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(7) ABSTRACT

A display includes pixel circuits, each pixel circuit including
a first electrode, a second electrode, a third electrode, and a
liquid crystal layer doped with a chiral material. The first
electric is electrically coupled to a first reference voltage. The
second electrode receives a pixel voltage corresponding to a
gray scale level, the second electrode including a conducting
layer having openings. The third electrode is electrically
coupled to a second reference voltage. The second electrode
is between the first and third electrodes, and the liquid crystal
layer is between the first and second electrodes.
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LIQUID CRYSTAL DISPLAY

BACKGROUND OF THE INVENTION

[0001] This description relates to liquid crystal displays.

[0002] Liquid crystal displays (LCDs) can be used in many
electronic devices, such as cell phones, personal digital assis-
tants, laptop computers, desktop monitors, and flat panel
televisions. For example, a liquid crystal display has a liquid
crystal layer positioned between two crossed linear polarizers
for modulating light using an electro-optic effect. A voltage
applied to the liquid crystal layer changes the orientations of
the liquid crystal molecules and the optical phase retardation
of the liquid crystal layer, thereby changing the amount of
light that passes the crossed linear polarizers. The liquid
crystal display has an array of pixel circuits that can be indi-
vidually addressed. The pixel circuits modulate light accord-
ing to pixel data (pixel voltages), thereby generating images.
Each pixel ofthe display can show a range of gray scale levels
depending on the voltage applied to the liquid crystal layer.
Use of color filters allows the display to show color images.

SUMMARY

[0003] In one aspect, in general, a display includes pixel
circuits, each pixel circuit including a first electrode to be
electrically coupled to a first reference voltage, a second
electrode to receive a pixel voltage corresponding to a gray
scale level, the second electrode includes a conducting layer
having openings, a third electrode to be electrically coupled
to a second reference voltage, the second electrode being
between the first and third electrodes, and a liquid crystal
layer between the first and second electrodes, the liquid crys-
tal layer being doped with a chiral material.

[0004] Implementations of the display may include one or
more of the following features. The first reference voltage is
equal to the second reference voltage. The first and second
reference voltages are equal to a ground voltage of the pixels.
The chiral material is selected to cause the liquid crystal layer
to form twisted structures each having a free pitch of at least
ten times a thickness of the liquid crystal layer. The first,
second, and third electrodes and the chiral dopant are config-
ured such that when the pixel voltage 1s applied to the second
electrode, an electric field generated by the first, second, and
third electrodes cause liquid crystal molecules above the
openings to tilt by amounts that are more than half of those of
the liquid crystal molecules above the conducting layer away
from the openings, the amount of tilt being measured from
initial positions of the molecules when the pixel voltage is
below a threshold.

[0005] In some examples, when the pixel circuit is in a
bright state, the transmissivity of portions of the pixel corre-
sponding to the openings is at least half the transmissivity of
portions of the pixel corresponding to the conducting layer
away from the openings. In some examples, when the pixel
circuit is in a bright state, the transmissivity of portions of the
pixel corresponding to the openings is at least 90% the trans-
missivity of portions of the pixel corresponding to the con-
ducting layer away from the openings. The first, second, and
third electrodes and the chiral dopant are configured such that
azimuth angles of liquid crystal directors vary continuously
across the pixel when the pixel voltage is applied to the
second electrode. The liquid crystal layer includes liquid
crystal molecules that are aligned along a direction substan-
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tially normal to the surfaces of the first and second electrodes
when the pixel voltage is below a threshold.

[0006] Insome examples, the openings include circles hav-
ing diameters in a range between 0.1 um to 8 pm. In some
examples, the openings include elongated slits each having a
width in a range between 0.1 pm to 8 pm. The elongated slits
have at least one of straight, curved, and piecewise linear
shapes. In some examples, the third electrode includes a
continuous conducting layer without openings. In some
examples, the third electrode includes a conducting layer
having openings. The conducting layer includes portions hav-
ing shapes that correspond to the shapes of the openings of the
second electrode. The second and third electrodes are config-
ured such that liquid crystal molecules adjacent to the open-
ings are subject to electric fields having directions from the
liquid crystal layer to the third electrode. The first, second,
and third electrodes are configured such that liquid crystal
molecules farther away from the openings are subject to elec-
tric fields having directions from the second electrode to the
first electrode.

