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(57) ABSTRACT

A wide viewing angle transflective liquid crystal display
includes a retardation film and pixels positioned between first
and second substrates, each pixel including a transmissive
region and a reflective region. The retardation film has a phase
retardation that compensates the phase retardation of a liquid
crystal layer in the transmissive region for normal incident
light to achieve a dark state when no data voltage is applied to
the pixel. The retardation film and a liquid crystal layer in the
reflective region has a phase retardation in a range between
0.22M and 0.28\ with respect to normal incident light to
achieve a dark state when no data voltage is applied to the
pixel, A being the wavelength of the incident light.
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WIDE VIEWING ANGLE TRANSFLECTIVE
LIQUID CRYSTAL DISPLAYS

[0001] At least some of the subject matter disclosed in this
patent application was developed under a joint research
agreement between Chi Mei Optoelectronics Corporation
and the University of Central Florida.

BACKGROUND

[0002] The description relates to wide viewing angle trans-
flective liquid crystal displays.

[0003] Insome examples, a transflective liquid crystal dis-
play includes pixels each having a transmissive region that is
illuminated by a backlight unit and a reflective region that is
illuminated by ambient light. A liquid crystal cell is posi-
tioned between a bottom glass substrate and a top glass sub-
strate, which are interposed between a bottom circular polar-
izer and a top circular polarizer. The bottom circular polarizer
can include a first linear polarizer, a first half-wave plate, and
a first quarter-wave plate. The top circular polarizer can
include a second linear polarizer, a second half-wave plate,
and a second quarter-wave plate. The liquid crystal layer is
initially homogeneously aligned to the substrates by a bottom
alignment layer and a top alignment layer in the inner surfaces
ofthe substrates. A plane-shaped pixel electrode is formed on
the bottom substrate in the transmissive region, and a conduc-
tive metal reflector connected to the pixel electrode is formed
in the reflective region. On the top substrate, a common elec-
trode is formed in both transmissive and reflective regions.
[0004] In the examples above, light from a backlight unit
passes the LC cell once in the transmissive region, and ambi-
ent light incident from the top side passes the LC cell twice in
the reflective region. In order to compensate their optical path
difference, a dielectric bumper is formed in the reflective
region to make the cell gap in the reflective region about half
of the cell gap of the transmissive region. When the phase
retardation An-d,.(where An=n_-n andn,, n, are the extraor-
dinary and ordinary refractive indices of the liquid crystal
material) of the transmissive part is about 2 and the reflec-
tive part is about Y4A (where A is the incident wavelength), the
transmissive region generates a maximum transmittance and
the reflective region generates a maximum reflectance. When
a high voltage is applied, the LC molecules are re-orientated
to be perpendicular to the substrate, generating negligible
phase retardation in both transmissive and reflective regions
to achieve a common dark state.

SUMMARY

[0005] Inone aspect, in general, a transflective liquid crys-
tal display includes a first transparent glass substrate and a
second transparent glass substrate, the first glass substrate
being positioned closer to a backlight module than the second
glass substrate; a first linear polarizer and a second linear
polarizer, the first linear polarizer being positioned closer to
the backlight module than the second linear polarizer; and a
retardation film between the first and second linear polarizers.
The display includes pixels positioned between the first and
second substrates, each pixel including a transmissive region
and a reflective region. The transmissive region has a liquid
crystal layer having a first thickness, the retardation film
having a phase retardation that compensates the phase retar-
dation of the liquid crystal layer in the transmissive region for
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normal incident light to achieve a dark state when no data
voltage or a data voltage corresponding to a dark state is
applied to the pixel. The reflective region has a liquid crystal
layer having a second thickness, the second thickness being
configured such that a combination of the retardation film and
the liquid crystal layer in the reflective region has a phase
retardation in a range between 0.22A and 0.28)\ with respect
to normal incident light to achieve a dark state when no data
voltage or a data voltage corresponding to a dark state is
applied to the pixel, A being the wavelength of the light rays.

[0006] Implementations can include one or more of the
following features. The liquid crystal layer has liquid crystal
molecules that are aligned substantially parallel to the glass
substrates when the pixel is operating in a dark state. The first
linear polarizer has a transmission axis that is perpendicular
to that of the second linear polarizer, and the liquid crystal
layer has a rubbing direction that is at an angle in a range from
40to 50 degrees relative to the transmission axis of the second
linear polarizer. The retardation film includes a biaxially
stretched film having principle refractive indices n,, n,, and
n,, in which n,>n, and n_>n,. In some examples, the retarda-
tion film has refractive indices n,=n_. The n,_ axis of the retar-
dation film is along a direction that is substantially perpen-
dicular to at least one of the first and second linear polarizers,
and the n,, axis of the retardation film is substantially parallel
to the rubbing direction of the liquid crystal layer.

[0007] A combination of the second linear polarizer, the
retardation film, and the liquid crystal layer in the reflective
region forms a circular polarizer. The pixel includes a pixel
electrode in the transmissive and reflective regions, a reflec-
tive electrode in the reflective region, and a common elec-
trode, in which the pixel electrode, the reflective electrode,
and the common electrode are all at a same side relative to the
liquid crystal layer. In some examples, the pixel electrode
includes strips, and the pixel electrode is positioned between
the common electrode and the liquid crystal layer. The strips
each has a width in a range from 2 to 8 um, and gaps between
the strips ranges from 2 to 10 um. In some examples, the
common electrode includes strips, and the common electrode
is positioned between the pixel electrode and the liquid crys-
tal layer.

[0008] A display controller drives the transmissive and
reflective regions using a single gray-scale control gamma
curve. The first thickness of the liquid crystal layer in the
transmissive region is configured to cause the transmissive
region to have a maximum brightness when the pixel is oper-
ating in a bright state, in which increasing or decreasing the
thickness of the liquid crystal layer in the transmissive region
tends to cause the brightness of the pixel to decrease when
operating in the bright state. In some examples, the liquid
crystal layer includes a negative dielectric anisotropic liquid
crystal material. The liquid crystal layer has an initial surface
rubbing angle aligned at an angle in a range from 55° to 85°
with respect to the lengthwise direction of the electrode strips.
In some examples, the liquid crystal layer includes a positive
dielectric anisotropic liquid crystal material, the pixel elec-
trode includes strips and is positioned between a common
electrode and the liquid crystal layer, and the liquid crystal
layer has an initial surface rubbing angle aligned at an angle
in a range from 5° to 35° with respect to the lengthwise
direction of the pixel electrode strips. In some examples, the
liquid crystal layer includes a positive dielectric anisotropic
liquid crystal material, the common electrode includes strips
and is positioned between a pixel electrode and the liquid
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crystal layer, and the liquid crystal layer has an initial surface
rubbing angle aligned at an angle in a range from 5° to 35°
with respect to the lengthwise direction of the common elec-
trode strips.

[0009] The display includes a first compensation film and a
second compensation film, the first compensation film being
closer to a backlight unit than the second compensation film,
the first and second compensation films being at opposite
sides relative to the liquid crystal layer, the first and second
compensation films having refractive indices configured to
compensate an effective angle deviation of the first and sec-
ond linear polarizers for off-axis incident light and reduce
off-axis light leakage. The first and second compensation
films include a positive uniaxial A-plate having refractive
indices n,>n,=n, and a negative A-plate having refractive
indices n,<n,=n,. The optic axes of the first and second com-
pensation films are either parallel to or perpendicular to the
transmission axes of the first and second linear polarizers. The
display includes a second retardation film that includes a
uniaxial C-plate positioned between the first and second lin-
ear polarizers and having refractive indices n,=n =n,.

[0010] In another aspect, in general, a transflective liquid
crystal display includes a first transparent glass substrate and
a second transparent glass substrate, the first glass substrate
being positioned closer to a backlight module than the second
glass substrate; a first linear polarizer and a second linear
polarizer, the first linear polarizer being positioned closer to
the backlight module than the second linear polarizer; and a
first retardation film. The display includes pixels positioned
between the first and second substrates, each pixel including
a transmissive region and a reflective region. The transmis-
sion region has a liquid crystal layer having a first thickness,
the first retardation film having a phase retardation that can-
cels the phase retardation of the liquid crystal layer in the
transmissive region for normal incident light when the pixel is
operating in a dark state. The reflective region has a liquid
crystal layer having a second thickness such that the liquid
crystal layer in the reflective region has a phase retardation in
a range between 0.22) and 0.28A with respect to normal
incident light when the pixel is operating in the dark state, A
being the wavelength of the light rays.

[0011] Implementations can include one or more of the
following features. The first retardation film is between the
first linear polarizer and the liquid crystal layer. The first
linear polarizer has a transmission axis that is perpendicular
to that of the second linear polarizer, and the liquid crystal
layer has a rubbing direction that is at an angle in a range
between 40 to 50 degrees relative to a transmission axis of the
second linear polarizer. The first retardation film includes a
biaxially stretched film having principle refractive indices n,
n,, and n_, in which n,>n, and n,>n,. The n, axis of the first
retardation film is along a direction that is substantially per-
pendicular to one of the first and second linear polarizers, and
the n,, axis of the first retardation film is substantially parallel
to the rubbing direction of the liquid crystal layer.

[0012] The pixel includes a pixel electrode in the transmis-
sive and reflective regions, a reflective electrode in the reflec-
tive region, and a common electrode, in which the pixel
electrode, the reflective electrode, and the common electrode
are all at a same side relative to the liquid crystal layer. The
pixel electrode includes strips, the common electrode is in a
plane shape, and the pixel electrode is positioned between the
common electrode and the liquid crystal layer. The common
electrode includes strips, the pixel electrode is in a plane
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shape, and the common electrode is positioned between the
pixel electrode and the liquid crystal layer. The display
includes a second retardation film that can be, e.g., a uniaxial
C-plate positioned between the first and second linear polar-
izers and having refractive indices n,=n,=n.. The first and
second retardation films are both closer to a backlight module
than the liquid crystal layer.

[0013] Inanother aspect, in general, a method of operating
a transflective liquid crystal display includes using a retarda-
tion film to impart a first phase retardation to normal inci-
dence light to compensate a second phase retardation
imparted to the light rays by a liquid crystal layer in a trans-
missive region of a pixel of the display to achieve a dark state
when no data voltage or a data voltage corresponding to a dark
state is applied to the pixel; and using a combination of the
retardation film and a liquid crystal layer in a reflective region
of the pixel to impart a phase retardation in a range between
0.22) and 0.28A to normal incidence light to achieve a dark
state when no data voltage or a data voltage corresponding to
a dark state is applied to the pixel, A being the wavelength of
the light rays.

