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Apparatus, methods and systems for a transmissive liquid
crystal display including a plurality of pixel circuits, each
pixel circuit including a reflective region and a transmissive
region. The reflective region includes a polarization depen-
dent reflector for reflecting ambient light. The reflective and
transmissive regions include an initially homogeneously
aligned liquid crystal layer sandwiched between a first and a
second substrate. Each pixel further includes at lease one first
transparent electrode as the common electrode and at least
one second transparent electrode as the pixel electrode both
formed on one of the same first and second substrates,
wherein substantial fringe fields with rich horizontal electric
fields are generated in the liquid crystal layer when voltage is
applied to the pixel electrode, making the liquid crystal mol-
ecules rotate mainly in the horizontal direction to achieve
wide viewing angle.
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WIDE VIEWING ANGLE TRANSFLECTIVE
LIQUID CRYSTAL DISPLAYS

FIELD OF THE INVENTION

[0001] The present invention is related to a liquid crystal
display (LCD), and more particularly to apparatus, methods,
systems and devices for a high light efficiency, wide viewing
angle transflective liquid crystal display using a polarization
dependent reflector as a means of reflecting light and an
initially homogeneous aligned liquid crystal cell for the wide
viewing angle transmissive mode for application requiring
high light efficiency and low power consumption, and versa-
tility for different ambient light conditions.

BACKGROUND AND PRIOR ART

[0002] Liquid crystal displays have been widely used in
various mobile devices, owing to its high image quality, com-
pact size, and light weight. In those devices, such as in cell
phones and personal digit assistants (PDAs), a pure transmis-
sive (T) typed LCD that exhibits a high contrast ratio and
good color saturation is usually employed. However, the pure
T type LCD has a poor outdoor readability because its image
is washed out by strong ambient lights, such as sunlight,
which makes it imperfect for devices that require frequency
outdoor applications. Besides, its dependence on a backlight
causes a relatively high power consumption, which further
reduces the working time for each battery change. On the
other hand, a reflective (R) type LCD does not require a
backlight unit and uses the ambient light for displaying
images instead. As a result the display’s power consumption
1s low and has a good outdoor readability, making it uniquely
useful for certain environments. However, the unavoidable
surface reflection inherent in R type devices result in an
inferior contrast and color saturation as compared to the T
mode LCDs.

[0003] To overcome abovementioned problems of both the
transmissive mode and reflective mode displays in mobile
device applications, the transflective typed LCD combines
both T and R type LCD:s into one display to obtain environ-
ment-versatility, good image quality, and low power con-
sumption. A transflective type LCD can operate in a trans-
missive mode and/or a reflective mode. In one example, each
pixel of the transflective LCD is divided into a T sub-pixel and
aR sub-pixel, and the cell gap ofthe T (d,) and R (d,) regions
are different (d,~2 d,) for maximum light efficiency as
described in U.S. Pat. No. 6,341,002 issued to Shimizu et al.
on Jan. 22, 2002.

[0004] However, besides the light efficiency, another criti-
cal issue in abovementioned kind of display in its dependence
on a broadband circular polarizer. As shown in FIG. 1a, a
typical broadband circular polarizer 10 in most prior art trans-
flective LCDs consists of one linear polarizer along with one
mono-chromatic half-wave plate and one mono-chromatic
quarter-wave plate under a special alignment as described by
S. Pancharatnam (“Achromatic combinations of birefringent
plates: part 1. An achromatic circular polarizer,” in Proc.
Indian Academy of Science, vol. 41, sec. A, (1955), pp. 130-
136. The mono-chromatic half-wave plate has its optics axis
set at 15 degrees with respect to the transmission axis of the
top polarizer, and the mono-chromatic quarter-wave plate has
its optics axis set at 75 degrees with respect to the transmis-
sion axis of the polarizer. Because of the existence of the
broadband quarter-wave plate above the LC cell for R mode,
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the T mode requires another circular polarizer to be set below
the LC cell to achieve a common dark state as in the R mode.
A problem with this configuration is that the viewing angle of
the transflective LCDs is quite narrow.

[0005] FIG. 15 s a graph 20 that shows the simulated light
leakage of two stacked circular polarizers, in which the light
leakages at different viewing angles, both azimuthal and
polar directions are calculated correspondingly. The calcu-
lated results are normalized to its maximum possible output
value between two parallel aligned linear polarizers in the
normal direction. As shown in FIG. 15, the light leakage of
two stacked broadband circular polarizers is severe at off-
axis, e.g., the approximately 10% light leakage occurs within
a cone at 40 degrees, which means the 10:1 contrast ration of
two stacked circular polarizers is limited to approximately 40
degrees. However, the corresponding angular light leakage
for two crossed linear polarizers is much less as shown in the
graph 30 in FIG. 1c. The 10% light leakage is well suppressed
to over 80 degrees, and 1% light leakage is over 50 degrees.

[0006] What is needed to solve these problems is a trans-
flective structure with a high light efficiency, good gray scale
overlap between T and R modes, but no dependence on the
abovementioned circular polarizer. In addition, a single cell
gap structure for the purpose of simple fabrication and good
vield is also of great interest to those skilled in the art.

SUMMARY OF THE INVENTION

[0007] A primary object of the invention is to provide new
methods, systems, apparatus and devices for an apparatus,
methods, systems and devices fora transflective liquid crystal
display device that can have wide viewing angle and are not
dependent on the circular polarizers.