[0007] The display includes an alignment film between the
liquid crystal layer and the second electrode. The display
includes an alignment film between the liquid crystal layer
and the first electrode. Each pixel includes a storage capacitor
having terminals that include portions of the second electrode
and the third electrode. The first electrodes of different pixels
are electrically connected. The third electrodes of different
pixels are electrically connected. The display includes a first
circular polarizer and a second circular polarizer, the liquid
crystal layer being between the first and second circular polar-
izers. The display includes a first linear polarizer and a second
linear polarizer, the liquid crystal layer being between the first
and second linear polarizers.

[0008] In another aspect, in general, a display includes a
first substrate, a second substrate, and pixel circuits between
the first and second substrates. Each pixel circuit includes a
first electrode to be electrically coupled to a ground reference
voltage, a second electrode to receive a pixel voltage corre-
sponding to a gray scale level, the second electrode includes
a conducting layer having openings, a third electrode to be
electrically coupled to the ground reference voltage, the sec-
ond electrode being between the first and third electrodes, and
a liquid crystal layer between the first and second electrodes.
The display includes a first alignment layer between the lig-
uid crystal layer and the first electrode of each pixel circuit,
and a second alignment layer between the liquid crystal layer
and the second electrode of each pixel circuit.

[0009] Implementations of the display may include one or
more of the following features. The liquid crystal layer
includes a chiral material.

[0010] In another aspect, in general, a method includes
generating an electric field in a liquid crystal layer of a pixel
circuit of a display, the electric field causing liquid crystal
molecules in the liquid crystal layer to tilt from initial posi-
tions, the electric field having a distribution such that the
liquid crystal layer forms a continuous domain in which the
liquid crystal molecules at different locations tilt in different
directions, and the tilt directions of the liquid crystal mol-
ecules vary continuously across the pixel circuit. The method
includes providing a twisting force to the liquid crystal mol-
ecules to cause the liquid crystal molecules to tilt at along
different azimuth angles across the pixel.

[0011] Implementations of the method may include one or
more of the following features. Providing a twisting force
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includes using chiral dopants in the liquid crystal layer to
provide the twisting force. Generating the electric field
includes providing a first reference voltage to a first electrode,
providing a pixel voltage to a second electrode, and providing
a second reference voltage to a third electrode, the liquid
crystal layer being between the first and second electrodes,
the second electrode being between the first and third elec-
trodes, the second electrode includes a conducting layer hav-
ing openings. The method includes tilting the liquid crystal
molecules above the openings by amounts that are more than
half of those of the liquid crystal molecules above the con-
ducting layer away from the openings. The method includes
providing a substantially uniform transmittance across the
pixel upon application of the pixel voltage, the transmittance
of portions of the pixel corresponding to the openings being
more than half of the transmittance of portions of the pixel
corresponding to the conducting layer away from the open-
ings. The method includes aligning liquid crystal molecules
of the liquid crystal layer along directions substantially nor-
mal to substrates at two sides of the liquid crystal layer prior
to generating the electric field.

[0012] In another aspect, in general, a method includes
forming a first electrode on a first substrate, forming a third
electrode on a second substrate, forming an insulation layer
on the third electrode, forming a second electrode on the
insulation layer, the second electrode includes a conducting
layer having openings, positioning the first substrate parallel
to and at a distance to the second substrate, and providing a
liquid crystal layer between the first and second electrodes.
[0013] Implementations of the method may include one or
more of the following features. The method includes adding a
chiral material to the liquid crystal material of the liquid
crystal layer. Adding the chiral material includes adding a
chiral material having a concentration selected to cause the
liquid crystal layer to form a twisted structure having a free
pitch of at least ten times a thickness of the liquid crystal layer.
[0014] Advantages of the liquid crystal displays can
include one or more of the following. The display can have a
high light efficiency. The display can have wide viewing
angle in which there is low color shift when viewing from
oblique viewing directions.

DESCRIPTION OF DRAWINGS

[0015] FIG.1is a cross-sectional diagram of a pixel.
[0016] FIGS.2A-2C are diagrams of patterned ITO layers.
[0017] FIG. 3 is a cross-sectional diagram of a pixel, show-

ing an electric field distribution at the pixel.
[0018] FIG. 4A is a diagram showing simulated orienta-
tions of liquid crystal molecules.

[0019] FIG. 4B is a graph showing the transmittance profile
of a pixel.
[0020] FIG. 5A is a diagram showing simulated orienta-

tions of liquid crystal molecules.

[0021] FIG.5Bis a graph showing the transmittance profile
of a pixel.
[0022] FIG. 6A is a diagram that shows simulated orienta-

tions of liquid crystal molecules.

[0023] FIG. 6B is a graph showing the transmittance profile
of a pixel.

