to the center of the liquid
crystal layer between the aligning films 4 and 6.

[0147] 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.

[0148] 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 goes to 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

On the other hand, the xy plane component of the

electric field component ﬁxy. The molecular axis just on the
aligning films 4 and 6 is arranged in the rubbing direction K .

[0149] Supposing that the difference of the twist angle
between the adjacent liquid crystal molecules is called twist,
the twist corresponds to 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.

[0150] 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, zx-plane. FIG. 15 illustrates only the
substrates 100 and 200 for the purpose of simplifying

explanation. In FIG. 15, the zx plane component of the R
indicating the rubbing direction in FIG. 12 is represented by

K, and the zx plane component of the electric field is

represented by E,., while the angle made by the field

component E __ with the x axis is indicated by 6, and the
tilt angle made by the molecular axis with the X axis is
indicated by 0, . Here, ﬁZX is in the x direction since the

vector K exists on the xy plane assuming a pretilt angle is
ignored.

[0151] The magnitude of the field component fzx and the
angle 6 becomes small as goes to the upper substrate 200
from the lower substrate 100.
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[0152] 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 goes to
the center of the liquid crystal layer.

[0153] The liquid crystal molecules may be arranged to
balance the two forces As illustrated in FIG. 7, the molecu-
lar axis on the surfaces of the substrates 100 and 200 is
arranged substantially parallel to the x-axis since the align-
ing 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 continu-
ously. Here, the vertex of the curve is formed at a point near
the lower substrate 100.

[0154] On the other hand, the angle 6 which the field

component ﬁzx 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 F’ZX
is the greatest on the boundary lines A and D, and it is
reduced as goes to the central line B-B.

[0155] The magnitude of the elastic restoring force by the
aligning treatment is constant on the x-axis regardless of the
position.

[0156] 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 6 made

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

[0157] 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 little 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.

[0158] The third embodiment uses a liquid crystal having
positive dielectric anisotropy but the liquid crystal mol-
ecules it their initial states are perpendicular to the sub-
strates.

[0159] The structure of an LCD according to the third
embodiment is similar to the first embodiment, and thus the
shape of the electric field is similar. However, the rearrange-
ment of the liquid crystal molecules due to the different
initial states is different from the first embodiment.

[0160] Inthe 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
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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 black state. The liquid
crystal is nematic and may have chiral dopant of 0.001-3.0
wt %.

[0161] For simplicity, it is assumed that a direction per-
pendicular to the substrates is z direction, a direction per-
pendicular to the substrates and 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.

[0162] 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 Xy plane parallel to the substrate 100
and 11, is described with reference to FIGS. 18, 19 and 20.

[0163] As shown in FIG. 18, the rubbing direction is

indicated by R, an x-y plane component of the electric field
is indicated by err and the polarizing direction or the optical

axis of the polarizer § is indicated by P, while the angle

made by the rubbing direction Rwith the x axis is repre-
sented by ,, and the angle made by the long axis of the
liquid crystal molecule with the x axis is represented by 1 .
The angle 1, made by the optical axis of the polarizer 5 with
the x-axis is equal to 1y since the optical axis of the

polarizer 5 is parallel to the rubbing direction K.

[0164] The x-y plane component fxy 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.

[0165] 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 ﬁxy is zero.

[0166] The magnitude of the elastically restoring force
gencrated by the rubbing process is substantially constant on
the xy plane regardless of position.

[0167] 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 com-

ponent E.., and makes a large angle with respect to the

xy>
rubbing direction K since the liquid crystal molecules may
be arranged to balance the two forces. However, the closer
to the central lines C and B of the regions NR and WR, the
smaller the angle |-, | which the molecular axis makes

with the rubbing direction R, and the molecular axis on the

central lines B and C is in the rubbing direction K. The
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angle made by the optical axis of the polarizer § 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 K, and this angle is closely related to the trans-
mittance of the incident light.