[0008] A secondary objective of the invention is to provide
new methods, systems, apparatus and devices for a transflec-
tive liquid crystal display device that can has a single cell gap
for easy fabrication but with high light efficiency for both T
and R modes, and can be driven by a single driving gamma
curve for both T and R modes.

[0009] According to one aspect of the present invention, a
liquid crystal display including a first and a second substrate
have plural pixels defined therebetween; the first and second
substrates have polarizing layer on an exterior surface and a
single cell gap liquid crystal layer and alignment layers inter-
posed between their inner surfaces, wherein the liquid crystal
molecules are homogeneously aligned by the surface align-
ment layer; within each pixel, the liquid crystal display have
a reflective region and a transmissive region, wherein a polar-
ization dependent reflector, such as a wire grid polarizer is
formed in the reflective region working as a means of reflect-
ing the ambient light in displaying the images for the reflec-
tive mode, and the light from the backlight unit is employed to
display the images in the transmissive mode. but no broad-
band quarter-wave plates are used in the transmissive region;
besides at least one transparent electrode as the common
electrode is formed on one of the substrate and at least one
transparent electrode as the pixel electrode are formed on the
same the substrate, wherein substantial horizontal electric
fields are generated to rotate the liquid crystal molecules in a
direction substantially parallel to the substrate surface when a
driving voltage from the data line is applied to the pixel
electrodes.



US 2008/0309853 Al

[0010] Further objects and advantages of this invention will
be apparent from the following detailed description of pre-
ferred embodiments which areillustrated schematically in the
accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0011] FIG. 1a is the structure of a broadband circular
polarizer.

[0012] FIG. 15 is the angular dependent light leakage of
two stacked broadband circular polarizers.

[0013] FIG. 1c is the angular dependent light leakage of
wo crossed linear polarizers.

[0014] FIG. 2 is a cross-sectional diagram of a pixel.
[0015] FIG. 3 is the structure of a wire grid polarizer.
[0016] FIG. 4 is the top view ofthe strip electrode structure.
[0017] FIG.5 s the optic axis alignment of each layer of the
display.

[0018] FIG. 6 is the dark state for the display without
applied voltage.

[0019] FIG.7 is the bright state for the display with applied
voltage.

[0020] FIG. 8aisthe VT and VR curves of the display with
a negative LC material and electrode width W=3 um, G=4
um, and electrode angle $=80°.

[0021] FIG.8bisthe VT and VR curves of the display with
apositive LC material and electrode width W=2 um, G=3 um,
and electrode angle ¢=10°.

[0022] FIG. 9 is the diagram of additional loss from the
WGP surface of the R mode at an intermediate gray-level.
[0023] FIG.10isthe VT and VR curves of the display with
a single cell gap.

[0024] FIG.11aisthe VT and VR curves of the display with
a negative LC material and electrode width W=3 pm, G=8
um, and electrode angle ¢=80°.

[0025] FIG.11bisthe VT and VR curves of the display with
apositive LC material and electrode width W=3 pum, G=6 um,
and electrode angle ¢=10°.

[0026] FIG.12aisthe VT and VR curves of the display with
a negative LC material and electrode width W="um, G=4 um,
and electrode angle $=70°.

[0027] FIG.12bisthe VT and VR curves of the display with
apositive LC material and electrode width W=2 um, G=3 um,
and electrode angle $=20°.

[0028] FIG. 13 is a cross-section of the structure of the
present TRLCD invention with different electrode width W
and gap G values in the T and R regions.

[0029] FIG.14aisthe VT and VR curves of the display with
a negative LC material and electrode width W=3 um, G=4.5
pm in the R region and W=3 um, G=3 um in the T region.
[0030] FIG.1441sthe VT and VR curves of the display with
a positive LC material and electrode width W=3 um, G=4 pm
in the R region and W=3 pm, G=4.5 um in the T region.
[0031] FIG. 15a is the viewing angle of the T mode in the
structure of FIG. 14a.

[0032] FIG. 155 is the viewing angle of the T mode in the
structure of FIG. 145.

[0033] FIG. 16a is the color shift of the T mode in the
structure of FIG. 14a.

[0034] FIG. 165 is the color shift of the T mode in the
structure of FI1G. 145.

[0035] FIG. 17 is a top view of the chevron-shaped elec-
trode TRLCD.

[0036] FIG. 18a is the color shift of the T mode in the
structure of FIG. 17 with a negative LC material.
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[0037] FIG. 185 is the color shift of the T mode in the
structure of FIG. 17 with a positive LC material.

[0038] FIG.19isthecross-section view of the TRLCD with
both TFT and WGP on one substrate

[0039] FIG. 20 is a schematic diagram of a liquid crystal
display 100 according to the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0040] Before explaining the disclosed embodiments of the
present invention in detail it is to be understood that the
invention is not limited in its application to the details of the
particular arrangements shown since the invention is capable
of other embodiments. Also, the terminology used herein is
for the purpose of description and not of limitation.

[0041] The following is a list of reference numerals used in
the figures and description to identify element of the present
invention.