[0024] FIG. 7 is a cross-sectional diagram of a pixel.
[0025] FIG. 8is a cross-sectional diagram of a pixel, show-

ing an electric field distribution at the pixel.
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[0026] FIG. 9 is a schematic diagram of a liquid crystal
display, showing driving circuits of the display.

DETAILED DESCRIPTION

[0027] FIG. 1isa cross-sectional diagram of an example of
a pixel 90 of a vertical alignment mode liquid crystal display
100 that includes a first transparent substrate 102a coated
with an indium tin oxide (ITO) layer 104a, a non-conductive
planarlayer 106, a patterned ITO layer 108, and a first vertical
alignment film 110a. The patterned I'TO layer 108 has a shape
that extends over only a portion of the pixel 90. The display
100 includes a second transparent substrate 1025 coated with
an ITO layer 1045 and a second vertical alignment film 1105.
A negative dielectric anisotropic nematic liquid crystal layer
112, doped with a chiral material, is positioned between the
first vertical alignment film 110a and the second vertical
alignment film 1105. When no voltage is applied across the
liquid crystal layer 112, liquid crystal molecules 113 in the
layer 112 are aligned substantially normal to the surfaces of
the substrates 102a and 1024.

[0028] A first phase retardation film 1144 and a first linear
polarizer 1164 are laminated on an outer surface of the first
substrate 102a. The phase retardation film 114« can be, e.g,,
a chromatic quarter-wave film or a broadband quarter-wave
film, so that the combination of the phase retardation film
1144 and the linear polarizer 1164 forms a circular polarizer.
A second phase retardation film 1145 and a second linear
polarizer 1165 are laminated on an outer surface of the second
substrate 1025. Similarly, the phase retardation film 1145 can
be, e.g., a chromatic quarter-wave film or a broadband quar-
ter-wave film so that the combination of the phase retardation
film 1145 and the linear polarizer 1165 forms a circular polar-
izer. The display 100 can include a color filter layer (not
shown) that is placed between the second substrate 1025 and
the second alignment film 1104, allowing the display 100 to
show color images. The color filter can also be placed
between the first substrate 102a and the first alignment film
110a.

[0029] The patterned ITO layer 108 functions as a pixel
electrode and is connected to a thin-film-transistor (TFT)
switch 20 and a storage capacitor C, 22 (FIG. 9). The ITO
layer 104a on the first substrate 102a¢ functions as a first
commor electrode. The ITO layer 104a of different pixels can
be electrically connected. For example, the ITO layer 104a
can be a continuous layer on the first substrate 102a that
extends across all of the pixels. The ITO layer 1045 on the
second substrate 1025 functions as a second common elec-
trode. For example, the ITO layer 1045 can be a continuous
layer on the second substrate 1025 that extends across all of
the pixels. The first common electrode (ITO layer 1044) and
the second common electrode (ITO layer 1045) can both be
connected to a ground voltage.

[0030] The ITO layer 108, ITO layer 1044, and ITO layer
1045 will also be referred to as the pixel electrode 108, the
first common electrode 104a, and the second common elec-
trode 10454, respectively. The pixel electrode 108, the com-
mon electrodes 104a, 1045, the liquid crystal layer 112, the
thin film transistor 20, and the storage capacitor C¢22 of a
pixel are collectively referred to as a pixel circuit.

[0031] As described below, the pixel electrode 108, the first
common electrode 104a, and the second common electrode
1045 are configured to generated electric fields having a
distribution that, in combination with a twisting effect caused
by the chiral dopants, facilitates the formation ofa continuous
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domain in the liquid crystal layer 112 of the pixel 90. The
liquid crystal molecules 113 at different locations in the liquid
crystal layer 112 tilt in different directions that vary continu-
ously across the pixel 90. This increases the viewing angle of
the display 100 because light traveling at different angles
through the liquid crystal layer 112 will experience similar
phase retardation.

[0032] The substrates 102a and 1025 can be made of, e.g.,
glass. The non-conductive planar layer 106 can be made of,
e.g., silicon dioxide (Si0O,) or silicon nitride (SiN,). The first
and second alignment films 110a and 1105 can be made of,
e.g., polyimide materials. The first and second phase retarda-
tion films 114a and 1145 can be made of, e.g., polycarbonate
or polyvinyl alcohol (PVA). The first and second linear polar-
izers 116a and 1165 can be, e.g., linearly oriented polyvinyl
alcohol (PVA) film with iodine solution imbibitions.

[0033] FIG. 2A is a diagram of a first example of the pat-
terned ITO layer 108. The patterned 1TO layer 108 has a
conductive portion 120 made of indium-tin-oxide, and open-
ings 122. The openings 122 can be formed by etching away a
portion of the INDIUM TIN OXIDE in the layer 108. In this
example, the openings 122 have circular shapes each having
a diameter W in a range between 0.1 um to 8 pm.