[0168] On the other hand, the Xy plane component of the

electric field fxy 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 treat-
ment is the greatest on the surfaces of the aligning films 4
and 6, and it is reduced as goes to the center of the liquid
crystal layer between the aligning to films 4 and 6.

[0169] 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.

[0170] 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 goes to 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 ﬁxy. The molecular axis just on the
aligning films 4 and 6 is arranged in the rubbing direction K.

[0171] Supposing that the difference of the twist angle
between the adjacent liquid crystal molecules is called twist,
the twist corresponds to 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.

[0172] 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, zx plane. FIG. 21 illustrates only the
substrates 100 and 200 for the purpose of simplifying

explanation. In FIG. 21, the zx plane component of the R
indicating the rubbing direction in FIG. 18 is represented by

R and the zx plane component of the electric field is

represented by E__, while the angle made by the field

component E with the z axis is indicated by 0g, and the tilt
angle made by the molecular axis with the z axis is indicated

by 6, . Here, ﬁzx is in the x direction since the vector K
exists on the xy plane assuming a pretilt angle is ignored.

[0173] The magnitude of the field component E,ZX and the
angle 0 becomes large as goes to the upper substrate 200
from the lower substrate 100.

[0174] 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 goes to
the center of the liquid crystal layer.

[0175] The liquid crystal molecules may be arranged to
balance the two forces.

[0176] As illustrated in FIG. 21, the molecular axis on the
surfaces of the substrates 100 and 200 is arranged substan-
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tially 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.

[0177] On the other hand, the angle 6, which the field

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

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

[0178] The magnitude of the elastic restoring force by the
aligning treatment is constant on the x-axis regardless of the
position.

[0179] 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 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 O made by the field component ﬁz,; with the z axis,
although the tilt angle varies more smoothly than the angle
O

[0180] When the liquid crystal molecules have pre-tilt
angle, the discontinuous plane may be eliminated.

[0181] 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.

[0182] 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.

[0183] The structure of an LCD according to the third
embodiment is similar to the first embodiment, and thus the
shape of the electric field is similar. However, the rearrange-
ment of the liquid crystal molecules due to the different
initial states is different from the first embodiment.

[0184] Inthe 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
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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 § almost coincides with the rub-
bing direction. Then the initial state is black state. The liquid
crystal is nematic and may have chiral dopant of 0.001-3.0
wt %.

[0185] For simplicity, it is assumed that a direction per-
pendicular to the substrates is z direction, a direction per-
pendicular to the substrates and 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.

[0186] 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 xy plane parallel to the substrate 100
and 11, is described with reference to FIGS. 24, 25 and 26.

[0187] 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
optical axis of the polarizer 5 is indicated by P, while the

and the polarizing direction or the

Xy ?

angle made by the rubbing direction K with the x axis is
represented by 104y, and the angle made by the long axis of
the liquid crystal molecule with the x axis is represented by
Y; . The angle 1y, made by the optical axis of the polarizer
5 with the x-axis is equal to Py since the optical axis of the

polarizer 5 is parallel to the rubbing direction E.

[0188] The x-y plane component ﬁxy 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.

[0189] The strength of the electric field component fxy 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 ﬁxy 1S Zero.

[0190] The magnitude of the elastically restoring force
generated by the rubbing process is substantially constant on
the xy plane regardless of position.

[0191] Asillustrated 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

component ﬁxy, and to the rubbing direction R since the
liquid crystal molecules may be arranged to balance the two
forces. However, the closer to the central lines C and B of
the regions NR and WR, the smaller the angle |-y, o
which the molecular axis makes with the rubbing direction

ﬁ, and the molecular axis on the central lines B and C is in

the rubbing direction K. The angle made by the optical axis
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of the polarizer § 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 transmittance of the incident
light.

[0192]

electric field ﬁxy 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 treat-
ment is the greatest on the surfaces of the aligning films 4
and 6, and it is reduced as goes to the center of the liquid
crystal layer between the aligning films 4 and 6.

[0193] 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.