[0042] 10 Broadband circular polarizer

[0043] 12 array of pixel circuits

[0044] 16 gate driver

[0045] 18 data driver

[0046] 20 circular polarizer leakage

[0047] 30 linear polarizer leakage

[0048] 50 display controller

[0049] 70 thin film transistor

[0050] 72 storage capacitor

[0051] 74 LC capacitor

[0052] 76 TFT drain

[0053] 80 TFT gate

[0054] 82 gate line

[0055] 84 data line

[0056] 90 pixel

[0057] transflective LCD

[0058] 101a crossed linear polarizer

[0059] 1015 crossed linear polarizer

[0060] 102a substrate

[0061] 1025 substrate

[0062] 103 insulation layer

[0063] 104q alignment layer

[0064] 1045 alignment layer

[0065] 105 polarization dependent reflector

[0066] 106 liquid crystal layer

[0067] 107 LC molecules

[0068] 108 common electrode

[0069] 109 pixel electrode strips

[0070] 109a electrode strip in reflective region

[0071] 1095 electrode strip in transmissive region

[0072] 110 transflective LCD

[0073] 116 backlight

[0074] 118 incident backlight

[0075] 120 pixel

[0076] 122 reflective region

[0077] 124 transmissive region

[0078] 130 transmission axis

[0079] 140 incident ambient light

[0080] 150 transmitted ambient light

[0081] 160 transmitted backlight

[0082] 170 reflected ambient light

[0083] 208 common electrode

[0084] 209 pixel electrode

[0085] 220 metal strips

[0086] 222 incident light

[0087] 224 first component of the light
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[0088] 226 second component of the light
[0089] 230 lengthwise direction

[0090] 320 gate line 320

[0091] 330 thin film transistor

[0092] 340 data line

[0093] 350 lengthwise strip direction

[0094] 400 voltage dependent T and R curves
[0095] 402 voltage dependent T curve
[0096] 404 voltage dependent R curve
[0097] 410 voltage dependent T and R curves
[0098] 412 voltage dependent T curve
[0099] 414 voltage dependent R curve
[0100] 415 voltage dependent T and R curves
[0101] 417 voltage dependent R curve
[0102] 419 voltage dependent T curve
[0103] 420 voltage dependent T and R curves

[0104] 422 voltage dependent T curve

[0105] 424 voltage dependent R curve

[0106] 430 voltage dependent T and R curves
[0107] 432 voltage dependent T curve

[0108] 434 voltage dependent R curve

[0109] 440 voltage dependent T and R curves
[0110] 442 voltage dependent T curve

[0111] 444 voltage dependent R curve

[0112] 450 voltage dependent T and R curves
[0113] 452 voltage dependent T curve

[0114] 454 voltage dependent R curve

[0115] 500 pixel

[0116] 540 voltage dependent T and R curves
[0117] 542 voltage dependent T curve

[0118] 544 voltage dependent R curve

[0119] 550 voltage dependent T and R curves
[0120] 552 voltage dependent T curve

[0121] 554 voltage dependent R curve

[0122] 560 iso-contrast plot

[0123] 570 iso-contrast plot

[0124] 580 color shift plot

[0125] 590 color shift plot

[0126] 600 color shift plot

[0127] 610 color shift plot

[0128] 650 pixel

[0129] FIG. 2 is cross-sectional diagram of an example of a

pixel 90 of a transflective liquid crystal display 100. In the
display 100, the liquid crystal layer 106 is sandwiched
between the bottom substrate 102¢ and the top substrate
1025, which together are further interposed between two
crossed linear polarizers 101a and 1015, The liquid crystal
molecules are initially homogeneously aligned by the surface
alignment layers 104a and 104h. A first transparent plane
electrode layer 108 is formed on the top substrate 1025 as the
common electrode; a group of second transparent electrode
strips 109 with a width W and a gap G between adjacent strips
are formed on the substrate 1024 as the pixel electrodes 109,
wherein the common 108 and pixel 109 electrodes are insu-
lated by a passivation layer 103 such as silicon oxide (Si0,) or
silicon nitride (Si;N,,) formed therebetween. Each pixel 120
ofthe display 100 is divided into a reflective region 122 and a
transmissive region 124. In the reflective region 122, a polar-
ization dependent reflector such as a wire grid polarizer 105 is
formed on the bottom substrate 1024 as a means of reflecting
the ambient light incident from the top polarizer 1015. In the
transmissive region 124, the light from the backlight unit 116
transmits the bottom polarizer 101 and modulated by the LC
layer to displays the image.
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[0130] As shown in FIG. 3, the wire grid polarizer (WGP)
105 includes metal strips 220 formed on the lower substrate
102a. The metal strips 220 extend along the direction 230
referred to as the lengthwise direction of the metal strips 220.
The wire grid polarizer 105 has a transmission axis that is
perpendicular to the lengthwise 230 of the metal strips 220
and a reflection axis that is parallel to the lengthwise direction
230 of the metal strips 220. When an unpolarized incident
light 222 impinges on the surface of the wire grid polarizer
105, a first component of the light 224 having a polarization
parallel to the lengthwise direction of the metal strips 220 is
reflected, and a second component of the light 226 having a
polarization perpendicular to the metal strips passes through
the wire grid polarizer 105.

[0131] FIG. 4 is atop view of the plane common electrode
and the strip-shaped pixel electrodes of pixel 90, where an x-y
coordinate is defined as a reference. As shown, the x-axisis a
reference direction set along the transmission axis 130 shown
in FIG. 2 of the top polarizer 1015. The common electrode
108 is a transparent plane electrode and the pixel electrodes
109 are strip-shaped with a width W and a gap G and the
lengthwise strip direction 350 is set at an angle ¢ with respect
to the x-axis. The pixel is controlled by the thin-film-transis-
tor (TFT) 330. When the TFT 330 is turned on by the signal
from the gate line 320, the voltage from the data line 340 is
applied to the pixel electrodes 109 to rotate the liquid crystal
molecules.