[0034] FIG. 2B is a diagram of a second example of the
patterned ITO layer 108, which includes a conductive portion
120 made of indium tin oxide, and openings 122. In this
example, the openings 122 have piecewise linear, chevron-
like shapes. The gap width W of each opening 122 can be in
a range between 0.1 um to 8 pm.

[0035] FIG. 2C is a diagram of a third example of the
patterned ITO layer 108, which includes a conductive portion
120 made of indium tin oxide, and openings 122. In this
example, the openings 122 have long rectangular shapes. The
gap width W of the opening 122 can be in arange between 0.1
pm to 8 pum.

[0036] FIG. 3 is a cross-sectional diagram of the pixel 90,
showing electric field lines at a voltage-on state. The voltage-
on state refers to a condition in which a pixel voltage is
applied to the pixel electrode 108, such that electric fields are
generated in the regions between the pixel electrode 108 and
the first common electrode 104a, and in the regions between
the pixel electrode 108 and the second common electrode
1045.

[0037] As described below, the pixel electrode 108, the first
common electrode 104a, and the second common electrode
1045 are configured to generated electric fields having a
distribution that facilitates rotation of liquid crystal mol-
ecules 113 so that that the amount of tilt of the liquid crystal
molecules 113 above the openings 122 are comparable to the
amount of tilt of the liquid crystal molecules 113 above the
conductive portion 120. The transmissivities of the portion of
the liquid crystal layer 112 above the openings 122 are com-
parable to those above the conductive portion 120. This
increases the overall light efficiency of the pixel 90, resulting
in a brighter pixel for a given amount of backlight.

[0038] The electric field in the liquid crystal layer is a
function of position within the liquid crystal layer 112. A
Cartesian coordinate system having x, y, and z axes is used as
a reference for describing the orientations of the components
of the display 100. In this example, the z-axis is selected to be
perpendicular to the surfaces of the substrates 102a and 1025.
The x-axis and the y-axis are parallel to the surfaces of the
substrates 102a and 1025,
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[0039] The electric field in the liquid crystal layer 112
includes a “longitudinal electric field” 130 at a region 136
above the conductive portion 120 of the pixel electrode 108,
and “fringe electric fields” 132 and 134 at a region 138 above
the opening 122 of the pixel electrode 108. In the longitudinal
electric field 130, the electric field lines are substantially
parallel to the z-axis. In the fringe electric field 132, the
electric field lines generally extend from the pixel electrode
108 toward the second common electrode 1045 along direc-
tions that are not parallel to the z-axis (except near the elec-
trodes 108 and 104b). In the fringe electric field 134, the
electric field lines generally extend from the pixel electrode
108 partially into theliquid crystal layer 112, then turn toward
the opening 122, pass the opening 122, and end at the first
common electrode 104a.

[0040] FIG. 4A is a diagram 146 showing an example of
simulated orientations of liquid crystal molecules 113 in the
liquid crystal layer 112 of a portion of the pixel 90 when the
pixel 90 is operating in a bright state. The average orientations
of liquid crystal molecules 113 in small localized regions are
represented by unit vectors called liquid crystal directors 140.
In FIG. 4A, each liquid crystal director 140 is represented by
ahead 142 and a tail 144.

[0041] Inthis example, a negative dielectric anisotropy lig-
uid crystal material (MLC-6882 withn,=1.582 andn,=1.484,
available from Merck, Germany) doped with a chiral material
(CB135, available from Merck, Germany) is used in the liquid
crystal layer 112. The first common electrode 104a and the
second common electrode 1045 are connected to ground volt-
age (0V), and the patterned pixel electrode 108 is connected
to a pixel voltage V-, =6V. The thickness of the liquid
crystal layer 112 is 3.4 um.

[0042] FIG. 4A shows a cross section of the pixel 90 along
the Y-Z plane, with the positive x direction extending out-
wards out of the paper of FIG. 4A. The substrates 102a and
1025 are parallel to the X-Y plane. The pixel electrode 108
has openings 122 each having a long rectangular shape, simi-
lar to those shown in FIG. 2C. The long sides of the rectan-
gular openings 122 are parallel to the x-axis. The gap width W
of the openings 122 is 2 pm.