[0194] 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 goes to 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

On the other hand, the xy plane component of the

electric field component fxy. The molecular axis just on the
aligning films 4 and 6 is arranged in the rubbing direction K.

[0195] Supposing that the difference of the twist angle
between the adjacent liquid crystal molecules is called twist,
the twist corresponds to the slope of the curve in FIG. 26.
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.

[0196] 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 for the purpose of simplifying

explanation. In FIG. 27, the zx plane component of the R
indicating the rubbing direction in FIG. 24 is represented by

R
represented by fzx, while the angle made by the field

and the zx plane component of the electric field is

zx2

component E, with the z axis is indicated by O, and the tilt
angle made by the molecular axis with the z axis is indicated

by 0; . Here, ﬁzx is in the x direction since the vector K
exists on the Xy plane assuming a pretilt angle is ignored.

[0197] The magnitude of the field component fZX and the
angle Oy becomes large as goes to the upper substrate 200
from the lower substrate 100.

[0198] 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 goes to
the center of the liquid crystal layer.

[0199] 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
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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.

[0200] On the other hand, the angle 0 which the field

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

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

[0201] The magnitude of the elastic restoring force by the
aligning treatment is constant on the x-axis regardless of the
position.

[0202] Accordingly, as illustrated in FIG. 29, the tilt angle
of the liquid crystal molecule is almost zero degrees on the
boundary lines A and D, and it increases 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 fzx with the z axis,
although the tilt angle varies more smoothly than the angle
Op.

[0203] When the liquid crystal molecules have pre-tilt
angle, the discontinuous plane may be eliminated.

[0204] 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
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 little 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.

[0205] Next, modifications of the structure of the elec-
trodes are described.

[0206] The LCD according to the fifth embodiment of the
present invention is described with reference to the FIGS.
30 and 31.

[0207] Unlike the first to fourth embodiments of the
present invention, the portions of the planar electrode over-
lapping the linear electrodes are removed in this embodi-
ment. Therefore, the planar electrode is divided into a
pluraltity of common electrodes 200, each being located
between the linear electrodes 1 Furthermore, since the two
adjacent common electrodes 20in the transverse direction
should be connected, there are provided common electrode
lines or connections 23 connecting the common electrodes
200. 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 preventing overlapping. In FIG. 30,
openings 8 are defined by the adjacent two common elec-
trodes 20and the connections 23 connecting them.

[0208] 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
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a region on the common electrode 20as 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.

[0209] 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 depend-
ing 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 ¢
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.

[0210] Accordingly, in the transmissive type display
where both or either 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 c, the lesser the threshold voltage of the liquid
crystal material.

[0211] 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 is high as the value of
c is small. In this case, the re-arranged liquid crystal mol-
ecules 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.

[0212] The LCD according to the sixth embodiment of the
present invention having a thin film transistor as a switching
element as well as the electrodes suggested in the first to the
fifth embodiments, is described in detail with reference to
FIGS. 32 to 34.

[0213] 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 LCA.

[0214] 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 to 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 common electrodes 20.

[0215] 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
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of the channel layer 51, and the portions 61 and 62 are
opposite each other with respect to the gate electrode 11.

[0216] On the other hand, a plurality of data lines 70 are
formed on the gate insulating film 40 and elongated longi-
tudinally 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 amor-
phous silicon layer 61 and 62 improves ohmic contact
between the source and the drain electrode 71 and 72 and the
amorphous silicon layer 51.

[0217] The drain electrode 72 extends to form a plurality
of linear pixel electrodes 75 elongated longitudinally and a
connecting 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.

[0218] 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.

[0219] A portion of the passivation film 80 in the display
region where the pixel electrode 75 and the common elec-
trode 20 are located may be removed to obtain sufficient
electric field.

[0220] Other amorphous silicon patterns 52 are formed on
the portions of the gate insulating layer 3 where the gate
lines 10, the connections 23 intersect the data lines 70 in
order to enhance the insulation therebetween.

[0221] A method for manufacturing the LCD according to
the sixth embodiment of the present invention is described
in detail hereinafter.