[0014] Implementations can include one or more of the
following features. The method includes providing a first
linear polarizer and a second linear polarizer, the first linear
polarizer being closer to a backlight module than the second
linear polarizer, the first and second linear polarizers being at
opposite sides of the liquid crystal layer, the liquid crystal
layer having a rubbing direction that is at an angle in a range
from 40 to 50 degrees relative to a transmission axis of the
second linear polarizer. Using the retardation film includes
using a biaxially stretched film having principle refractive
indices n,, n,, and n_, in which n,>n, and n,>n,,. The n_ axis of
the retardation film is along a direction that is substantially
perpendicular to one of the first and second linear polarizers,
and the n,, axis of the retardation film is substantially parallel
to the rubbing direction of the liquid crystal layer. The method
includes using a combination of a linear polarizer, the retar-
dation film, and the liquid crystal layer in the reflective region
to form a circular polarizer.

[0015] The method includes generating fringe electric
fields in the liquid crystal layer, the fringe electric fields
having components parallel to the liquid crystal layer surface,
by applying a data voltage between a pixel electrode and a
common electrode in the transmissive region, and applying
the data voltage between a reflective electrode and the pixel
electrode in the reflective region, in which the pixel electrode,
the reflective electrode, and the common electrode are all at a
same side relative to the liquid crystal layer. In some
examples, generating the fringe electric fields includes apply-
ing a data signal to a pixel electrode having strips and a
common electrode having a plane shape, the pixel electrode
being positioned between the common electrode and the lig-
uid crystal layer. In some examples, generating the fringe
electric fields includes applying a reference voltage to a com-
mon electrode having strips and a pixel electrode having a
plane shape, the common electrode being positioned between
the pixel electrode and the liquid crystal layer. The method
includes driving the transmissive and reflective regions using
a single gray-scale control gamma curve.

[0016] The method includes compensating phase retarda-
tion imparted by the liquid crystal layer in the transmissive
region to oblique incidence light using a first compensation
film and a second compensation film to compensate an effec-
tive angle deviation between the first and second linear polar-
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izers at off-axis and reduce off-axis light leakage, the first
compensation film being closer to a backlight unit than the
second compensation film, the first and second compensation
films being at opposite sides relative to the liquid crystal layer.
Using the first and second compensation films includes using
a positive uniaxial A-plate having refractive indices n,>n =n,
and a negative A-plate having refractive indices n,<n,=n..
Using the first and second compensation films includes using
compensation films having optic axes that are either parallel
to or perpendicular to transmission axes of linear polarizers of
the display. The method includes a second retardation film
which can be, e.g., a uniaxial C-plate having n,.=n,=n,.
[0017] In another aspect, in general, a method of operating
a transflective liquid crystal display includes using a first
retardation film to impart a first phase retardation to normal
incident light to compensation a second phase retardation
imparted to the light by a liquid crystal layer in a transmissive
region of a pixel of the display when the pixel is operating in
a dark state; and using a liquid crystal layer in a reflective
region of the pixel to impart a phase retardation in a range
between 0.22A and 0.28) to normal incidence light when the
pixel is operating in the dark state, A being the wavelength of
the light rays.

[0018] Implementations can include one or more of the
following features. Using the first retardation film includes
using a first retardation film positioned between a linear
polarizer and the liquid crystal layer, the first retardation film
being closer to a backlight unit than the liquid crystal layer.
The method includes using a second retardation film, which
can be, e.g., a uniaxial C-plate with n,=n =n, to reduce off-
axis light leakage. Using the first and second retardation films
including using first and second retardation films that are both
closer to a backlight module than the liquid crystal layer.
[0019] In another aspect, in general, an apparatus includes
a retardation film; and pixels each including means for can-
celing a phase retardation imparted to normal incident light
by a liquid crystal layer in a transmissive region of a pixel of
the display when the pixel is operating in a dark state, and for,
in combination with a liquid crystal layer in a reflective region
of'the pixel, imparting a phase retardation in a range between
0.22\ and 0.28\ to normal incidence light when the pixel is
operating in the dark state, A being the wavelength of the light
rays.

[0020] Other aspects can include other combinations of the
features recited above and other features, expressed as meth-
ods, apparatus, systems, program products, and in other ways.
[0021] Advantages may include one or more of the follow-
ing. The transflective display can be used indoors and out-
doors with a good viewing angle. In some examples, only one
retardation film is used to achieve a wide viewing angle, so the
material cost and manufacturing complexity of the display is
reduced compared to other designs that use multiple retarda-
tion films. The retardation film does not necessarily have to
behave like a half-wave plate, so there is more flexibility in
choosing the parameters of the retardation film.

DESCRIPTION OF DRAWINGS

[0022] FIG.1isacross-section view of an example pixel of
a transflective display.

[0023] FIG. 2A is a top view diagram of the pixel.

[0024] FIG. 2B is a diagram showing the rubbing direction
of the liquid crystal layer.

[0025] FIG. 2C illustrates the definition of the principle
refractive indices.
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[0026] FIGS. 3A and 3B show diagrams illustrating the
operation mechanisms associated with the dark and bright
states of the display.

[0027] FIGS. 4A and 4B are graphs showing V-R and V-T
curves.

[0028] FIGS. 5A to 7B show iso-contrast plots.

[0029] FIGS. 8 to 10 are graphs showing V-R and V-T
curves.

[0030] FIG. 11 is a top view of a pixel.

[0031] FIG.12isacross-sectional view of an example pixel

of a transflective display.

[0032] FIGS. 13A and 13B are graphs showing V-R and
V-T curves.

[0033] FIGS. 14A to 16B are iso-contrast plots.

[0034] FIGS. 17 to 19 are graphs showing V-R and V-T
curves.

[0035] FIG.20is across-sectional view of an example pixel

of a transflective display.

[0036] FIG. 21A is a graph showing the liquid crystal mol-
ecule distribution in the bright state.

[0037] FIG. 21B is a diagram showing a cross sectional
view of a portion of the pixel.

[0038] FIG. 22A is a graph showing V-R and V-T curves.
[0039] FIGS. 22B to 22E are iso-contrast plots.

[0040] FIGS. 23 to 25A are graphs showing V-R and V-T
curves.

[0041] FIGS. 25B to 25E are iso-contrast plots.

[0042] FIGS. 26 and 27 are graphs showing V-R and V-T
curves.

[0043] FIG.28isacross-sectional view of an example pixel

of a transflective display.

[0044] FIG. 29 is a Poincaré sphere diagram.
[0045] FIGS. 30A to 33B are iso-contrast plots.
[0046] FIG.34 isacross-sectional view of an example pixel

of a transflective display.

[0047] FIG. 35 is a graph showing V-T and V-R curves.
[0048] FIGS. 36A and 36B are iso-contrast plots.

[0049] FIG. 37 is a graph showing V-T and V-R curves.
[0050] FIGS. 38A and 38B are iso-contrast plots.

[0051] FIG.39isacross-sectional view of an example pixel

of a transflective display.
[0052] FIG. 40 is a graph showing V-T and V-R curves.
[0053] FIGS. 41A to 42 are iso-contrast plots.

DETAILED DESCRIPTION

[0054] The following describes examples of transflective
liquid crystal displays that uses a small number (e.g., one) of
compensation films while still achieving a high contrast ratio.

Example 1

[0055] Referring to FIG. 1, in some implementations, a
wide-view and high brightness transflective liquid crystal
display 300 includes a plurality of pixels 100 (only one of
which is shown in the figure) each including a transmissive
region 321 and a reflective region 322. The pixel includes a
liquid crystal layer 309 positioned between a bottom glass
substrate 304a and a top glass substrate 3045. When operat-
ing in the transmissive mode, a backlight unit 320 provides
backlight to illuminate the transmissive regions 321. When
operating in the reflective mode, ambient light or light from a
light source external to the display is reflected by reflectors in
the reflective regions 322 of pixels. A feature of the display
300 is that the display 300 uses a single negative retardation
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film 302 to increase viewing angle. The parameters of the
retardation film 302 and the liquid crystal layer 309 in the
transmissive and reflective regions 321 and 322 are selected
such that when no pixel voltage (or a pixel voltage that cor-
responds to a dark state) is applied to the pixel 100, there is
little or no light leakage from the transmissive and reflective
regions 321 and 322 for various light incident angles,
enabling the display 300 to have a high contrast ratio over a
wide range of viewing angles.

[0056] The liquid crystal layer 309 has an initial rubbing
direction that is about 45° relative to the transmission axis of
a top polarizer 3015. The thickness of the liquid crystal layer
309 in the transmissive region 321 is selected to achieve a
maximum brightness during the bright state. In some
examples, the phase retardation dAn imparted to light by the
liquid crystal layer 309 in the transmissive region 321 is
between 0.5A and 0.7\, where A is the wavelength of the
incident light. The retardation film 302 has a phase retarda-
tion thatis designed to fully cancel the phase retardation from
the liquid crystal layer 309 in the transmissive region 321 with
regard to normal incidence light when no pixel voltage (or a
pixel voltage that corresponds to a dark state) is applied,
resulting in a dark state in the transmissive region 321.

[0057] In this description, when we say a first direction is
“about” n degrees relative to a second direction, we mean that
the display is designed and configured such that the first
direction is at n degrees relative to the second direction, but
due to manufacturing tolerances, it is possible that the angle
between the first and second directions is slightly different
from n degrees. The term “normal incidence light” refers to
light propagating in a direction that is perpendicular to the
plane of the substrates. The term “oblique incidence light”
refers to light propagating in a direction that is at an angle
different from 90° relative to the plane of the substrates.

[0058] An overcoating layer 312 made of dielectric mate-
rial, such as SiO,, SiN,, or some organic materials, is formed
in the reflective region to cause the cell gap d in the reflective
region 322 to be different from the cell gap d, in the trans-
missive region 321. The thickness of the liquid crystal layer
309 in the reflective region 322 is selected such that the
overall phase retardation from the retardation film 302 and the
liquid crystal layer 309 in the reflective region 322 with
respect to normal incidence light is about A/4, where A is the
wavelength of the incident light. In some examples, the dis-
play is designed with respect to light having wavelength
A=550 nm. For examples, the phase retardation imparted to
light by the liquid crystal layer 309 in the reflective region 322
can be between 0.25\ and 0.45)\. The retardation film 302, the
liquid crystal layer 309 in the reflective region 322, and an
upper polarizer 3015 form a circular polarizer such that ambi-
ent light after being reflected by a reflective electrode does not
pass the linear polarizer 3015, resulting in a dark state in the
reflective region 322 when no pixel voltage (or a pixel voltage
that corresponds to a dark state) is applied.