[0132] The optic axes of the each layer and the electrode
strip orientation show in FIG. 2 are shown in FIG. 5. As
previously described, the transmission axis 130 of the top
polarizer 1015 is taken as the reference direction. The trans-
mission axis of the bottom polarizer 1014 is set at a direction
perpendicular to that of the top polarizer 1015. The length-
wise direction 230 of the wire grids 220, which is also the
reflective axis of the wire gird polarizer 105, is set perpen-
dicular to the transmission axis 130 of the top polarizer 1015.
[0133] The liquid crystal layer 106 is rubbed in a direction
[} with respect to the reference direction 130 and the electrode
strip direction 350 of the pixel electrodes 109 has an angle ¢
with respect to the reference transmission axis 130 of the top
polarizer. The angle § can have two values: parallel or per-
pendicular to the reference direction 130. The specific value
of the angle ¢ is based on the LC material used in this design
and the rubbing direction . More specifically, the absolute
value |9-fI should be within a range of approximately 0° and
45°, when a positive dielectric anisotropy (Ae) material is
used, and it should be within a range of approximately 45°
and 90°, when a negative Ae material is used. For example,
when the rubbing direction angle f3 is set at approximately 0°
with respect to the transmission axis of the top polarizer and
a positive Ae material is used, the value of the angle ¢ should
be set between approximately 0° and approximately 45°. On
the other hand, when a negative Ae L.C material is used with
[(=0°, the angle ¢ is set between approximately 45° and
approximately 90°. Correspondingly, when the angle [ is set
at 90°, the angle ¢ is set between approximately 0° and
approximately 45° when a negative Ae LC material is used,
and be set between approximately 45° and approximately 90°
when a positive Ae L.C material is used.

[0134] Operationally, when no voltage is applied to pixel
electrode 109 as shown in the display 110 in FIG. 6, the LC
molecules 107 are initially homogeneously aligned. For the
transmissive (T) region 124 of the pixel at the voltage-off
state, the light 118 that transmits the bottom polarizer 101a
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has polarization perpendicular to the transmission axis 130 of
the top polarizer 1014. Because the liquid crystal layer has a
rubbing direction either parallel (f=0°) or perpendicular
(P=90°) to the transmission axis 130, that transmitted back-
light 160 maintains its polarization state when passing
through the LC layer, and is blocked by the top crossed
polarizer 1015 on the top substrate 1025. For the reflective (R)
region 122 of the pixel at the voltage-off state, the incident
ambient light 140 passes the top polarizer first to have a
polarization parallel to the transmission axis 130, then the
transmitted incident light 150 experiences negligible phase
retardation after passing through the LC layer. Because the
reflective axis of the WGP 105 is set at perpendicular to the
transmission axis 130, the ambient light passes through the
WGP 105 and is blocked by the bottom polarizer 101a. Thus,
at the voltage-off state, both the T and R regions are in a
common dark state.

[0135] Whenahigh voltage, above the threshold voltage, is
applied to the pixel electrode 109, (the threshold voltage is a
voltage below which the perturbation of liquid crystal mol-
ecule orientations is negligible with respect to the initial state
when no pixel voltage is applied,) in the LC display 200
shown in FIG. 7, the LC molecules are rotated by the electric
fields generated from the pixel 109 and common 108 elec-
trodes. Therefore the new average optic axis of the LC layer
changes to a new angle. When the phase retardation value
dAn, where d is cell gap of the LC layer, An equals n,—n,,
where n, and n, are the extraordinary and ordinary refractive
indices, respectively, of the liquid crystal material, is equal to
approximately half-wave plate, the LC layer functions like a
polarization rotator for the light passing through it. In this
example, for the transmissive region 124 of the pixel at a
voltage-on state, the incident light 118 from the backlight 116
first has a polarization state that is parallel to the transmission
axis of the bottom polarizer 101a and the transmitted back-
light 160 further passes through the LC layer.

[0136] If the new average optic axis of the LC layer is
rotated by 45° away from its initial rubbing direction, the LC
layer rotates the polarization of the transmitted backlight 160
from the bottom polarizer by an angle of 90°, thus the trans-
mitted backlight 160 light transmits through the top polarizer
1012 and is seen by the viewer. For the reflective region 122
of the pixel 120 at a voltage-on state, the incident ambient
light 140 passes the top polarizer 1015 and the transmitted
ambient light 150 has a polarization parallel to the transmis-
sion axis 130. The polarization direction of the transmitted
ambient light 150 is first rotated approximately 90° by the LC
layer before it impinges on the WGP surface 105, thus the
transmitted ambient light 150 is parallel to the reflective
direction 230 of the WGP 150, and 1s reflected back through
the LC layer as reflected ambient light 170. After thereflected
ambient light 170 passes the LC layer, its polarization direc-
tion experiences another 90° rotation to a direction parallel to
the transmission axis 130 and then transmits through the top
polarizer 1015 to the viewer. A common bright state is
achieved for both the T and R modes.

[0137] As an example in accordance with the LC display
structure 100 shown in F1G. 2, a negative LC material, such as
MLC-6608 from Merck, is taken in this structure with its
parallel dielectric constant €,,=3.6, perpendicular one €,=7.
8, elastic constants K;;=16.7 pN, K;;=18.1 pN, extraordi-
nary refractive index ne=1.5578, and ordinary refractive
index no=1.4748 at lambda=589 nm. In this example, the
liquid crystal layer has a cell gap of approximately 4 um, and
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the electrode width W of approximately 3 um and the gap
between adjacent electrode strips is approximately 4 um. The
rubbing direction f§ of the LC layer is set at approximately 0°
with respect to the transmission axis 130 of the top polarizer
1015 and the electrode strip direction ¢ is at an angle of
approximately 80° to gain maximum light efficiency. The
angles are almost equivalent to the example with =90° and
¢=10°.