[0043] Theelectric field causes the liquid crystal molecules
113 to form a continuous domain that has multiple regions,
e.g., 150a and 1505, within the pixel 90. The liquid crystal
directors 140 tilt in different directions in which the tilt angle
(e.g., 01 or 02) vary continuously from one location to
another. For example, the liquid crystal directors 140 closer to
the top and bottom boundaries 151 and 153 of the liquid
crystal layer 112 are tilted down less (e.g., angle 61 or 62 is
smaller) relative to initial vertical alignment positions (paral-
lel to the z-axis). The liquid crystal directors 140 closer to the
middle portion 155 of the liquid crystal layer 112 are tilted
down more (e.g., angle 81 or 62 is larger) relative to the initial
vertical alignment positions.

[0044] The azimuthal angles of the liquid crystal directors
140 also vary continuously along a direction parallel to the
X-Y plane, gradually rotating either clockwise or counter
clockwise. Here, a director 140 having a head 142 that is
darker than a tail 144 indicates that the head 142 is closer to
the —x direction, and vice versa. To illustrate the rotation of
the liquid crystal molecules 113 within each pixel 90, a direc-
tor (e.g., 148a) more parallel to the Y-Z plane is shown to be
longer than a director (e.g., 148b) that is more perpendicular
to the Y-Z plane.
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[0045] Forexample, moving from a location P1 to locations
P2, P3, P4, and P5 (which are all located on the same X-Y
plane) in sequence, the liquid crystal directors 140 rotate
continuously from pointing approximately in the -x direction
to the -y, +x, +y, and +x directions, respectively. The azimuth
angles of the liquid crystal molecules vary continuously from
one location to another within the pixel 90. The transition
from one region (e.g., 150a) to another region (e.g., 1505) in
the liquid crystal layer 112 is continuous.

[0046] Thetwist forces imparted by the chiral dopant assist
in tilting down the liquid crystal molecules 113 from their
initial vertical alignment positions (parallel to the z-axis)
when a pixel voltage is applied to the pixel electrode 108. The
liquid crystal molecules 113 at locations (e.g., P1 and P5)
directly above the openings 122 are tilted relative to initial
positions by amounts comparable to (or greater than half of)
those at locations (e.g., P2, P3, and P4) above the conducting
portions 120.

[0047] The type of material and concentration of the chiral
dopant are selected such that the liquid crystal mixture (in-
cluding the liquid crystal material and the chiral dopant) has
a free pitch greater than 10 times the cell gap (thickness of the
liquid crystal layer 112). For example, if the cell gap is 4.5
um, the chiral dopant is selected such that the liquid crystal
mixture has a free pitch of more than 4.5 pmx10=45 pm. In
the example of FIG. 4A, the cell gap is 3.4 um and the free
pitch of the liquid crystal mixture is 1000 pm. The term “free
pitch” refers to the pitch length of the twisted structures in the
liquid crystal layer doped with the chiral material when no
external force (or voltage) is applied to the liquid crystal layer,
and only one substrate surface is coated with a rubbed homo-
geneous alignment layer while the other substrate surface is
coated with an unrubbed homogeneous alignment layer. The
free pitch decreases as the concentration of the chiral dopant
increases.

[0048] FIG. 4B is a graph 160 showing the transmittance
profile 162 of the pixel 90 based on the liquid crystal director
profile of FIG. 4A. The transmittance is between about 30%
to 35% across the pixel 90. The transmittance above the
conducting area 120 is about 35%, and the transmittance
above the openings 122 is about 30%. The transmittance
values shown in FIG. 4B take into account the reduction in
light caused by the phase retardation films 114a, 1145 and
linear polarizers 116a, 1165. When the transmittance values
shown in FIG. 4B are normalized to the transmittance of two
parallel linear polarizers, the overall light efficiency of the
pixel 90 is about 97.5% (assuming that the substrates 1024,
1025, electrodes 104a, 1045, 108, alignment films 1104,
1105, and the planar layer 106 are completely transparent).
[0049] The graph 160 shows that the transmittance drops
slightly in the regions above the openings 122. This is because
the liquid crystal molecules 113 in regions above the open-
ings 122 have tilt angles (the angle between the liquid crystal
director direction and the z-axis) slightly smaller than those in
regions above the conducting portions 120. The overall accu-
mulated phase retardation by the liquid crystal layer 112 in
the region above the opening 122 is slightly smaller than that
in the region above the conducting portion 120. Thus, when
circular polarizers are laminated on both sides of the display
100, the transmittances in the regions above the openings 122
are slightly lower than those in the regions above the conduct-
ing portion 120.