[0059] By using asingle retardation film 302, the cost of the
display 300 can be reduced (as compared to a display that uses
multiple retardation films or uses a patterned in-cell-retarder)
while still maintaining a high picture quality.

[0060] Thedisplay 300 includes two alignment layers 308a
and 3085, which can be made of polyimide materials that are
formed on the inner surfaces of the substrates 304a and 3045,
respectively. The alignment layers 308a and 3085 are config-
ured such that liquid crystal molecules in the liquid crystal
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layer 309 are initially homogeneously aligned with their optic
axes substantially parallel to the bottom glass substrate 304a.
[0061] A first plane-shaped electrode 305, made of trans-
parent conductive materials such as indium-tin-oxide (ITO)
or indium-zinc-oxide (IZ0), is formed on the bottom glass
substrate 304a. In this example, the electrode 305 functions as
a common electrode. In the reflective region 322, a metal
reflector layer 307 made of conductive materials such as
aluminum or silver is formed above the electrode 305 and
electrically connected to the electrode 305. A passivation
layer 310, made of dielectric materials such as SiO, or SiN,,
is coated on the electrode 305 and the metal reflector 307.
Elongated strips of electrodes 306 that are electrically con-
nected to each other and made of transparent conductive
materials, such as ITO or IZO, are formed on the passivation
layer 310 and function as the pixel electrode 306.

[0062] In this example, the retardation film 302 is a biaxi-
ally stretched polymer film having principle refractive indices
n,, 1, and n,, in which n,>n, and n,>n, (the definition of n,,
n,, and n, is provided below). The retardation film 302
extends over both the transmissive region 321 and the reflec-
tive region 322. The retardation film 302 has its n_ axis along
a direction that is substantially perpendicular to the two linear
polarizers 301a and 3015, and its n,, axis substantially parallel
to the rubbing direction of the liquid crystal layer 309.
[0063] Compared to displays that use three retardation
films (e.g., see J. Matsushima, et al., “Novel transflective
IPS-LCDs with three retardation plates,” Technical Digest of
IDW’ 07, pp. 1511-1514), the display 300 of FIG. 1 has a
number of features or advantages:

[0064] The display 300 uses one negative retardation
film (instead of three). This reduced the material cost
and manufacturing complexity of the display 300.

[0065] The liquid crystal layer 309 has its initial rubbing
direction substantially parallel to the negative retarda-
tion film 302, and the initial rubbing direction of the
liquid crystal layer 309 is about 45° relative to the top
polarizer transmission axis.

[0066] The overall retardation from the negative retarda-
tion film 302 and the reflective liquid crystal layer is
about 7/2, similar to that of a quarter-wave plate. In the
reflective region 322, the phase retardation of the liquid
crystal layer 309 itself does not necessarily have to be
n/2. For example, the liquid crystal layer 309 in the
reflective region 322 can have a retardation (e.g., 195
nm) that is larger than that of a quarter-wave plate (e.g.,
135 nm), which allows the display 300 to have a better
reflectance and fabrication tolerance.

[0067] The retardation film 302 does not necessarily
behave like a half-wave plate (e.g., having a retardation
value of ).

[0068] FIG. 2A is a top view diagram of the pixel 100 of
FIG. 1. A thin-film-transistor (TFT) 326 switches the pixel
100 on or off. A gate line 327 is formed below the TFT 326.
When the gate line 327 turns on the TFT 326, the driving
voltage for each pixel is applied from a data line 328 to the
pixel electrode 306 through a source node of the TFT 326.
The driving pixel electrode 306 includes several elongated
strips that are connected to each other. The common electrode
305 is formed below the pixel electrode 306. The common
electrode 305 has a planer shape and is connected to a com-
mon voltage level. In some implementations, the common
electrode 305 for all pixels in the display 300 are electrically
connected together.
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[0069] FIG. 2B is a diagram showing the rubbing direction
of the liquid crystal layer 309 on the lower substrate 304a.
The surface rubbing direction of the liquid crystal layer 309 is
aligned at an angle of ¢ with respect to the direction that is
perpendicular to the electrode strips 306. Here, the electrode
strips have an electrode width of W and a gap G between
neighboring strips.

[0070] FIG. 2C illustrates the definition of the 3-dimen-
sional principle refractive indices n , n , and n_ of an example
retardation film 302 used in the display 300 of FIG. 1. See Y.
Fujimura et al, “Improvement of optical films for high per-
formance LCDs,” SPIE proceedings, vol. 5003, pages
96-105, 2003. A refractive index ellipsoid 331 of an isotropic
polymer film indicates that the refractive indices n,, n,, and n,
of the isotropic polymer film are equal in all directions (i.e.,
n,=n=n,). After a biaxial stretching in the n,-n, plane, the
refractive index ellipsoid 331 changes to the refractive index
ellipsoid 332, where its principle refractive indices n,, n,,, and
% have values such that n,>n,, and n.>n,,.

[0071] For the retardation film 302 used in the display 300
of FIG. 1, the n, axis is placed substantially parallel to the
z-axis of the display 300 (the z-axis is perpendicular to the
plane polarizers 301a and 3015), and the refractive indices are
selected such thatn,>n, and n,>n,. In one example, n,<n,=n,,
in which the biaxial retardation film becomes a uniaxial nega-
tive A-plate.

[0072] In order to uniquely define an optical arrangement
of the retarder 302, we can set the refractive indices of the
retarder 302 such that n,<n, and assign n,, along a particular
direction. For example, a first retarder in which n,>n,, and n,,
is at a direction with an angle o in the x-y plane is optically
equivalent to a second retarder in which n,<n,, and n,, is at a
direction with an angle a.+90° in the x-y plane. Therefore, for
the discussion of the retardation film 302 with n,>n,, and
n.>n, and its n, axis perpendicular to the polarizer surface, we
can set n,<n, and only assign the direction of n,,.

[0073] FIG. 3A show diagrams illustrating the operation
mechanisms associated with the dark state of the display 300.
In FIG. 3A, the liquid crystal layer 309 is initially aligned at
anangle of ¢ with respect to the x-axis (defined as the axis that
is perpendicular to the electrode stripes shown in FIG. 2B),
and the top retardation film 302 (with its refractive indices
n.>n,,andn >n ) has its n, axis along the z-axis, and its n,, axis
aligned substantially parallel to the liquid crystal rubbing
direction. The bottom polarizer 3014 has its transmission axis
aligned at 45° from the liquid crystal rubbing direction ¢. The
top linear polarizer 3015 has its transmission axis aligned
perpendicular to that of the bottom linear polarizer 301a.
[0074] The initially homogeneously aligned liquid crystal
layer 309 is similar to a uniaxial positive A-plate, which has
its optic axis as n, aligned at ¢ and n,>n,=n,. In FIG. 3A, a
diagram 340 shows how a dark state is achieved in the trans-
missive region 321. The light from the backlight unit 320
becomes a linearly polarized light 333 at ¢-45° after passing
the bottom linear polarizer 301a. Because the liquid crystal
layer 309 has its optical axis n, (where n,2>n,=n.) aligned
parallel to the n, axis of the retardation film 302 (where n >n,,
and n,>n,), their in-plane phase retardation d(n,—n,) cancel
each other. The output light 334 from the top retardation film
302 has a same polarization direction as the light 333, and is
blocked by the top linear polarizer 3015.

[0075] A diagram 341 shows how a dark stateis achieved in
thereflective region 322. The incident light from the top linear
polarizer 3015 initially has a linear polarization 335 that is
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parallel to the transmission axis of the top linear polarizer
3015, which is 45° away from the n,, axis of the retardation
film 302 and the optical axis of the liquid crystal layer 309.

[0076] The overall phase retardation from the top retarda-
tion film 302 and the liquid crystal layer 309 in the reflective
region is designed to be about A/4, the light 335 is converted
to a circularly polarized light 336 after passing the liquid
crystal layer 309 in the reflective region 322, and is reflected
back to the top side by the reflector electrode 307. The
reflected light 337 has a handiness opposite to that of the
incident light 336, as their propagation direction is inverted.
The light 337 passing the effective quarter-wave plate formed
by both the liquid crystal layer 309 and the retardation film
302 becomes a linearly polarized light 338 that is perpendicu-
lar to the transmission axis of the top linear polarizer 3015.
The light 338 is blocked by the top linear polarizer 3015,
resulting in a dark state. Therefore, the transmissive region
321 and the reflective region 322 can have a common dark
state when no pixel voltage (or a pixel voltage corresponding
to a dark state) is applied to the pixels 100 of the display 300.

[0077] FIG. 3B shows diagrams illustrating the operation
mechanisms associated with the bright state of the display
300. When a high pixel voltage (or a pixel voltage that corre-
sponds to a bright state) is applied between the electrodes 305
and 306, fringe fields with strong horizontal components
rotate the liquid crystal molecules substantially to change the
effective optical axis from the rubbing direction at ¢ to a
different direction at ¢'.

[0078] A diagram 342 shows how a bright state is achieved
in the transmissive region 321. The light 344 from the bottom
linear polarizer becomes an elliptically polarized light 345
before impinging onto the top linear polarizer 3015, and part
of the light 345 passes the top linear polarizer, resulting in a
bright state.

[0079] A diagram 343 shows how a bright state is achieved
in the reflective region 322. The incident linearly polarized
light 346 from the top linear polarizer 3015 becomes an
elliptically polarized light 347 before reaching the reflective
electrode 307, and the reflected elliptically polarized light
348 after passing the liquid crystal layer 309 becomes another
elliptically polarized light 349 just before reaching the top
linear polarizer 3015, and part of the light 349 passes the top
linear polarizer 3015, resulting in a bright state.

[0080] By varying the pixel voltage level applied between
the electrodes 305 and 306, the phase retardation imparted to
the light passing the liquid crystal layer varies, allowing the
pixel 100 to show varying gray scale levels.

[0081] Inthe description below, FIGS. 4A to 11 show volt-
age-dependent reflectance curves, voltage-dependent trans-
mittance curves, and iso-contrast plots for the transmissive
and reflective regions of examples of the display 300 in FIG.
1, in which the values for various parameters are varied for
different graphs.