[0222] 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 made 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
amorphous silicon layer are sequentially deposited on the
gate insulating film 40, and patterned to form the patterns 51,
52 and 60. A film made of Cr, Al, Mo and Ta or their alloys
are deposited and patterned to form a data wire including
data lines 70, source clectrodes 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.

[0223] Next, a substrate for a liquid crystal display and a
manufacturing method thereof according to the seventh
embodiment are described in detail.

[0224] First, the structure of a liquid crystal display sub-
strate is described with reference to FIGS. 35A to 35C. FIG.
35A is a layout view of a lower substrate of a liquid crystal
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display, and FIGS. 35B and 35C are sectional views taken
along the lines VIIIB-VII1B' and VII1C-VIIIC' respec-
tively.

[0225] 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.

[0226] 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.

[0227] The common electrode 20, the connections 23, the
common 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.

[0228] The common electrode 20 and the redundant pat-
tern are covered with a gate insulating layer 40. As shown
in FIGS. 35A and 35B, a channel layer 51 made of
amorphous silicon is formed on the gate insulating layer 40
opposite the gate electrode 11. Two separate portions 61 and
62 of a contact layer made of doped amorphous silicon
heavily doped with n type impurity are formed on the
channel layer 51 and located opposite each other with
respect to the gate electrode 11.

[0229] A data line 70 extending in the longitudinal direc-
tion 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 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.

[0230] The drain electrode 72 extends to form a plurality
of linear pixel electrodes 75 elongated longitudinally and a
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connecting 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.

[0231] A portion of the passivation film 80 in the pixel
region where the pixel electrode 75 and the common elec-
trode 20 are located may be removed to obtain sufficient
electric field.

[0232] 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 VII3B and VII3C in
FIG. 38A and VII4B and VII4C in FIG. 39A.

[0233] First, as shown in FIGS. 36A-36C, a transparent
conductive 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 eclectrode 20, their connections 23 and a
common signal transmitter 24, and a gate wire including a
gate line 10 and a gate pad 12.

[0234] 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.

[0235] As shown in FIGS. 38A-38C, an amorphous sili-
con 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.

[0236] 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
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.

[0237] 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.

[0238] Alternatively, the common wire and the gate wire
are formed after the redundant pattern and the buffer layer is
formed.

[0239] 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 57 are transparent, the liquid
crystal molecules over the pixel electrodes 57 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.
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[0240] Next, a substrate for a liquid crystal display and a
manufacturing method thereof according to the eighth
embodiment are described in detail.

[0241] 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 different sectional views taken along the line
VIIIA-VIIIA'.

[0242] As shown in FIGS. 40 to 42, a plurality of rectan-
gular 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.

[0243] 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.

[0244] 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.

[0245] 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.

[0246] The common electrodes 20 and the gate line 10 and
the common electrode lines 33 covered with a gate insulat-
ing layer 40. As shown in FIGS. 41 and 42, a channel layer
51 made of amorphous silicon is formed on the gate insu-
lating layer 40 opposite the gate electrode 11. Two separate
portions 61 and 62 of a contact layer made of doped
amorphous silicon heavily doped with n type impurity are
formed on the channel layer 51 and located opposite each
other with respect to the gate electrode 11.

[0247] A data line 70 extending in the longitudinal direc-
tion 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 S1.

[0248] The drain electrode 72 extends to form a plurality
of linear pixel electrodes 75 elongated longitudinally and a
connecting portion 76 of the pixel electrodes 75. The data



US 2003/0151711 Al

line 70, the source and the drain electrodes 71 and 72 and the
connecting portion 76 are covered with a passivation film
80.

[0249] 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.

[0250] A method for manufacturing the LCD according to
the eighth embodiment of the present invention is described.

[0251] 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 lines 10, and the ITO layer is patterned to form
common electrodes 20 and connections 23.

[0252] 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
connections 23 may be eliminated.

[0253] 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.