[0138] FIG. 8a is a graph 400 showing the simulated volt-
age-dependent efficiency curves for original voltage/trans-
mission (VT) curve, original voltage/reflection (VR) curve.
As shown in FIG. 84, both the voltage-transmissive (VT)
curve 402 and the voltage-reflective (VR) curve 404 share a
common dark state and reach above approximately 90% of
the maximum possible light efficiency at V=6 Vrms.

[0139] Correspondingly, the structure can also use a posi-
tive Ae LC material such as MLC-6686 from Merck with its
parallel dielectric constante ,=14.5, perpendicular one €, =4.
5, elastic constant K ;=8.8 pN, K;;=14.6 pN, extraordinary
refractive index ne=1.5774, and ordinary refractive index
n0=1.4824 at lambda=589 nm. In this example, the liquid
crystal layer has a cell gap of approximately 4 um, and the
electrode width W equal approximately 2 um and the gap G
between adjacent electrode strips is set at approximately 3
wm. When the rubbing direction f§ of the LC layer is set at
approximately 0° with respect to the transmission axis 130 of
the top polarizer 1015, then the electrode strip direction ¢ is at
an angle of approximately 10° to gain maximum light effi-
ciency. The graph 410 shown in FIG. 85 shows the simulated
voltage-dependent efficiency curves for original VT curve
and original VR curve. Similarly, both the VT curve 412 and
VR curve 414 from graph 410 reaches over approximately
90% of the maximum possible light efficiency. Since the
dielectric anisotropy Ae value of the positive material is much
larger than that of the negative material, the on-state voltage
of the cell using a positive LC material is also smaller than
that of the negative cell.

[0140] However, for both cells using a positive dielectric
anisotropy Ae and a negative dielectric anisotropy Ae LC
material, VR is always lower than the corresponding VT value
at each inter-mediate gray level. For example, in the example
shown in FIG. 8a, the differences in the VR curve 404 and VT
curve 402 is caused by the loss of light in the R sub-pixel 122
when the pixel voltage corresponds to a gray scale between
the dark and bright states. Referring to FIG. 9, when the pixel
voltage is at a level such that the rotation of the liquid crystal
molecules 107 is less than approximately 45° from its original
rubbing direction, the linearly polarized transmitted ambient
light 150 has a polarization direction non-parallel to the
reflective axis of the WGP 105 when the transmitted ambient
light 150 reaches the surface of the wire grid polarizer dielec-
tric anisotropy 105. A portion of the transmitted ambient light
150, the component of the light perpendicular to the metal
stripes 220) passes the wire grid polarizer (WGP) 105 and is
absorbed by the lower polarizer 101a. Thus, the amount of
ambient transmitted light that is reflected by the wire grid
polarizer 105 is less than the transmitted backlight 160 that
passed through the linear polarizer 101a. This accounts for
the lower luminance in the R sub-pixel region 122 compared
to the T sub-pixel region 124 for a given pixel voltage. This
additional loss from the WGP 105 surface results in VT and
VR curves that deviate from each other as shown in FIGS. 8a
and 8b.
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[0141] As an estimation of the match or deviation between
the VT and VR curves, the root-mean-square (RMS) value of
the difference between the normalized T and R (normaliza-
tion is in the reference to the maximum transmission of two
stacked parallel linear polarizers) is introduced. Still referring
to FIG. 8, for the VT and VR curves shown, when N=256
voltage points are sampled between gray-level 0 (wherein
V=approximately 0.5 Vrms) and gray-level 255 (wherein
V=approximately 6.0 Vrms), the RMS value of the difference
between the T and R can be calculated by the following value

(Ti - Ry)*

™M=

N

For the VT 402 and VR 404 curves shown in FIG. 8A, the
RMS value is approximately 12.9%, and the RMS value for
the VT and VR curves 412 and 414 shown in FIG. 8B is
approximately 13.8%. Referring to FIG. 10 which s a plot for
atransflective LCD using a single cell gap and a single driving
circuit, the RMS value of difference between the VT curve
417 and VR curve 419 in graph 415 is approximately 31%,
when V=approximately 1.5 Vrms is taken for gray level 0 and
V=approximately 3.0 Vrms is taken for gray level 256.

[0142] FIG. 11ais a graph 420 that shows another example
using a negative dielectric anisotropy Ae LC material with
electrode width W equal approximately 3 wm and gap G equal
approximately 8 um. The VT curve 422 reaches approxi-
mately 90% light efficiency at V=approximately 6 Vrms and
VR curve 424 reaches approximately 80% at approximately
the same voltage. Similarly, FIG. 115 is a graph 430 that
shows the example using a positive dielectric anisotropy Ae
LC material with electrode width W=approximately 3 um and
gap G=approximately 6 um. The light efficiency of T mode
reaches approximately 85% at V=approximately 5.5 Vrms as
shown in curve 432, and the efficiency of R mode reaches
approximately 70% at V=approximately 5.5 Vrms as shown
in curve 434. As shown in FIGS. 11ag and 115, the basic
shapes of the VT and VR curves seem to change little in
response to the variation of the electrode width and gap.