[0082] FIG. 4A is a graph 350 showing a voltage-depen-
dent reflectance (V-R) curve 351 and a voltage-dependent
transmittance (V-T) curve 352 for the display 300 in FIG. 1. In
this example, the electrode width W and gap G (as shown in
FIG. 2B) are 3 um and 4 um, respectively. The liquid crystal
material used is MLC-6608, a negative dielectric anisotropic
liquid crystal material from Merck having parameters as fol-
lows: elastic constants K,,=16.7 pN, K;;=18.1 pN, dielectric
anisotropy AE=c,-€,=-4.2, and optical birefringence
An=0.083 at A=550 nm. The liquid crystal cell gap d . for the
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transmissive region 321 is set at 4 um and the cell gap d, for
the reflective region 322 is set at 2.34 pum.

[0083] Therubbingangle ofthe liquid crystal material is set
at $=10°, and the liquid crystals are initially homogeneously
aligned with a pretilt angle of about 2°. The retardation film
302 is made of a negative A-plate with its n, axis along the
z-axis, and its n, and n, axes are set in the x-y plane, where
n,<n.=n,.Inthis example, n,=n,=1.65,and n,=1.55, and its n,,
axis is aligned parallel to the liquid crystal rubbing direction.
The thickness of the retardation film 302 is set at 3.32 um.
[0084] The bottom polarizer 301qa has a transmission axis
set at =35° (relative to the x-axis in FIG. 2B) and the top linear
polarizer 3015 has a transmission axis set at 55°. The overall
phase retardation from the liquid crystal layer in the reflective
region 322 and the retardation film 302 is about 2.34 umx0.
083-3.32 pmx0.1=-0.1378 pm ~-A/4, where the incident
light is assumed to be a green light with A=550 nm. In this
example, the maximum possible transmittance from the two
parallel linear polarizers is about 37%.

[0085] FIG.4A shows that both the reflective curve 351 and
the transmittance curve 352 can reach a high light efficiency.
At about 6 Vrms (root-mean-square voltage), the transmit-
tance is about 35% and the reflectance is about 31%, meaning
that the efficiencies reach about 94% for the transmissive
region 321 and 84% for the reflective region 322.

[0086] FIG. 4B is a graph 355 showing a normalized V-R
curve 353 and a normalized V-T curve 354 that substantially
match each other. This indicates the display 300 can be driven
by a single gray-scale gamma curve using a single set of
drivers.

[0087] The data points in the graphs or plots shown in
FIGS. 4A and 4B were obtained by simulation. The data
points in the graphs or plots shown in FIGS. 5A-10, 13A,
13B, were also obtained by simulation.

[0088] FIGS. 5A and 5B show iso-contrast plots 357 and
358 of the transmissive region 321 and the reflective region
322, respectively, when the display 300 of FIG. 1 uses a
negative A€ liquid crystal material. The iso-contrast plot 357
(FIG. 5A) indicates that, for the transmissive region 321, the
viewing cone with a contrast greater than 10:1 extends over
about 70° in most directions. The iso-contrast plot 358 (FIG.
5B) indicates that, for the reflective region 322, the viewing
cone with a contrast greater than 10:1 extends over about 50°
in most directions. The viewing angle of the display is quite
wide. The display is suitable for many applications, such as
for use in mobile devices. In the simulations for generating
the data shown in FIGS. 5A and 5B, the parameters for the
display 300 are similar to those for FIGS. 4A and 4B. In this
example, the retardation film 302 has refractive indices
n,=n,=1.65 and n,=1.55.

[0089] Insome examples, the retardation film 302 does not
necessarily have to be a uniaxial negative A-plate. As long as
its refractive indices meet the criteria n,>n, and n>n,, its
in-plane phase retardation can compensate the phase retarda-
tion from the liquid crystal layer to achieve a good dark state
and a wide viewing angle. In some examples, n,=1.65 and
n,=1.55, and the n, value can be set in a range from 1.60 to
1.70.

[0090] FIGS. 6A and 6B show a viewing angle plot 359 of
the transmissive region 321 and a viewing angle plot 360 of
the reflective region 322, respectively, where n, of the retarder
302is at 1.70. The other parameters are the same as those used
for FIGS. 5A and 5B. As shown in FIG. 6A, a viewing cone
with contrast ratio greater than 10:1 for the transmissive
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region 321 extends over 50°. As shown in FIG. 6B, a viewing
cone with contrast ratio greater than 10:1 for the reflective
region 322 extends over 40°.

[0091] FIGS. 7A and 7B show a viewing angle plot 361 of
the transmissive region 321 and a viewing angle plot 362 of
the reflective region 322, respectively, where n, of the retarder
302 is at 1.60 (n,>n,). The other parameters are the same as
those used for FIGS. 5A and 5B. As shown in FIG. 7A, a
viewing cone with contrast ratio greater than 10:1 for the
transmissive region 321 extends over 50°. As shown in FIG.
7B, a viewing cone with contrast ratio greater than 10:1 for
the reflective region 322 extends over 60°.

[0092] The electrode width and gap can be set at various
values. FIG. 8 is a graph 365 showing voltage-dependent
reflectance (V-R) and voltage-dependent transmittance (V-T)
curves with various electrode width W and gap G values using
a negative A€ liquid crystal material. Curves 366 and 367
represent the V-R and V-T curves, respectively, for the case in
which W=4 um and G=6 um. At V=6 Vrms, the reflectance is
about 28%, and the transmittance is about 34%. Curves 368
and 369 represent the V-R and V-T curves, respectively, with
W=6 um and G=8 um. At V=6 Vrms, the reflectance reaches
about 23%, and the transmittance reaches about 28%. Here,
the maximum possible light efficiency is about 37%, as evalu-
ated from two parallel linear polarizers.

[0093] FIG. 9 is a graph 370 showing the V-T and V-R
curves for different cell gap values of the liquid crystal layer
309, in which W=3 pm, G=4 um, and a negative A€ liquid
crystal material is used. A V-R curve 371 represents voltage-
dependent reflectance (V-R) characteristics when the cell gap
dy in the reflective region 322 is about 3.34 um. A V-T curve
372 represents the voltage-dependent transmittance charac-
teristics when the cell gap d - for the transmittance region 321
is about 5 um. When V=6 Vrms, the transmittance is about
35%, and the reflectance is about 20%.

[0094] A V-R curve 373 represents the voltage-dependent
reflectance characteristics when the cell gap dy, in the reflec-
tive region 322 becomes 1.84 um. A V-T curve 374 represents
the voltage-dependent transmittance characteristics when the
cell gap d; for the transmittance region 321 is about 3.5 pm.
Under such conditions, when V=6 Vrms, the transmittance is
about 35% and the reflectance is about 30%, indicating a high
light efficiency.

[0095] The display configuration is robust in regards to the
surface rubbing angle. FIG. 10 is a graph 375 showing a V-R
curve 376 and a V-T curve 377 in which the rubbing angle
$=30° and a negative A€ liquid crystal material is used. The
parameters used for the simulation of FIG. 10 are the same as
those for FIG. 2A except that the rubbing angle ¢ is different.
Both the V-R curve 376 and the V-T curve 377 indicate that
this display configuration requires a higher driving voltage.
At V=7 Vrms, the reflectance is about 27%, and the transmit-
tance is about 33%.

[0096] FIG. 2A shows an example pixel configuration in
which the common electrode 305 is a plane electrode, and the
pixel electrode 306 has multiple strips 400 that are electrically
connected to the TFT 326. Referring to FIG. 11, in some
examples, the locations and configurations of the pixel elec-
trode and the common electrode can be interchanged. Here, a
pixel 380 includes a pixel electrode 305 having the shape of a
plane electrode that is connected to the TFT 326, and a com-
mon electrode 306 having multiple strips 402 that are electri-
cally connected to a reference voltage. When the gate line 327
turns on the TFT 326, the driving voltage is transmitted from
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the data line 328 to the pixel 380. The voltage difference
between the common electrode 306 and the pixel electrode
305 generates fringe electric fields having strong horizontal
components in the liquid crystal cell region that cause the
liquid crystal molecules to rotate, thereby affecting the gray
scale level shown by the pixel 380.

Example 2

[0097] The display 300 of FIG. 1 uses a negative dielectric
anisotropic liquid crystal material. In some implementations,
a positive dielectric anisotropic liquid crystal material can be
used.

[0098] FIG. 12 is a cross-sectional view of an example
wide-view and high brightness transflective liquid crystal
display 500 that uses a positive dielectric anisotropic liquid
crystal material. The display 500 has a structure similar to the
display 300 of FIG. 1 and includes a plurality of pixels each
divided into a transmissive region 521 and a reflective region
522. A liquid crystal layer 509 is positioned between two
alignment layers 508a and 5085 that are between a bottom
glass substrate 504a and a top glass substrate 5045, which in
turn are between a first linear polarizer S01a and a second
linear polarizer 5015.

[0099] An overcoating layer 512 is formed in the reflective
region 522 to reduce the cell gap dy in the reflective region
522. A first driving electrode 505 having a plane shape is
formed on the bottom substrate 504a, and a metal reflector
electrode 507 is connected to the first driving electrode 505. A
passivation layer 510 is coated over the electrode 505 and the
reflector electrode 507. A second driving electrode 506 hav-
ing multiple strips is formed on the passivation layer 510.
[0100] A retardation film 502 is positioned between the top
glass substrate 5045 and the top linear polarizer 5015. The
retardation film 502 extends over both the transmissive and
reflective regions. In the reflective region 522, the overall
phase retardation from the retardation film 502 and the liquid
crystal layer 509 is designed to be about A/4, where A is the
wavelength of the desired incident light. The liquid crystal
layer 509, the retardation film 502, and the top linear polarizer
5015 together forms a circular polarizer to enable a dark state
in the reflective region 522 when no voltage is applied.
[0101] In this example, the liquid crystal molecules are
initially homogeneously aligned to the glass substrates. At its
initial state, the liquid crystal layer 509 behaves like a positive
uniaxial A-plate that has its n_ axis along the z-axis, and its
optical axis n, along its rubbing direction in the x-y plane,
while the refractive indices meet the following conditions:
n,>n,=n,. The retardation film 502 can be a negative A-film or
a biaxial film, such as a biaxially stretched polymer film with
its principle refractive indices n,>n,, and n,>n,. Whenn.=n,,
this is a uniaxial negative A-plate.