[0254] A metal film is 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.

[0255] 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.

[0256] 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.

[0257] FIG. 43 shows a scctional view taken along the
line VIIIB-VIIIB' in FIG. 40 but includes 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 leakage may be
generated.

[0258] The ninth embodiment suggests the structure
reducing the light leakage.

[0259] FIGS. 44, 45 and 46 are sectional views of the
liquid crystal display according to the ninth embodiment of
the present invention.

[0260] As shown in FIG. 44, a light blocking film 210
made of opaque material such as Cr is formed on the upper
substrate 200, and located at the position corresponding to
the regions S.

[0261] 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 70
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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.

[0262] Itis 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.

[0263] FIG. 46 shows the structure having only 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.

[0264] 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
insulating layer. However, the linear electrode may be
located under the planar electrode or may lie in the same
plane. These structures are obtained by patterning the planar
electrodes such that the planar electrode forms a continuous
plane between the linear electrodes. The planar electrode
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.

[0265] FIG. 47 is a sectional view of an LCD according
to the tenth embodiment of the present invention.

[0266] 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 L.CD.

[0267] FIGS. 48, 49 and 50 shows an electric field,
transmittance and viewing angle characteristic of the LCD
according to the tenth embodiment, respectively.

[0268] When applying 0 V and 5 V to the first and the
second electrodes 1 and 2 respectively, the potential differ-
ence 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.

[0269] 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.

[0270] 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.
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[0271] 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.

[0272] 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.

[0273] 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 ale
sectional views Taken along the lines XIA-XIA' and XIB-
XIB', respectively.

[0274] 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.

[0275] A plurality of common electrodes 20 elongated
longitudinally are formed on the 100, and lies between the
gate lines 10. A pair of transverse common electrode lines 23
connecting the common electrodes 20 are also formed on the
substrate 100.

[0276] The gate lines 10, the common electrodes 20 and
the common electrode lines 23 are covered with a gate
insulating film 40, and a channel layer 51 made of amor-
phous 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 amor-
phous 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 each other with respect to the gate
electrode 11.

[0277] 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 ohmic contact between the source and the drain
electrodes 71 and 72 and the amorphous silicon layer 51.

[0278] 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.

[0279] A plurality of linear pixel electrodes 91 elongated
longitudinally 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
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pixel electrodes 91 are over the common electrodes 20, and
the connecting portion 92 is connected to the pixel elec-
trodes 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.

[0280] 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.

[0281] 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.

[0282] 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 sequen-
tially 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.

[0283] 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.

[0284] A passivation film 80 with thickness of 200-400 nm
is deposited and patterned along with the gate insulting layer
40 by using a fourth mask to form contact holes 82. 83 and
84.

[0285] Finally, 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 redundant data
pad 96.

[0286] 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-XIIA' and XIIB-XIIB',
respectively.

[0287] 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 elec-
trode 72 on the gate insulating layer 40 extends to connect-
ing 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.

[0288] 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



US 2003/0151711 Al

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.

[0289] The remaining structure is substantially the same as
the eleventh embodiment.

[0290] 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.

[0291] 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.

[0292] As shown in FIGS. 61A and 61B, the gate insu-
lating layer 40 is patterned to form a contact hole 32
exposing the gate pad 12 by using a third mask.

[0293] 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.

[0294] 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.

[0295] 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.

[0296] As described above, the method according to the
twelfth embodiment requires six masks. However, if elimi-
nating the redundant gate pad, only 5 masks are necessary.

[0297] The step of forming the pixel electrodes and the
step of forming the data wire in the twelfth embodiment are
exchanged in a thirteenth embodiment. FIG. 64 is a layout
view of an LCD according to the thirteenth embodiment of
the present invention, and FIGS. 65 and 66 arc scctional
views taken along the lines XIIIA-XIIIA' and XIIIB-XIIIB',
respectively.

[0298] The structure of the LCD in this embodiment is
substantially the same as that in the twelfth embodiment
except the points that a connecting portion 92 is on a drain
electrode 72 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.