[0143] Inanother example, the electrode strip direction ¢ is
varied with respect to the rubbing angle § for the cell con-
figuration shown in FIGS. 1-7. In this example, the cell
parameters are kept same as the parameters used to produce
the VT 402 and VR 404 curves shown in FIG. 8a, with the
exception that the electrode strip direction ¢ is changed from
approximately 80° to approximately 70°. FIG. 12a is a graph
440 that shows the corresponding VT curve 442 and VR curve
444 when ¢=approximately 70°. Because the effective rota-
tion of the L.C molecules away from the initial rubbing angle
1s less than 45°, the maximum light efficiency is also reduced
for both T and R modes. Similarly for the cell using a positive
LC material, the angle ¢ is changed from approximately 10°
to approximately 20°, while keeping the other parameters
approximately the same as the parameters used to produce
graph 410 shown in FIG. 85, the resulting VT curve 452 and
VR curve 454 are shown in graph 450 of FIG. 126, The
maximum light efficiency is slightly reduced, but the shape of
the curves is similar. From the analysis above, it is shown that
the design has relatively large tolerance of the variation of the
electrode width W, gap G, and electrode strip angle ¢.
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[0144] Yet in another example of the present invention is
shown in FIG. 13. In this example, the electrode width W and
distance (gap) G between adjacent electrodes of R pixel elec-
trodes 109¢ are different in the R region 122 from electrode
width W and gap G between adjacent pixel electrodes of T
pixel electrodes 1095 in the T region 124 of the LCD pixel
500. This configuration allows the designer to optimize the
match between the VT and VR curves in response to the
applied voltage. FIG. 14a is a graph 540 that shows the
simulated VT 542 and VR 544 curves for the structure shown
in FIG. 13, where in the reflective region 122 the width W,
equal approximately 3 um and the gap G equal approxi-
mately 4.5 um, and in the transmissive region 124 the width
W equal approximately 3 um and the gap G-equals approxi-
mately 3 um. In this example, the LC material is a negative Ae
LC material such as MLC-6608 from Merck. The cell gap is
kept at 4 um and rubbing angle $=0° and electrode strip
direction $=80°. For the VT curve 542 and VR curve 544
shown in FIG. 144, when N=256 voltage points are sampled
between gray-level 0 (wherein V=0.5 Vrms) and gray-level
255 (wherein V=6.0 Vrms), the RMS value of the difference
between the T and R by

is approximately 2.8%. Similarly, FIG. 145 is a graph 550 that
shows the simulated VT and VR curves for the structure
shown in FIG. 13, where the W,=3um, Gz=4 pm, W,=3 um,
and G/~4.5 um, and the LC material is a positive Ae LC
material such as MLC-6686 from Merck. The RMS value of
this case is between VT curve 552 and VR curve 554 is
approximately 2.69%, if gray-level O is set at V=0.5 Vrms and
gray-level 256 is set at V=5.5 Vrms. Although the width W
and gap G in the T and R regions are different, they can be still
fabricated by the same steps of photomasks as those using
uniform width W and gap G in both of the T and R regions.

[0145] Because of the removal of broadband quarter-wave
plate in the present invention, for the T mode, the viewing
angle is inherently wide even without additional compensa-
tion films. FIG. 15A shows the iso-contrast plot 560 for the T
mode in the structure in FIG. 13 where W,;=3 um, and G,=3
pm and a negative L.C material is used. As shown, the viewing
cone with contrast ratio (CR)>10:1 is greater than approxi-
mately 85° at most of the azimuthal angles. Similarly, FIG.
15B shows the iso-contrast plot 570 for the T mode in the
structure shown in FIG. 13 with W,=3 um and G,~4.5 um
using a positive LC material. The CR is greater than 10:1
viewing cone is over 70° at most azimuthal directions. From
these FIGS. 14a and 145, it is shown that novel TRLCD
design of the present invention is a wide viewing angle tech-
nology suitable for high performance display applications. In
addition to the viewing angle, color shift is another important
property to characterize the performance of a display.

[0146] When a LCD panel is illuminated by a white back-
light such as D65 at its bright state, the output light has a
special spectrum distribution after passing through the polar-
izers, the LC cell, and the color filters. This output light at the
normal direction is specified by one color coordinate value in
the CIE 1931 Chromaticity Diagram that is close to (x=0.33,
v=0.33). However, the same backlight through the LCD panel
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has different color coordinate values if viewed from off-axis
directions, which is called color shift. For the LC structure
with same cell parameters for F1IG. 154, its color shift viewed
at different azimuthal angles with a fixed off-axis polar angle
equal to 60° is shown in the graph 580 in FIG. 16a. All the
color coordinates are plotted in this figure and their trace
shows all the possible colors it can viewed from different
azimuthal angles with polar angle at 60°. In the cell using a
negative L.C material, the LC molecules experience a quite
uniform rotation at the bright state and the domain is almost
purely one-domain structure. As a result, the average color
shift is quite evident. On the other hand, in the same cell in the
graph 590 in FIG. 155 using a positive LC material, the color
shift shown in FIG. 165 is relatively small as compared to that
of FIG. 16a. It results in that a positive LC material will
experience both substantial rotations and some tilts at the
bright state. Therefore, there are multi-domain like structure
of the LC molecules’ distribution. To further suppress the
color shift of the structures abovementioned, in the preferred
embodiment, the multi-domain structure is highly preferred.