[0102] Here the retardation film 502 has its n,, axis aligned
parallel to the liquid crystal rubbing direction. The retardation
film 502 cancels the phase retardation from the liquid crystal
layer 509 in the transmissive region to obtain a dark state
when no pixel voltage or a pixel voltage corresponding to a
dark state is applied to the pixel. When pixel voltages corre-
sponding to gray-scale levels are applied between the elec-
trodes 505 and 506, the liquid crystal molecules are rotated
such that the transmissive region 521 and the reflectance
region 522 have certain transmittance and reflectance, respec-
tively, according to the pixel voltage levels.

[0103] FIG. 13A is a graph 550 showing a V-R curve 551
and a V-T curve 552 for the display 500 of FIG. 12. In this
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example, the liquid crystal display 500 uses a positive AE
liquid crystal material MLC-6686 having the following
parameters: elastic constants K,,=8.8 pN, K;;=14.6 pN,
dielectric anisotropy Ae=€,~&,=+10, and optical birefrin-
gence An=0.095 at A=550 nm. The cell gap d, in the trans-
missive region is 3.5 pm, and the cell gap dy in the reflective
region is 2.05 um. The initial liquid crystal rubbing direction
¢ is about 80°. The retardation film 502 has its n,, axis also at
80°, with its principle refractive indices n <nx and n,<n,
Where n,=n,=1.65, and n,=1.55. The thickness of the retar-
dation film 502 is 3.33 pum. The phase retardation of the liquid
crystal layer in the transmissive region 521 is cancelled by the
retardation film 502. The overall phase retardation from the
liquid crystal layer in the reflective region 522 and the retar-
dation film 502 is about 3.33x(-0.1)+2.05x0.095=-0.1374
um, which is close to a quarter-wavelength (137.5 nm) at 550
nm. The top linear polarizer 5015 has its transmission axis at
45° away from the rubbing direction, and the bottom linear
polarizer S01q has its transmission axis perpendicular to the
top linear polarizer 5015. The electrode width W and gap G
are 3 um and 4 pm, respectively.

[0104] Comparing FIGS. 13A and 4A, it can be seen that
the light efficiencies for both T and R regions 521 and 522 of
the display 500 are reduced as compared to those of the
display 300 in which anegative liquid crystal material is used.
This is because the fringe electric fields between electrodes
have some vertical electric field components, which make the
liquid crystal molecules in part of the cell regions tilt up for a
phase loss. However, the on-state voltage is reduced to about
5 Vrms because the positive liquid crystal material has a
larger dielectric anisotropy AE. At V=5 Vrms, the transmit-
tance is about 30%, and the reflectance is about 26%, where
the maximum possible value (the value from two parallel
linear polarizers) is about 37%.

[0105] Referringto FIG. 13B, a graph 553 shows a normal-
ized V-R curve 554 and a normalized V-T curve 555. The
curves 554 and 555 have a good overlap with each other,
indicating the display transmissive and reflective modes can
be driven by a single gray-scale control gamma curve.

[0106] FIG. 14A shows an iso-contrast plot 557 for the
display 500 when operating in the transmissive mode. The
display 500 has a viewing cone with a contrast ratio over 10:1
that extends over 70° in most directions for the transmissive
mode. In this example, the retardation film 502 is a negative
A-plate that has a thickness 0f 3.33 um and refractive indices
n,=1.65, n,=1.55, n,=1.65. The n,, axis of the film is placed
along the liquid crystal surface rubbing direction, which is at
80°.

[0107] FIG. 14B shows an iso-contrast plot 558 for the
display 500 when operating in the reflective mode. The dis-
play 500 has a viewing cone with a contrast ratio over 10:1
that extends over 50° in most directions for the reflective
mode.

[0108] Aslongasthen, valueis larger than the n,, value, and
the n, axis is placed along the liquid crystal rubbing direction,
the retardation film 502 does not necessarily have to be a
uniaxial A-plate.

[0109] FIG. 15A shows an iso-contrast plot 559 for the
display 500 operating in the transmissive mode when the
retardation film 502 has refractive indices n,=1.65, n,=1.55,
and n,=1.70. The parameters for the simulation of FIG. 15A
are the same as those for FIG. 14 A except that the values for
n, are different. The display 500 has a viewing cone having a
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contrast ratio over 10:1 that extends over 55° in most direc-
tions for the transmissive mode.

[0110] FIG. 15B shows a corresponding iso-contrast plot
560 when the display 500 is operating in the reflective mode.
The display 500 has a contrast ratio over 10:1 that extends
over 40° for the reflective mode. The parameters for the
simulations of FIGS. 15A and 15B are the same as those for
FIGS. 14A and 14B except that the values for n, are different.
[0111] FIG. 16A shows an iso-contrast plot 561 for the
display 500 operating in the transmissive mode when the
retardation film 502 has refractive indices n,=1.65, n,=1.55,
and n,=1.60. The display 500 has a viewing cone with con-
trast ratio over 10:1 that extends over 45° in most directions
for the transmissive mode.

[0112] FIG. 16B shows a corresponding iso-contrast plot
562 for the display 500 operating in the reflective mode. The
display 500 has a viewing cone with contrast ratio over 10:1
that extends over 60° in most directions for the reflective
mode. The parameters for the simulations of FIGS. 16 A and
16B are the same as those for FIGS. 14A and 14B except that
the values for n, are different.

[0113] The electrode width (W) and gap (G) of the display
500 can have various values. FIG. 17 is a graph 565 showing
V-R and V-T curves for the display with various electrode
width W and gap G values using a positive A€ liquid crystal
material. A V-R curve 566 and a V-T curve 567 represent the
voltage-dependent reflectance and voltage-dependent trans-
mittance characteristics, respectively, of the display 500
when W=4 um and G=6 um. At V=5 Vrms, the reflectance is
about 25%, and the transmittance is about 28%.

[0114] A V-R curve 568 and a V-T curve 569 represent the
voltage-dependent reflectance and voltage-dependent trans-
mittance characteristics, respectively, of the display 500
when W=6 um and G=8 um. At V=5 Vrms, the reflectance is
about 23% and the transmittance is about 26%. The maxi-
mum possible light efficiency here is about 37%, as evaluated
from two parallel linear polarizers.

[0115] FIG. 18 is a graph 570 that shows a V-R curve 571
and a V-T curve 572 for the display 500 when the cell gap d .
in the transmissive region 521 is about 4.0 um, and the cell
gap dj inthe reflective region 522 is about 2.55 um. A positive
A€ liquid crystal material is used. The electrode 506 has an
electrode width W=3 um and an electrode gap G=4 um. In this
example, at V=5.5 Vrms, the transmittance is about 28% and
the reflectance is about 30%. The parameters for the simula-
tion of FIG. 18 are the same as those for FIG. 13 A except that
the values for the cell gaps are different.

[0116] FIG. 19 is a graph 575 that shows a V-R curve 576
and a V-T curve 577 for the display 500 in which a rubbing
angle ¢=60° and a positive A€ liquid crystal material are
used. The curves 576 and 577 show that a higher driving
voltage is required for the display 500 under this configura-
tion (compared to the configuration in FIG. 13A). At V=7
Vrms, the reflectance is about 27% and the transmittance is
about 24.5%. The parameters for the simulation of FIG. 19 are
the same as those for FIG. 13 A except that the values for the
rubbing angles are different.

Example 3

[0117] FIG.20is across-sectional diagram of a pixel 670 of
an example wide-view and high brightness transflective liq-
uid crystal display 600 that has a retardation film 602 posi-
tioned between a bottom glass substrate 604a and a lower
linear polarizer 601a.
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[0118] The pixel 670 is divided into a transmissive region
621 and a reflective region 622. A homogeneous alignment
liquid crystal layer 609 is positioned between two glass sub-
strates 604a and 6045. Two alignment layers 608a and 6085
are formed in the inner surfaces of the two glass substrates
6044 and 6045 for aligning the liquid crystal molecules. On
the bottom glass substrate 604a, a first electrode 605 having a
plane shape and made of transparent conductive materials is
formed in the transmissive region 621, and a metal reflective
layer 607 is formed in the reflective region 622, and the metal
reflective layer 607 is electrically connected to the first elec-
trode 605. A passivation layer 610 is coated on the first elec-
trode 605 and the metal reflective layer 607, above which a
second electrode 606 having several strips are formed.
[0119] In the reflective region 622, an overcoating layer
612 is formed to reduce the cell gap d as compared to the cell
gap d; in the transmissive region 621 to compensate for the
optical path difference in the transmissive and reflective
regions. The two glass substrates 604a and 6045 are between
two linear polarizers: a first linear polarizer 601a that is close
to a backlight unit 620, and a second linear polarizer 6015 that
is close to the viewer. The transmissive axis of the bottom
polarizer 601a is about 45° relative to the liquid crystal rub-
bing direction, and the bottom and top polarizers 601a and
6015 are crossed to each other.

[0120] A feature of the display 600 is that the retardation
film 602 is positioned between the liquid crystal layer 609 and
the bottom linear polarizer 601a that is close to the backlight
unit 620. In the display 300 in FIG. 1, to achieve a good dark
state in the reflective mode, the retardation film and the liquid
crystal layer in the reflective region together have a total
phase retardation similar to that of a quarter-wave plate. By
comparison, in the display 600, the retardation film 602 is
below the liquid crystal layer 609 and does not contribute to
the reflective mode. Thus, in the display 600, the liquid crystal
layer 609 in the reflective region 622 needs to have a phase
retardation similar to that of a quarter-wave plate in order to
obtain a good dark state by itself. The optical axis of the liquid
crystal layer 609 is about 45° relative to the transmission axis
of'the top linear polarizer 6015.

[0121] A feature of the display 600 is that it uses only one
negative retardation film 602. Another feature of the display
600 is that the liquid crystal layer 609 has its initial rubbing
direction substantially parallel to the n, axis (where the
refractive index of the negative retardation film 602 is similar
to that defined in above examples, and n,<n, and n,<n,) of the
negative retardation film 602, and the initial rubbing direction
of the liquid crystal layer is about 45° relative to the top
polarizer transmission axis.

[0122] Inthe transmissive region 621, in order to achieve a
dark state, the liquid crystal layer 609 and the retardation film
602 need to compensate each other. Thus, the configuration
for achieving the dark state is similar for the displays 600 and
300. However, the optical configurations of the bright state
for the displays 600 and 300 are different because the liquid
crystal molecule distribution in the bright state is not equiva-
lent to a homogeneous uniaxial plate, but rather is asymmetri-
cal in the vertical direction. A more detailed discussion is
provided below.