[0299] A method for manufacturing the LCD according to
the thirteenth embodiment of the present invention is sub-
stantially the same as that of the twelfth embodiment until

the step of forming contact hole 32 in a gate insulating layer
40.

[0300] As shown in FIGS. 67A and 67B, 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
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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.

[0301] 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.

[0302] The step of forming a passivation layer is also the
same as the twelfth embodiment.

[0303] The fourteenth embodiment suggests a structure
having non-overlapping electrodes.

[0304] FIG. 69 is a sectional view of an LCD according
to the fourteenth embodiment of the present invention.

[0305] 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.

[0306] 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.

[0307] 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.

[0308] 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.

[0309] The sixteenth embodiment suggests electrodes
lying on the same layer.

[0310] FIG. 73 is a sectional view of an LCD according
to the sixteenth embodiment of the present invention.

[0311] 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.

[0312] 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 to 76.

[0313] FIG. 74 is a layout of a lower substrate of an LCD
according to the fifteenth embodiment of the present inven-
tion, and FIGS. 75 and 76 are sectional views taken along
the lines XVIIA-XVIIA' and XVIIB-XVIIB/, respectively.
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[0314] 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 similar to that of the eleventh embodiment, and its
modifications as in the twelfth and the thirteenth are pos-
sible.

[0315] The fourteenth embodiment suggests a structure
having non-overlapping electrodes.

[0316] FIG. 69 is a sectional view of an LCD according
to the fourteenth embodiment of the present invention.

[0317] 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.

[0318] 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, 1s described in detail with reference
to FIGS. 70 to 72.

[0319] 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 embodi-
ment. The manufacturing method is similar to that of the
eleventh embodiment, and its modifications as in the twelfth
and the thirteenth are possible.

[0320] Now, embodiments having electrodes on the upper
substrate as well as those on the lower substrate will be
described.

[0321] 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.

[0322] The planar and the linear electrodes 2 and 1 accord-
ing to the ninth embodiment lie on the sane plane as shown
in FIG. 78 and 79, and, in this case, the upper electrode 250
according to the twentieth embodiment has an aperture 251
as shown in FIG. 79.

[0323] 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 depend-
ing on the color.
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[0324] 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¥*YR=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.

[0325] As described above, the viewing angle can be
widened, the driving voltage can be lowered down, and the
aperture ratio can be increased.

[0326] Other embodiments of the invention will be appar-
ent 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 con-
sidered as exemplary 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 having a plurality of pixels,
comprising:

first and second substrates facing each other;

a plurality of first electrodes formed on the first substrate;
and

a second electrode on the first substrate, the second
electrode being insulated from the first electrodes,
overlapping the first electrodes at least in part, and
forming a continuous plane between the first elec-
trodes,

wherein a pixel has at least one of the first electrode and

the second electrode.

2. The liquid crystal display of claim 1, wherein the
second electrode of a pixel is connected to adjacent pixels.

3. The liquid erystal display of claim 2, wherein both the
first electrodes and the second electrode comprise transpar-
ent conductive material.

4. The liquid crystal display of claim 1, wherein either of
the first electrodes and the second electrode comprise trans-
parent conductive material.

5. The liquid crystal display of claim 1, further comprising
a third electrode formed on the second substrate.

6. The liquid crystal display of claim 5, wherein the third
electrode has an opening.

7. A liquid crystal display, comprising:

first and second substrates opposite each other;

a liquid crystal layer inserted between the first and the
second substrates; and

first and second electrodes which are formed on the first
substrate and electrically insulated from each other,

wherein a rearrangement region, where molecules of the
liquid crystal layer are re-arranged by an electric field
generated when voltages are applied to the first and the
second electrodes, is formed at least in part on the first
or the second electrode, and a portion of the rearrange-
ment region formed on the first or the second electrode
serves as a part of a display region.
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8. The liquid crystal display of claim 7, wherein the
molecules in the rearrangement region have a twist angle
and a tilt angle.