[0050] For comparison, FIG. 5A is a diagram 170 showing
an example of simulated orientations of liquid crystal mol-
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ecules in a liquid crystal layer 220 of a portion of a pixel in
which the liquid crystal layer 220 does not include chiral
dopants. The electric field causes multiple domains (e.g.,
1524 and 152b) to be formed in the liquid crystal layer 220.
Because there is no chiral dopant, the liquid crystal molecules
do not rotate significantly about the z-axis when moving
from, e.g., location P1 to locations P2, P3, P4, and P5. Some
of the liquid crystal molecules at the domain boundaries (e.g,,
154a, 1545, and 154¢) are not tilted and remain at their initial
positions (aligned parallel to the z-axis). One possible reason
for the liquid crystal molecules not tilting at the domain
boundaries is that the electric field is symmetrically distrib-
uted at the domain boundaries, so the forces inducing the
liquid crystal molecules to tilt in one direction (e.g., clock-
wise) is as strong as the forces inducing the molecules to tilt
in an opposite direction (e.g., counter clockwise). The differ-
ent forces acting on the liquid crystal molecules cancel each
other, so the molecules do not tilt and remain at their initial
positions.

[0051] FIG. 5B is a graph 180 showing the transmittance
profile 182 of the pixel based on the liquid crystal director
profile of FIG. 5A (in which the liquid crystal layer 220 does
not include chiral dopants). The graph 180 shows the trans-
mittance profile of the entire pixel in which the pixel width is
80 um. At the domain boundaries above the openings 122, the
liquid crystal molecules are not tilted, so the accumulated
phase retardation is small. Therefore, the transmittances at
the domain boundaries (e.g., 154a, 1545, 154¢) are low, and
the domain boundaries appear as dark lines. The transmit-
tance profile 182 is obtained using circular polarizers on both
sides of the liquid crystal panel. The overall light efficiency of
the pixel in the example of FIG. 5B is around 88.7% when
normalized to the transmittance of two parallel linear polar-
izers. This is lower than the light efficiency (97.5%) of the
pixel 90 the example of FIG. 4B in which the liquid crystal
layer 122 includes chiral dopants.

[0052] FIG. 6A is a diagram 190 that shows an example of
simulated orientations of liquid crystal molecules 113 in the
liquid crystal layer 112 of a pixel 194 operating in a bright
state. The pixel 194 used in the simulation of FIG. 6A is
similar to the pixel 90 used in the simulation of FIG. 4A,
except that the widths W of the openings 122 in the pixel 194
is smaller than the widths W of the openings 122 in the pixel
90. In the example of FIG. 6A, the width W is 0.5 pm (as
compared to W=2 pm in FIG. 4A), the cell gap is 3.4 pm, and
the free pitch of the liquid crystal mixture is 1000 um.
[0053] When the widths of the openings 122 is reduced, the
fringe fields (132 and 134 in FIG. 3) are stronger, causing the
liquid erystal molecules 113 to tilt more at regions above the
openings 122, increasing overall light efficiency of the pixel
194. In the diagram 190, in the bulk region 192 of the liquid
crystal layer 122, almost all of liquid crystal molecules 113
are tilted and aligned along directions substantially parallel to
the substrates 102q and 1024.

[0054] FIG. 6B is a graph 200 showing the transmittance
profile 202 of the pixel 194 based on the liquid crystal director
profile of FIG. 6 A. A substantially flat transmittance profile is
achieved across the whole pixel 194. In this example, the light
efficiency of the pixel 194 is more than 99.2% when normal-
ized to the transmittance of two parallel linear polarizers.
[0055] FIG. 7isa cross-sectional diagram of an example of
apixel 218 of a vertical alignment mode liquid crystal display
210 that includes a pixel electrode 108 having openings 122
and a liquid crystal layer 112 doped with a chiral material.
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The display 210 is similar to the display 100 of FIG. 1, except
that the display 210 includes a patterned first common elec-
trode 212 that has conductive portions 214 and openings 216.
The conductive portions 214 have shapes that correspond to
the shapes of the openings 122 of the pixel electrode 108. The
widths of the conductive portions 214 are slightly larger than
the widths of the openings 122.

[0056] FIG. 81is a cross-sectional diagram of the pixel 218,
showing electric field lines at a voltage-on state. The electric
field generated by the pixel electrode 108, the first common
electrode 212, and the second common electrode 1044 in
FIG. 8 is similar to those shown in FIG. 3. This indicates that
the openings 216 in the first common electrode 212 do not
affect the tilting of the liquid crystal molecules 113 in the
liquid crystal layer 112. The optical performance of the dis-
play 210 in FIG. 8 is similar to that of the display 100 in FIG.
1.