[0123] FIG. 21A is a graph 630 showing the liquid crystal
molecule distribution (azimuthal angle of the molecule) when
the display 600 is operating in a full bright state, in which the
voltage applied between the electrodes 605 and 606 is about
6.0 Vrms, and a negative liquid crystal material is used. The
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graph 630 shows a curve 6255 that represents the liquid
crystal molecule distribution throughout the liquid crystal
cell from the bottom surface to the top surface along the +z
axis above a location 6254 between two electrode strips 606,
as shown in FIG. 21B. The curve 6265 represents the liquid
crystal molecule distribution throughout the liquid crystal
cell from the bottom surface to the top surface along the +z
axis above a location 626a at the edge of an electrode strip
606, as shown in FIG. 21B.

[0124] The curves 6255 and 6265 show that, from z=0 to
z=1 (in a relative cell gap position, where z=0 at the bottom
surface of the liquid crystal layer 609 and z=1 at the top
surface of the liquid crystal layer), the azimuthal angle dis-
tribution is not symmetrical in the vertical +z direction. The
liquid crystal molecule rotation for the bottom half of the
liquid crystal layer 609 (which is closer to the electrode strips
606) is stronger than that of the top half of the liquid crystal
layer. Therefore, when the liquid crystal layer 609 is stacked
with the retardation film, the optical characteristics of the
display for one configuration in which the retardation film is
positioned above the liquid crystal layer 609 (where the retar-
dation film is closer to the liquid crystal end at z=1) is differ-
ent from another configuration in which the retardation film is
positioned below the liquid crystal layer 609 (where the retar-
dation film is closer to the liquid crystal end at z=0). This can
be verified by their electro-optical performances.

[0125] FIG. 22A is a graph 631 showing a V-R curve 632
and a V-T curve 633 for the liquid crystal cell using a negative
liquid crystal material MLC-6608, where the cell gap for the
transmissive part is 4.0 um and the cell gap for the reflective
part is 1.66 pm. Here the retardation film 602 is a negative
A-plate with its principle refractive indices n,=1.65,n,=1.55,
n,=1.65 and its n,, axis along the liquid crystal rubbing direc-
tionat $=10°. The thickness of the retardation film 602 is 3.32
um so that its phase retardation is similar to that of the liquid
crystal layer 609. The V-R curve 632 shows that at V=6 Vrms,
the reflectance is about 25%. The V-T curve 633 shows that at
V=6 Vrms, the transmittance is only about 20%. In this
example, the electrode width W and gap G (as shown in FIG.
2B) are 3 pm and 4 pm, respectively.

[0126] FIG. 22B shows an iso-contrast plot 635 for the
display 600 operating in the reflective mode, indicating that
the display 600 has a viewing cone with contrast ratio over
10:1 that extends over 50° in most directions. The parameters
of the retardation film 602 do not affect the reflective mode
since the ambient light does not pass the retardation film 602.
The parameters for the simulation of FIG. 22B are the same as
those for FIG. 22A.

[0127] FIG. 22C shows an iso-contrast plot 636 for the
display 600 operating in the transmissive mode, where the
retardation film 602 has refractive indices n,=1.65, n,=1.55,
and n,=1.65. The transmittance of the bright state is reduced,
and the viewing cone with a contrast ratio over 10:1 is nar-
rowed a bit to over 50° in most directions (as compared to the
display 300, in which the viewing cone with a contrast greater
than 10:1 extends over about 70° in most directions, as shown
in FIG. 5A). The parameters for the simulation of FIG. 22C
are the same as those for FIG. 22B.

[0128] To compensate the phase retardation of the liquid
crystal layer 609 in the transmissive region 621, the n_ value
of the retardation film 602 does not necessarily have to be
equal to n,. FIG. 22D shows an iso-contrast plot 637 of the
display 600 operating in the transmissive mode with n_ equal
to 1.70. The viewing cone with a contrast ratio over 10:1
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extends over 40° in most directions. The parameters for the
simulation of FIG. 22D are the same as those for FIG. 22C,
except that the value for n, is different.

[0129] FIG. 22E shows an iso-contrast plot 638 of the dis-
play 600 operating in the transmissive mode with n_ equal to
1.60. The viewing cone with a contrast ratio over 10:1 extends
to about 40°. Note that the n_ value of the retardation film 602
only affects the off-axis performance of the display 600 and
not the performance for normal incidence. The parameters for
the simulation of FIG. 22E are the same as those for FI1G. 22C,
except that the value for n, is different.

[0130] FIG. 23 is a graph 640 showing a V-R curve 641 and
a V-T curve 642 of the display 600 having an electrode width
W=6 um and an electrode gap G=8 um, where the transmis-
sion region cell gap d,~4.0 pm, the reflective region cell gap
dz=1.66 um, and the rubbing angle $=10°. Except the differ-
ence in electrode width W and gap G, the other parameters for
the simulation of FIG. 23 are the same as those for FIG. 22A.
The V-R curve 641 and V-T curve 642 show that, at V=6
Vrms, the reflectivity is about 18% and the transmittance is
about 24%.

[0131] FIG. 24 is a graph 643 showing a V-R curve 644 and
a V-T curve 645 for the display 600 having a rubbing angle
$=30°, and in which a negative A€ liquid crystal material is
used. The V-R curve 644 and the V-T curve 645 show that, at
V=6 Vrms, the reflectivity is about 22% and the transmittance
is about 18%. The parameters used for the simulation of FIG.
24 are the same as those for FIG. 22A, except that the rubbing
angle is different.

[0132] The display 600 of FIG. 20 can use a positive A&
liquid crystal material. In some implementations, the rubbing
direction of the liquid crystal layer 609 is about 80°, and the
positive A€ liquid crystal material is, e.g., MLC-6686 having
an optical birefringence An~0.095. The cell gap d, of the
transmissive region 621 is about 3.5 um. The retardation film
602 has a thickness of about 3.33 um, principle refractive
indices n,=1.65,n,=1.55,n,=1.65, and n, axis at 80°, which is
parallel with the liquid crystal rubbing direction. The cell gap
dy in the reflective region is reduced to about 1.45 um so that
the liquid crystal layer 609 in the reflective region 622 has a
phase retardation similar to that of a quarter-wave plate. In the
reflective region 622, the liquid crystal layer 609 and the top
linear polarizer 6015 together have a phase retardation similar
to that of a circular polarizer to achieve a dark state when no
pixel voltage or a pixel voltage corresponding to a dark state
is applied. This way, when no pixel voltage or a pixel voltage
corresponding to a dark state is applied, the display 600 has a
common dark state between the transmissive and reflective
modes.

[0133] When a high voltage is applied between the elec-
trodes 605 and 606, fringe electric fields with strong horizon-
tal field components rotate the liquid crystal molecules, caus-
ing the light passing to the top linear polarizer 601a to have an
elliptical polarization so that at least a portion of the light
passes the top linear polarizer 601a in both the transmittance
and reflectance regions.

[0134] Inthe following, FIGS. 25A to 27 show simulations
of the display 600 in which a positive A€ liquid crystal
material is used.

[0135] FIG. 25A is a graph 646 showing a V-R curve 647
and aV-T curve 648 for the display 600 in which a positive A&
liquid crystal material is used. The other parameters for the
simulation of FIG. 25A are the same as those for FIG. 22A.
The V-R curve 647 shows that at V=6 Vrms the reflectance is
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about 26%, and the transmittance is reduced to about 17.5%.
The reduction in transmittance may be due to two factors: 1)
due to its positive dielectric anisotropy AE, the liquid crystal
molecules are tilted by the vertical field components of the
fringe fields generated by the electrodes, so phase retardation
is also reduced; and 2) the retardation film 602 is placed close
to the liquid crystal surface with electrodes, where the liquid
crystal molecules experience a strong twist near that surface.
In this example, the electrode width W and gap G (as shown
in FIG. 2B) are 3 pm and 4 pum, respectively.

[0136] A comparison ofthe curves 647 and 648 with curves
632 and 633 (of FIG. 22A) shows that the reflective mode is
not as sensitive to the change of liquid crystal materials as for
the transmissive mode. This may be because for the reflective
mode to obtain a good bright state, either the liquid crystal
molecules in the reflective region 622 mostly rotates about
45° (similar to the configuration in which a negative A€ liquid
crystal material is used), or the liquid crystal molecules tilt up
to have a negligible phase retardation. Therefore, when a
positive A€ liquid crystal material is used, both the tilt and
rotation of liquid crystal molecules contribute to the reflec-
tance in the reflectance region 622. But this mechanism does
not hold for the transmissive mode, whose maximum trans-
mittance occurs when the liquid crystal molecules are rotated
uniformly by 45°.

[0137] FIG. 25B is an iso-contrast plot 649 for the display
600 operating in the reflective mode, indicating that the view-
ing cone with a contrast ratio over 10:1 is extended over 50°
in most directions. Since no retardation film is placed above
the reflective liquid crystal cell region, the reflective viewing
angle performance is not related to the parameters of the
retardation film. The parameters for the simulation of FIG.
25B are the same as those for FIG. 25A.

[0138] FIG. 25C is an iso-contrast plot 650 for the display
600 operating in the transmissive mode, where the retardation
film 602 has refractive indices n,=1.65,n,=1.55,and n,=1.65.
As the transmittance of the bright state is reduced, the viewing
cone with a contrast ratio over 10:1 is also narrowed a bit to
over 50° in most directions as compared to those in FIG. 22C.
The parameters for the simulation of FIG. 25C are the same as
those for FIG. 25A.

[0139] FIG. 25D is an iso-contrast plot 651 for the display
600 operating in the transmissive mode in which the retarda-
tion film 602 has a refractive index n,=1.70. The other param-
eters for the simulation of FIG. 25D are the same as those for
FIG. 25C. The viewing cone with contrast ratio over 10:1 is
extended over 40° in most directions.

[0140] FIG. 25E is an iso-contrast plot 652 for the display
600 operating in the transmissive mode in which the retarda-
tion film 602 has a refractive index n,=1.60. The other param-
eters for the simulation of FIG. 25E are the same as those for
FIG. 25C. The contrast ratio over 10:1 is also extended to
about 40°. Note that the n_ value affects the off-axis perfor-
mance of the display and does not affect the performance of
the display for normal incident light.