[0147] In yet another example of the present invention, a
chevron-shaped electrode structure is introduced as shown in
FIG. 17. The common electrode 108 is a transparent plane
electrode and the pixel electrodes 109 are chevron-shaped
strip-shaped transparent electrodes. In this alternative con-
figuration, the x-y coordinate takes the transmission axis 130
of the top polarizer 1015 as the reference x-direction. The
pixel electrode strips 109 in one period have a top half plane
and a bottom half plane shown in FIG. 17. Each part of the
pixel electrode has a width of W and gap of G and the strips of
both planes have an angle ¢ with respect to the x-axis. A TFT
330 controlled by gate line 320 is formed to control the
voltage applied to the pixel electrode 109. The driving voltage
comes from the data line 340.

[0148] Inthe voltage-off state, the LC molecules are rubbed
in a direction parallel to either the x- or the y-direction and the
backlight transmitted through the bottom polarizer does not
experience a phase retardation from the LC layer, and as a
result is blocked the top polarizer. When a high voltage is
applied to the pixel electrode 109, the LC molecules inthe top
part of the pixel electrode strips 109 is rotated by 45° towards
one direction, and those in the bottom part will also be rotated
by 45° towards the opposite direction of the LC molecules in
the top half plane. Therefore the lights passing both top and
bottom planes will have polarization rotation by approxi-
mately 90° and transmit through the top polarizer. Because
more domains are introduced by the structure of the pixel
electrodes shown in FIG. 17, the color shift is reduced. FIG,
18a is a graph 600 that shows the color shift of the cell using
the same negative LC material, cell gap, electrode width W,
and gap G as shown in FIG. 154, but with two-domain struc-
tured electrodes as shown in FIG. 17. As shown, the color
shift is greatly suppressed by the chevron shaped electrodes.
Similarly, FIG. 185 1s a graph 610 that shows the color shift of
the cell using the same positive LC material, cell gap, elec-
trode width, and gap G as shown in FIG. 155, but with a
two-domain shaped electrode. The color shift is very small
and confined to the white point (0.33, 0.33). Thus, the multi-
domain structured electrode shape in this example is used to
improve the color performance of the display.

[0149] In all the abovementioned structures, the common
electrode, the pixel electrode, and the TFT are formed in the
top substrate as to separate their fabrication process from
those for the WGP on the bottom substrate. Alternatively,
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both the wire grid polarizer WGP and the thin film transistor
TFT are formed on one substrate as shown the display 650
configuration shown in F1G. 19. In this embodiment, the glass
substrate 102a with the WGP 105 is covered by the passiva-
tion layer 103. Then the common electrode 208 and pixel
electrode 209 are formed along with the TFT (not shown). In
this example, when no voltage is applied, all the LC mol-
ecules are homogeneously aligned to the initial rubbing direc-
tion and the light passing through from the bottom polarizer
does not change its polarization direction and is blocked by
the top polarizer 1015 to achieve a dark state. When a high
voltage is applied, the voltage difference between the pixel
electrode 209 and the common electrode 208 generates fringe
fields with rich horizontal components that rotate the LC
molecules horizontally to change the polarization direction of
the input backlight to achieve the bright state.

[0150] FIG. 20 is a 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 data drivers 18. Referring to FIG. 2 in conjunction with
FIG. 13, each pixel 90 includes one or more thin film transis-
tors 70 having a source driven by the data driver 18, a gate 80
driven by the gate line 82 and a drain 76. The pixel circuit also
includes a storage capacitor C, 72, and a liquid crystal cell
which has an effective capacitance represented by C, . 74.
The capacitors Cs,72 and C, . 74 can be, e.g., connected in
parallel to the pixel electrode 109. The capacitor C, . 74 is
connected between the pixel electrode 109 and the common
electrode 108. For example, the storage capacitor C¢; 72 can
be connected between the pixel electrode 109 and the com-
mon electrode 108, or between the pixel electrode 109 and the
gate line 82 of another pixel in the next row.

[0151] The thin film transistor 70 includes a gate 80 that is
connected to gate line 82, which is connected to the gate
driver 16. When the gate driver 16 drives the gate line 82 to
turn on the thin film transistor 80, the data driver 18 simulta-
neously drives a data line 84 with a pixel voltage signal (e.g.,
V pars), Which is passed to the storage capacitor C;- 72 and
the liquid crystal cell. The voltage (e.g., V,7,) across the
capacitor Cgy 72 determines the voltage applied to the liquid
crystal cell. The voltage on the data line 84 is sometimes
referred to as a “gray scale voltage” because it determines the
gray scale level shown by the pixel 90.

[0152] In summary, the structures of the present invention
attain good light efficiency and inherently wide viewing
angle. Besides, a single gray-scale gamma curve can be used
to drive the transmissive and reflective mode.

[0153] While the invention has been described, disclosed,
illustrated and shown in various terms of certain embodi-
ments or modifications which it has presumed in practice, the
scope of the invention is not intended to be, nor should it be
deemed to be, limited thereby and such other modifications or
embodiments as may be suggested by the teachings herein are
particularly reserved especially as they fall within the breadth
and scope of the claims here appended.