9. The liquid crystal display of claim 7, wherein the first
electrode overlaps the second electrode at least in part.

10. The liquid crystal display of claim 7, wherein the
electric field has parabolic lines of force located between the
first electrode and the second electrode, and the electric field
on the first electrode or the second electrode has vertical and
horizontal components.

11. The liquid crystal display of claim 7, wherein width of
the first electrode is equal to or larger than width of the
second electrode, and the rearrangement region on the first
electrode serves a part of the display region.

12. The liquid crystal display of claim 11, wherein the first
electrode is transparent.

13. The liquid crystal display of claim 12, further com-
prising first and second polarizing plates attached respec-
tively to outer surfaces of the first substrate and the second
substrate, and wherein light passing through one of the first
and the second polarizing plates, passes through the display
region and reaches the other of the first and the second
polarizing plates.

14. The liquid crystal display of claim 7, wherein the
liquid crystal layer has either positive or negative dielectric
anisotropy.

15. The liquid crystal display of claim 14, wherein long
axes of liquid crystal molecules in the liquid crystal layer are
either perpendicular or parallel to the first and the second
substrates when no voltage is applied to the first and the
second electrodes.

16. An liquid crystal display, comprising:

first and second substrates facing each other;

a liquid crystal layer between the first and the second
substrates,

a plurality of scanning signal lines and data lines on the
first substrate, the scanning signal lines and the data
lines being electrically insulated from and intersecting
each other;

a plurality of thin film transistors on the first substrate,
each thin film transistor having a gate electrode con-
nected to the scanning signal line, a source electrode
connected to the data line, and a drain ¢lectrode;

a plurality of pixel electrodes which are formed on the
first substrate and connected to the drain electrodes of
the thin film transistor; and

a plurality of common electrodes which are formed on the
first substrate and electrically insulated from the pixel
electrodes,
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wherein the thin film transistor switches image signal
from the data line responsive to scanning signal from
the scanning signal line to transmit the image signal to
the pixel electrode, and wherein a rearrangement
region, where molecules of the liquid crystal layer are
re-arranged by an electric field generated when volt-
ages are applied to the common and the pixel elec-
trodes, is formed at least in part on the common or the
pixel electrode, and a portion of the rearrangement
region formed on the common or the pixel electrode
serves as a part of a display region.

17. The liquid crystal display of claim 16, wherein the
pixel electrodes overlap the common electrode in part to
form a storage capacitor.

18. The liquid crystal display of claim 16, further com-
prising an insulating layer between the pixel electrodes and
the common electrodes.

19. The liquid crystal display of claim 18, wherein the
pixel electrodes are located under the insulating layer, and
the common electrodes are located on the insulating layer.

20. The liquid crystal display of claim 18, wherein the
pixel electrodes are located on the insulating layer, and the
common electrodes are located under the insulating layer.

21. The liquid crystal display of claim 20, further com-
prising a main connection connecting the common clec-
trodes.

22. The liquid crystal display of claim 21, further com-
prising a redundant connection formed on the main connec-
tion.

23. The liquid crystal display of claim 21, further com-
prising a redundant connection formed under the main
connection.

24. The liquid crystal display of claim 21, wherein the
main connection is located on the common electrodes.

25. The liquid crystal display of claim 16, further com-
prising a light blocking film covering a region between the
data line and the common electrodes and the pixel electrodes
adjacent to the data line.

26. The liquid crystal display of claim 16, wherein the
pixel electrodes and the common electrodes are located in
the same plane.

27. The liquid crystal display of claim 16, further com-
prising a plurality of color filters on the second substrate and
a black matrix which is formed on or under the color filters
and has a plurality of openings exposing the color filters, and
wherein area of the openings varies depending on colors of
corresponding color filters.

28. The liquid crystal display of claim 27, wherein each
color filter has one of red, green and blue colors, and the area
of the openings exposing the color filters having blue color
is larger than the area of the openings exposing the color
filters having red and blue colors.
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