[0141] FIG. 261s a graph 655 showing a V-R curve 656 and
a V-T curve 657 for the display 600 in which the electrode
width and gap are set to be W=6 um and G=8 um. Except the
difference in electrode width W and gap G, the other param-
eters, such as the liquid crystal layer thickness and the rub-
bing angle are the same as those for FIG. 25A. A larger W and
G combination results in a smaller (as compared to that in
FIG. 25A with W=3 um and G=4 pum) on-state voltage at
about 4 Vrms for the transmissive mode using the positive
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liquid crystal material, but the transmittance is reduced to
about 17%. For the reflective mode, the reflectance saturates
at about 7 Vrms with a reflectance value of about 23%.
[0142] FIG. 27 is a graph 658 showing a V-R curve 659 and
aV-T curve 660 for the display 600 when the rubbing angle is
set to be 60° instead of 80°, the electrode width W is equal to
3 um and the electrode gap G is equal to 4 pm. This rubbing
angle gives rise to a larger on-state voltage and a reduced
transmittance (as compared to that in FIG. 25A with rubbing
angle at 80°). At V=7 Vrms, the reflectance is about 25% and
the transmittance is about 17%.

Example 4

[0143] In some implementations, the viewing angle of the
display can be improved by adding two compensation films.
FIG. 28 is a cross-sectional diagram of a display 700 that has
a retardation film 702 and two compensation films 7154 and
715b. The term “retardation film” and “compensation film”
are used interchangeably in this document, as a retardation
film compensates for the phase retardation caused by the
liquid crystal layer. Each pixel of the display 700 is divided
into a transmissive region 721 and a reflective region 722. An
initially homogeneously aligned liquid crystal layer 709 is
positioned between two alignment layers 708a and 7085,
which is positioned between a bottom glass substrate 704a
and a top glass substrate 7045.

[0144] To compensate the optical path difference in the
transmissive and reflective regions, an overcoating layer 712
is formed in the reflective region 722. A first driving electrode
705 having a plane shape is formed on the bottom substrate
7044 and a metal reflector 707 (similar to the reflector 307 of
FIG. 1) is electrically connected to the electrode 705. A pas-
sivation layer 710 is coated over the electrode 705 and the
reflector 707. An electrode 706 having several strips is formed
on the passivation layer 710. The two glass substrates 704a
and 7045 are positioned between a bottom linear polarizer
701a that is close to a backlight unit 720 and a top linear
polarizer 7015 that is close to the viewer. The first and second
linear polarizers are crossed to each other.

[0145] A retardation film 702 is positioned between the top
glass substrate 7045 and the top linear polarizer 7015, and
extends over both the transmissive and reflective regions. The
overall phase retardation from the retardation film 702 and the
liquid crystal layer 709 in the reflective region 722 is designed
to be about A/4, where A is the wavelength of the desired
incident light. The retardation film 702, the liquid crystal
layer 709 in the reflective region 722, and the top linear
polarizer 7015 together form a circular polarizer to achieve a
dark state in the reflective mode when no voltage or a voltage
corresponding to a dark state is applied.

[0146] A first compensation film 715a made of a uniaxial
positive A-plate is placed between the bottom linear polarizer
701a and the bottom substrate 704a. A second compensation
film 7156 made of a uniaxial negative A-plate is placed
between the first linear polarizer 701a and the second linear
polarizer 7015. The optical axis of the uniaxial compensation
film 715aq is aligned parallel to the transmission axis of the
bottom linear polarizer 701a, and the optical axis of the top
compensation film 7155 is aligned parallel to the transmis-
sion axis of the top linear polarizer 701a. Because the optical
axes of the compensation films 715a and 7155 are parallel to
the transmission axes of the nearby linear polarizers, the two
compensation films do not affect the display electro-optical
performance at normal incidence. The compensation films
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715a and 715b compensate angle deviation from the bottom
and top polarizers (i.e., two polarizers are crossed to each
other for normal incidence light, but no longer perpendicular
to each other for some off-axis incidence light) and the phase
retardation imparted to oblique incidence light by the liquid
crystal layer and help improve the viewing angle of the dis-
play 700.

[0147] FIG. 29 is a Poincaré sphere diagram 730 showing a
polarization trace of the incident light from the bottom linear
polarizer to the top linear polarizer drawn on a Poincaré
sphere 732, showing the compensation mechanism of the
compensation films 715 and 715b6. An explanation on
designing compensation films using uniaxial films can be
found in the article titled “Analytical solutions for uniaxial-
film-compensated wide-view liquid crystal displays,” Journal
of Display Technology, vol. 2, pages 2-20, 2006, by X. Zhu et
al.

[0148] When the display 700 is viewed at a direction at an
angle from the normal direction (or z-axis), e.g., with a polar
angle 70° and an azimuthal angle —-45° with respect to the
transmission axis of the bottom linear polarizer 701a, the
absorption axes of the bottom linear polarizer 701a and the
top linear polarizer 7015 are no longer perpendicular to each
other (i.e., angle deviation from the bottom and top linear
polarizers). On the Poincaré sphere diagram 730, point P
represents the absorption axis of the bottom linear polarizer
701a, and point A represents the absorption axis of the top
linear polarizer 7015. A point T (which is opposite to the point
P relative to the origin O) on the Poincaré sphere 732 repre-
sents the polarization of the light that just passes the bottom
linear polarizer 701a from the backlight unit 720. Point T
does not overlap point A, meaning that for a display having
only two linear polarizers, at this off-axis direction, light
passing the bottom linear polarizer 701a will not be fully
absorbed by the top linear polarizer 7015, resulting in off-axis
light leakage.

[0149] By using the additional two compensation films
715a and 71556 in the display 700, the off-axis light leakage
can be substantially suppressed. In the Poincaré sphere dia-
gram 730, the light passing the bottom linear polarizer 701a
will first have a polarization represented by point T. Because
the bottom uniaxial A-plate 7154 has an optical axis set along
the absorption axis of the top linear polarizer 7015, the light
with a polarization represented by point T will be rotated to
point B along an axis AO (which passes points A and O) after
passing the compensation film 715a.

[0150] Thelight then passes the liquid crystal layer 709 and
the retardation film 702. The liquid crystal layer 709 has its
optical axis along line OE, so when the light passes the liquid
crystal layer 709, the polarization of light on the Poincaré
sphere 732 moves from point B to point C. Because the
retardation film 702 has its n, axis along the rubbing direction
of the liquid crystal layer 709, the phase retardation of the
retardation film 702 cancels that of the liquid crystal layer
709. When the light passes the retardation film 702, the polar-
ization of light on the Poincaré sphere 732 moves from point
Cback to point B. The top uniaxial A-plate 7155 is a negative
uniaxial film whose optical axis is parallel to the absorption
axis of the bottom linear polarizer 701a, and converts the light
with a polarization at point B to point A along the axis OP. As
a result, the off-axis light can be fully absorbed by the top
linear polarizer 7014.

[0151] There are distinct differences between the display
700 shown in FIG. 28 and displays that use three retardation
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films (e.g., see J. Matsushima, et al., “Novel transflective
IPS-LCDs with three retardation plates,” Technical Digest of
IDW’07, pp. 1511-1514). First, the additional two compen-
sation films 715a and 7155 are used to compensate the effec-
tive angle deviation of the two linear polarizers at an off-axis
incidence. Here, the optic axes of the compensation films
715a and 71556 are set either parallel to or perpendicular to the
transmission axis of the linear polarizers 701a and 7015. The
compensation films 715a and 71556 do not affect normal inci-
dent light, i.e., does not change the polarization of the light
parallel to the z-axis. More importantly, in this design, only
one negative retardation film 702 is used to compensate the
liquid crystal layer 709 for light parallel to the z-axis.
[0152] Second, the liquid crystal layer 709 has its initial
rubbing direction substantially parallel to the n,, axis of the
negative retardation film 702, and the initial rubbing direction
of the liquid crystal layer 709 is set about 45° relative to the
top polarizer transmission axis.

[0153] Third, there is flexibility in choosing the parameters
for the retardation film 702 and the liquid crystal layer 709.
For example, the retardation film 702 above the liquid crystal
layer 709 does not necessarily have to behave like a half-wave
plate. The retardation film 702 can have a retardation of, e.g.,
330 nm, which is different from the half wavelength of 275
nm for A=550 nm. For example, the liquid crystal layer 709 in
the reflective region 722 does not necessarily have to behave
like a quarter-wave plate, as long as the overall retardation
from the negative retardation film 702 and the reflective liquid
crystal layer 709 is similar to that of a quarter-wave plate. The
liquid crystal layer in the reflective region can have a retar-
dation (e.g., 195 nm) that is larger than that of a quarter-wave
plate (135 nm), thus allowing the display 700 to have a better
reflectance and fabrication tolerance. Other differences in
configuration and electro-optic performance will be
described below.

[0154] FIGS.30A and 30B show iso-contrast plots 740 and
745 of the viewing angle of the transmissive region 721 and
the reflective region 722, respectively, of the display 700. In
this simulation, a negative dielectric anisotropy (-A€) liquid
crystal material was used, the liquid crystal layer 709 has a
cell gap of 4 um in the transmissive region 721 and a cell gap
of 2.34 ym in the reflective region 722. The retardation film
702 has a phase retardation that is designed to fully cancel the
phase retardation from the liquid crystal layer 709 in the
transmissive region 721 when no pixel voltage (or a pixel
voltage that corresponds to a dark state) is applied, resulting
in a dark state in the transmissive region 721. The retardation
film 702 has its n,, axis along the liquid crystal rubbing direc-
tion.

[0155] The first compensation film 715a is a positive
uniaxial A-plate with its retardation dAn about equal to 92.1
nm and its optic axis along the absorption axis of the top linear
polarizer 7015. The second compensation film 7155 is a nega-
tive uniaxial A-plate with its retardation dAn about equal to
-92.1 nm and its optic axis along the absorption axis of the
bottom linear polarizer 701a.

[0156] As shown in the plot 740 (FIG. 30A), for the trans-
missive mode, the viewing cone with a contrast ratio over
10:1 is expanded to over 85° in all directions. For the reflec-
tive mode, as shown in the plot 745 (FIG. 30B), the compen-
sation effect is not that obvious. This may result from the fact
that both the film 71556 and film 702 function on the light in
the reflective mode. Nonetheless, the viewing cone with a
contrast ratio over 10:1 is still over 40° in most directions.
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[0157] Insome implementations, a positive AE liquid crys-
tal material can also be used for the display 700. FIGS. 31A
and 31B show the viewing angles of the transmissive mode
and reflective mode, respectively, of the display 700 when a
positive liquid crystal material is used for the liquid crystal
layer 709. The liquid crystal cell gap for the transmissive
region 721 is set at 3.5 um and the cell gap for the reflective
region 722 is set at 2.05 um. The retardation film 702 has a
phase retardation that is designed to fully cancel the phase
retardation from the liquid crystal layer 709 in the transmis-
sive region 721 when no pixel voltage (or a pixel voltage that
corresponds to a dark state) is applied, resulting in a dark state
in the transmissive region 721.