What is claimed is:

1. A transflective liquid crystal display device comprising:

a plurality of pixel circuits sandwiched between a first
substrate and a second substrate, each pixel circuit com-
prising:

a reflective region comprising a first portion of a liquid
crystal layer and a polarization dependent reflector
that transmits light having a first polarization and
reflects light having a second polarization;
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a transmissive region comprising a second portion of the
liquid crystal layer;

atleast one transparent common electrode formed on the
inner surface of one of the first and second substrate;
and

at least one transparent pixel electrode formed on an
outer surface of the same substrate as the common
electrode, the at least one common electrode and at
least one pixel electrode insulated by a passivation
layer therebetween; the liquid crystal molecules in the
reflective and transmissive regions are substantially
aligned along a direction parallel to the first and sec-
ond substrate when no voltage is applied to the at least
one common and at least one pixel electrodes, and
horizontal electric fields that are substantially parallel
to the first and second substrate are generated in the
liquid crystal layer to rotate liquid crystal molecules
substantially in a plane parallel to the first and second
substrate, when a high voltage is applied to the pixel
electrode.

2. The display of claim 1 wherein the common electrode is
a plane electrode.

3. The display of claim 1 wherein the pixel electrode com-
prises:

at least two electrode strips that are parallel to each other

having an electrode width between approximately 1 pm
and approximately 6 pm and a gap between adjacent
strips between approximately 1 um and approximately
10 pum.

4. The display of claim 3 wherein a shape of each of the at
least two pixel electrode strips is selected from a group con-
sisting of straight, curved, and piecewise linear shapes.

5. The display of claim 3 wherein the electrode width and
the gap between adjacent pixel electrode strips are approxi-
mately equal in the reflective region and transmissive region.

6. The display of claim 3 wherein the electrode width and
the gap between adjacent pixel electrode strips in the reflec-
tive region is different than the electrode width and gap
between adjacent pixel electrode strips in the transmissive
region.

7. The display of claim 1 wherein the at least one common
electrode and at least one pixel electrode are made of one of an
indium tin oxide, indium zinc oxide, and gallium zinc oxide
material.

8. The display of claim 1 wherein the passivation layer is
one of a silicon dioxide and silicon nitride material.

9. The display of claim 1. further comprising:

a first linear polarizer on an outer surface of the first sub-

strate; and

a second linear polarizer on an outer surface of the second

substrate, wherein the first and the second linear polar-
izer extend over the transmissive and reflective regions.

10. The display of claim 9 wherein the first linear polarizer
has a transmission axis perpendicular to the transmission of
the second linear polarizer.

11. The display of claim 9 wherein the first linear polarizer
1s located adjacent to a viewer than the second linear polarizer
and the polarization dependent reflector has a reflective axis
perpendicular to the transmission axis of the first linear polar-
izer.

12. The display of claim 9 wherein the polarization depen-
dent reflector comprises:

a wire grid polarizer.
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13. The display of claim 12 wherein the reflection axis of
the polarization dependent reflector is perpendicular to the
transmission axis of one of the first linear polarizer that is
closer to the viewer.

14. The display of claim 1 wherein the polarization depen-
dent reflector comprises:

a wire grid polarizer.

15. The display of claim 1 wherein the liquid crystal layer
sandwiched between the first and second substrates has a
rubbing direction parallel to the transmission axis of the first
linear polarizer.

16. The display of claim 1 wherein the liquid crystal layer
sandwiched between the first and second substrates has a
rubbing direction perpendicular to the transmission axis of
the first second polarizer.

17. The display of claim 1 wherein the liquid crystal layer
comprises:

a negative dielectric anisotropic liquid crystal material.

18. The display of claim 1 wherein the liquid crystal layer
comprises:

a positive dielectric anisotropic liquid crystal material.

19. The display of claim 17 wherein the pixel electrode
comprises:

at least two pixel electrode strips each having a lengthwise

strip direction that forms a cross angle within a range of
approximately 45° and approximately 90° with respect
to alengthwise direction of arubbing axis of the negative
dielectric anisotropic liquid crystal material.

20. The display of claim 18 wherein the pixel electrode
comprises:

at least two pixel electrode strips each having a lengthwise

strip direction that forms a cross angle within a range
between 0° and approximately 45° with respect a length-
wise direction of a rubbing axis of the positive dielectric
anisotropic liquid crystal material.

21. A method for fabricating each pixel region of a trans-
missive liquid crystal display comprising the steps of:

forming a polarization dependent reflector in a first region

of a first substrate, the first region corresponding to a
reflective region of a pixel of the transmissive liquid
crystal display;

forming a thin-film-transistor in the same pixel region of a

display on one of the first substrate and a second sub-
strate;

forming a gate line connected with a gate of the thin-film-

transistor;

forming a data line connected with one of a drain and a

source end of the thin-film-transistor;

forming a first counter plane electrode on one of the first

and second substrate;

forming a passivation layer covering the first counter plane

electrode;

forming a second electrode with at least one of straight,

curved, and piecewise linear shaped electrode strips on
the passivation layer on the same substrate with the first
electrode;

connecting the first electrode to a first reference voltage;

connecting the second electrode to the other end of the

thin-film-transistor as to the data line; and
sandwiching a liquid crystal layer between an interior sur-
face of the first and second substrates;

22. The method of claim 21, further comprising the step of

providing a first and second alignment layer respectively

on the first and second substrates, wherein when no
voltage is applied to the first and second electrode liquid
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crystal molecules of the liquid crystal layer substantially
align in a direction parallel to the first and second sub-
strates.
23. The method of claim 21, further comprising:
providing a first linear polarizer on an exterior surface of
the first substrate facing; and
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providing a second linear polarizer on an exterior surface
of the second substrate, the first linear polarizer having a
transmission axis that is non-parallel to a transmission
axis of the second linear polarizer.
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