[0057] FIG. 9is a schematic diagram of an example of the
liquid crystal display 100, which includes an array 12 of
pixels 90 that are controlled by one or more gate drivers 16
and one or more datadrivers 18. Each pixel 90 includes one or
more thin film transistors (TFT) 20, a storage capacitor C¢p
22, and a liquid crystal cell 112 that has an effective capaci-
tance represented by a capacitor C, . 24. The storage capaci-
tor Cgz 22 can be formed by the pixel electrode 108 and the
first common electrode 104a. The capacitors C¢-22 and C; -
24 can be, e.g., connected in parallel to a first node 26 and a
second node 28. The TFT 20 includes a gate 30 that is con-
nected to a gate line 32, which is connected to the gate driver
16. When the gate driver 16 drives the gate line 32 to turn on
the TFT 20, the data driver 18 drives a data line 34 with a
voltage signal (e.g., V,7,) that is passed to the capacitors
C,22andC, . 24.

[0058] Insome examples, the first node 26 is connected to
the pixel electrode 108 (FIG. 1), and the second node 28 is
connected to the first and second common electrodes 104a,
104b. The voltage (e.g., V p474) across the capacitor Cgp 22
determines the voltage applied to the liquid crystal cell 112.
The voltage on the data line 34 is sometimes referred to as a
“pixel voltage” or “gray scale voltage” because it determines
the gray scale level shown by the pixel 90.

[0059] A number of embodiments of the invention have
been described. Other implementations are also within the
scope of the following claims. For example, the first common
electrode 104a can be connected to a first reference voltage,
and the second common electrode 1045 can be connected to
a second reference voltage. The first and second reference
voltages do not necessarily have to be equal to the ground
voltage. The first and second reference voltages can be the
same or different. Additional passivation layers, alignment
layers, and compensation films can be used in the displays
described above. The components of the displays, such as the
liquid crystal layer and the polarization films can use mate-
rials and have parameters different from those described
above. The retardation values of the films can be different
from those described above.

[0060] The orientations of the liquid crystal molecules
described above refer to the directions of directors of the
liquid crystal molecules. The molecules may tend to point
more in one direction (represented by the director) over time
than other directions. For example, the phrase “the liquid
crystal molecules are substantially aligned along a direction
normal to the substrates” means that the average direction of
the directors of the liquid crystal molecules are generally
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aligned along the normal direction, but the individual mol-
ecules may point to different directions.

What is claimed is:

1. A display comprising:

pixel circuits each comprising:

a first electrode to be electrically coupled to a first ref-
erence voltage;

asecond electrode to receive a pixel voltage correspond-
ing to a gray scale level, the second electrode com-
prising a conducting layer having openings;

a third electrode to be electrically coupled to a second
reference voltage, the second electrode being
between the first and third electrodes; and

a liquid crystal layer between the first and second elec-
trodes, the liquid crystal layer comprising a chiral
material.

2. The display of claim 1 wherein the first reference voltage
is equal to the second reference voltage.

3. The display of claim 2 wherein the first and second
reference voltages are equal to a ground voltage of the pixels.

4. The display of claim 1 wherein the chiral material is
selected to cause the liquid crystal layer to form twisted
structures each having a free pitch of at least ten times a
thickness of the liquid crystal layer.

5. The display of claim 1 wherein the first, second, and third
electrodes and the chiral dopant are configured such that
when the pixel voltage is applied to the second electrode, an
electric field generated by the first, second, and third elec-
trodes cause liquid crystal molecules above the openings to
tilt by amounts that are more than half of those of the liquid
crystal molecules above the conducting layer away from the
openings, the amount of tilt being measured from initial posi-
tions of the molecules when the pixel voltage is below a
threshold.

6. The display of claim 1 wherein when the pixel circuit is
in a bright state, the transmissivity of portions of the pixel
corresponding to the openings is at least half the transmissiv-
ity of portions of the pixel corresponding to the conducting
layer away from the openings.

7. The display of claim 1 wherein when the pixel circuit is
in a bright state, the transmissivity of portions of the pixel
corresponding to the openings is at least 90% the transmis-
sivity of portions of the pixel corresponding to the conducting
layer away from the openings.

8. Thedisplay of claim 1 wherein the first, second, and third
electrodes and the chiral dopant are configured such that
azimuth angles of liquid crystal directors vary continuously
across the pixel when the pixel voltage is applied to the
second electrode.

9. The display of claim 1 wherein the liquid crystal layer
comprises liquid crystal molecules that are aligned along a
direction substantially normal to the surfaces of the first and
second electrodes when the pixel voltage is below a threshold.

10. The display of claim 1 wherein the openings comprise
circles having diameters in a range between 0.1 pm to 8 pm.

11. The display of claim 1 wherein the openings comprise
elongated slits each having a width in a range between 0.1 pm
to 8 um.

12. The display of claim 11 wherein the elongated slits
have at least one of straight, curved, and piecewise linear
shapes.

13. The display of claim 1 wherein the third electrode
comprises a continuous conducting layer without openings.
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14. The display of claim 1 wherein the third electrode
comptises a conducting layer having openings.

15. The display of claim 1 wherein the second and third
electrodes are configured such that liquid crystal molecules
adjacent to the openings are subject to electric fields having
directions from the liquid crystal layer to the third electrode.

16. The display of claim 15 wherein the first, second, and
third electrodes are configured such that liquid crystal mol-
ecules farther away from the openings are subject to electric
fields having directions from the second electrode to the first
electrode.

17. The display of claim 1 wherein each pixel comprises a
storage capacitor having terminals comprising the second
electrode and the third electrode.

18. The display of claim 1 wherein the first electrodes of
different pixels are electrically connected.

19. The display of claim 1 wherein the third electrodes of
different pixels are electrically connected.

20. The display of claim 1, further comprising a first cir-
cular polarizer and a second circular polarizer, the liquid
crystal layer being between the first and second circular polar-
izers.

21. The display of claim 1, further comprising a first linear
polarizer and a second linear polarizer, the liquid crystal layer
being between the first and second linear polarizers.

22. A display comprising:

a first substrate;

a second substrate;

pixel circuits between the first and second substrates, each

pixel circuit comprising;

a first electrode to be electrically coupled to a ground
reference voltage;

asecond electrode to receive a pixel voltage correspond-
ing to a gray scale level, the second electrode com-
prising a conducting layer having openings;

athird electrode to be electrically coupled to the ground
reference voltage, the second electrode being
between the first and third electrodes; and

a liquid crystal layer between the first and second elec-
trodes;

a first alignment layer between the liquid crystal layer and

the first electrode of each pixel circuit; and

a second alignment layer between the liquid crystal layer

and the second electrode of each pixel circuit.

23. The display of claim 22 wherein the liquid crystal layer
comprises a chiral material.

24. A method comprising:

generating an electric field in a liquid crystal layer of a

pixel circuit of a display, the electric field causing liquid
crystal molecules in the liquid crystal layer to tilt from
initial positions, the electric field having a distribution
such that the liquid crystal layer forms a continuous
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domain in which the liquid crystal molecules at different
locations tilt in different directions, and the tilt direc-
tions of the liquid crystal molecules vary continuously
across the pixel circuit; and

providing a twisting force to the liquid crystal molecules to

cause the liquid crystal molecules to tilt at along differ-
ent azimuth angles across the pixel.

25. The method of claim 24 wherein providing a twisting
force comprises using chiral dopants in the liquid crystal
layer to provide the twisting force.

26. The method of claim 24 wherein generating the electric
field comprises providing a first reference voltage to a first
electrode, providing a pixel voltage to a second electrode, and
providing a second reference voltage to a third electrode, the
liquid crystal layer being between the first and second elec-
trodes, the second electrode being between the first and third
electrodes, the second electrode comprising a conducting
layer having openings.

27. The method of claim 26, further comprising tilting the
liquid crystal molecules above the openings by amounts that
are more than half of those of the liquid crystal molecules
above the conducting layer away from the openings.

28. The method of claim 24, further comprising providing
a substantially uniform transmittance across the pixel upon
application of the pixel voltage, the transmittance of portions
of the pixel corresponding to the openings being more than
half of the transmittance of portions of the pixel correspond-
ing to the conducting layer away from the openings.

29. The method of claim 24 further comprises aligning
liquid crystal molecules of the liquid crystal layer along
directions substantially normal to substrates at two sides of
the liquid crystal layer prior to generating the electric field.

30. A method comprising:

forming a first electrode on a first substrate;

forming a third electrode on a second substrate;

forming an insulation layer on the third electrode;

forming a second electrode on the insulation layer, the

second electrode comprising a conducting layer having
openings;

positioning the first substrate parallel to and at a distance to

the second substrate; and

providing a liquid crystal layer between the first and second

electrodes.

31. The method of claim 30 further comprising adding a
chiral material to the liquid crystal material of the liquid
crystal layer.

32. The method of claim 31 wherein adding the chiral
material comprises adding a chiral material having a concen-
tration selected to cause the liquid crystal layer to form a
twisted structure having a free pitch of at least ten times a
thickness of the liquid crystal layer.
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