[0158] In this example, the first compensation film 715a is
a positive uniaxial A-plate having a retardation dAn equal to
about 92.1 nm, and its optic axis is along the absorption axis
of the top linear polarizer 7015. The second compensation
film 7155 is a negative uniaxial A-plate having a retardation
dAn equal to about —92.1 nm and its optic axis is along the
absorption axis of the bottom linear polarizer 701a. As shown
in the viewing angle plot 750, for the transmissive mode, a
viewing cone with contrast ratio greater than 10:1 extends to
over 89° in all directions. As shown in the plot 755 (FIG.
31B), for the reflective mode, the viewing cone with a contrast
ratio over 10:1 is over 40° in most directions.

[0159] The compensation films 715a and 7155 have their
optic axes set along the transmission axes of the linear polar-
izers 701a and 70154, respectively, and do not affect the per-
formance of the display 700 at normal incidence. To obtain a
wide-viewing angle, the phase retardation imparted by the
retardation film 702 needs to fully cancel the phase retarda-
tion imparted by the liquid crystal layer 709 in the transmis-
sive region in the dark state. The position of the retardation
film 702 affects the transmittance at the bright state (as illus-
trated in Example 3 above), but not on the dark state. The two
compensation films 7154 and 7155 can be used in a display in
which the retardation film 702 is placed between the liquid
crystal layer 709 and the bottom linear polarizer 701a (spe-
cifically, placed near the liquid crystal surface with elec-
trodes). In this example, the liquid crystal layer 709 in the
reflective part 722 is set to behave like a quarter-wave plate
when no voltage is applied.

[0160] FIGS. 32A and 32B show the iso-contrast plots 760
and 765 for a transmissive region and a reflective region,
respectively, of a display using a negative liquid crystal mate-
rial using a configuration similar to the display 700 shown in
FIG. 28, except that the retardation film 702 is placed near the
liquid crystal surface with driving electrodes (e.g., between
the liquid crystal layer 709 and the bottom linear polarizer
701a).

[0161] As shown in FIG. 32A, although the brightness is
reduced (compared to FIG. 30A), the viewing cone with a
contrast ratio over 10:1 still extends to over 89° in all direc-
tions. As shown in FIG. 32B, the viewing angle of the reflec-
tive mode is expanded (as compared to FIG. 31B) and the
viewing cone with a contrast ratio greater than 10:1 is over
70° in most directions.

[0162] FIGS. 33A and 33B show the iso-contrast plots 770
and 775 for the transmissive region and reflective region,
respectively, of a display having a configuration similar to
that used for the simulations of FIGS. 32A and 32B, except
that uses a positive A€ liquid crystal material is used. The
retardation film 702 is placed close to the liquid crystal sur-
face with driving electrodes. As shown in the plot 770, for the
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transmissive mode, a viewing cone with a contrast ratio
greater than 10:1 extends to over 89° in all directions. As
shown in the plot 775, for the reflective mode, a viewing cone
with a contrast ratio greater than 10:1 extends to over 70° in
most directions. The trade-off of this configuration is that the
transmissive mode has a lower brightness, as compared to the
same configuration but with a negative AE liquid crystal
material.

Example 5

[0163] In some implementations, a transflective LCD can
use a uniaxial positive A film and a negative C film to replace
the negative A film or biaxial film discussed in the examples
above.

[0164] FIG. 34 is a cross-sectional diagram of one pixel of
a wide-view and high brightness transflective liquid crystal
display 800. The display 800 has a configuration that is simi-
lar to that of the display 300 (FIG. 1), except that the display
800 uses two retardation films 802 and 803.

[0165] Each pixel of the display 800 has a transmissive
region 821 and a reflective region 822, where a backlight unit
820 is placed below aliquid crystal layer 809 as a light source.
The liquid crystal layer 809 is sandwiched between a bottom
glass substrate 804a and a top glass substrate 8045. Two
alignment layers 808a and 8085, made of, e.g., polyimide
materials, are formed on the inner surfaces of the substrates
8044 and 8045, respectively. The liquid crystal molecules are
initially homogeneously aligned with their optic axes sub-
stantially parallel to the bottom glass substrate 804a.

[0166] A first plane-shaped electrode 805, made of a trans-
parent conductive material such as indium-tin-oxide (ITO) or
indium-zinc-oxide (IZO), is formed on the bottom glass sub-
strate 804a. In the reflective region 822, a metal reflector layer
807, made of a conductive material such as aluminum or
silver, is electrically connected to the electrode 805. A passi-
vation layer 810, made of a dielectric materials such as SiO,
or SiN,, is further coated on the bottom electrode 805 and
metal reflector 807. On the passivation layer 810, a group of
stripe-shaped electrodes 806 is formed as the second elec-
trode, which is also made of transparent a conductive material
such as ITO or IZO. An overcoating layer 812 made of a
dielectric material such as SiO,, SiN,, or an organic material,
is formed in the reflective region 822 to cause the cell gap d
in the reflective region 822 to be different from the cell gap d -
in the transmissive region 821.

[0167] Theretardation film 802 can be a uniaxially or biaxi-
ally stretched polymer film with its principle refractive indi-
ces n,<n_ and n<n,, is placed between the first and second
linear polarizers 801a and 8015, covering both the transmis-
sive and reflective regions 821 and 822. Here, the retardation
film 802 has its n_axis along the direction that is substantially
perpendicular to the surface of the two linear polarizers. In
this example, both n, and n, are smaller thann, and its n,, axis
is substantially parallel to the rubbing direction of the liquid
crystal layer.

[0168] The retardation film 802 is designed to fully cancel
the phase retardation from the liquid crystal layer 809 in the
transmissive region at the normal incidence when no voltage
or a voltage corresponding to a dark state is applied, leading
to a dark state of the transmissive mode under two crossed
linear polarizers. The overall phase retardation from the retar-
dation film 802 and the liquid crystal layer 809 in the reflec-
tive region 822 is designed to be about A/4, where A is the
wavelength of the desired incident light. The retardation film
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802 and the liquid crystal layer 809 together with the top
linear polarizer 8015 forms a circular polarizer that generates
a dark state in the reflective mode when no voltage is applied.
[0169] Insome examples when n,>n, =n,, the biaxial retar-
dation film 802 becomes a uniaxial positive A-plate. Note that
in order to uniquely define the optical arrangement of the
retarder 802 with n <n, and n,<n, and its n, perpendicular to
the polarizer surface, we can set the refractive indices n,<n,
and assign the refractive index n,, along a certain direction.
The retardation film 803 can be a uniaxial C-plate that is
placed between the film 802 and the liquid crystal layer 809.
Here, for an uniaxial C-plate, its refractive indices satisfy:
n,=n,=n,.

[0170] FIG. 351is a graph 850 showing a V-R curve 851 and
a V-T curve 852 of the display 800 (FIG. 34) that uses a
negative A€ liquid crystal material. Here, the electrode width
W and gap G (as illustrated in FIG. 34) are set as 3 pm and 4
wm, respectively. The liquid crystal material used is MLC-
6608. The liquid crystal cell gap d.for the transmissive region
821 is set at 4 um and the cell gap d, for the reflective region
822 is set at 2.34 um. The rubbing angle of the liquid crystal
material is at $=10°, and the liquid crystals are initially homo-
geneously aligned with a pretilt angle about 2°.

[0171] Inthis example, the retardation film 802 is a positive
A-plate with its n, axis along the z-axis, and its n, and n,, axes
are set in the x-y plane, where n,>n =n,. Here, n,=n_=1.55,
and n,=1.65, and its n, axis is aligned parallel to the liquid
crystal rubbing directions. The thickness of the retardation
film 802 is set at 3.32 uM. The bottom polarizer 801a has its
transmission axis set at —35° relative to the x-axis as illus-
trated in FIG. 2B and the top linear polarizer 8015 has its
transmission axis at 55° relative to the x-axis. Here, the over-
all phase retardation from the liquid crystal layer 809 in the
reflective region 822 and the top retardation film 802 is about
2.34x0.083-3.32x0.1 um=-0.1378 pm~-A/4, where the inci-
dent light is taken as a green light with A=550 nm.

[0172] The C-plate 803 does not affect normal incident
light because it has n,=n,, in the x-y plane, but it affects the
viewing angle of the display 800. FIGS. 36A and 36B show
the iso-contrast plots 860 and 861 for the transmissive mode
and reflective mode, respectively, in which the C-plate has
refractive indices n,=n,=1.50, and n,=1.51, and a thickness of
about 28.5 pm. In the transmissive mode, the viewing cone
having a contrast ratio greater than 10:1 is over 45° in most
directions. In the reflective mode, the viewing cone having a
contrast ratio greater than 10:1 over about 40° in most direc-
tions. Here the parameters of C-plate 803 can be determined
through simulation and configured to provide the optimum
viewing angle.

[0173] The display 800 of FIG. 34 can also use positive
liquid crystal material with the rubbing direction set at about
80° relative to the x-axis. In this example, the positive A€
liquid crystal material is MLC-6686 with an optical birefrin-
gence An equal to about 0.095. The cell gap d of the trans-
missive region 821 is about 3.5 um. The phase retardation of
the retardation film 802 has a thickness about 3.33 um with its
principle refractive indices n,=1.65,n,=1.55,1n,=1.55, and n,,
axis at 80° relative to the x-axis. The cell gap d, in the
reflective region 822 is reduced to about 2.05 pum. In this
configuration, the combination of the liquid crystal layer 809
in the reflective region 822 and the top retardation film 802
function similar to a quarter-wave plate, which further in
combination with the top linear polarizer 8015 function simi-
lar to a circular polarizer. This allows the reflective region 822
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to have a dark state. When no voltage or a voltage correspond-
ing to a dark state is applied to the pixel, the pixel has a
common dark state across the transmissive and reflective
regions.

[0174] FIG. 37 is a graph 870 showing a V-T curve 872 and
a V-R curve 871 for the display 800 using a positive liquid
crystal material and having the parameters described above.
FIG. 38 A shows an iso-contrast plot 880 for the transmissive
region 821. FIG. 38B shows an iso-contrast plot 881 for the
reflective region 822. In both cases, the C-plate has refractive
indices n,=n,=1.50, and n,=1.51, and a thickness of about
28.5 um.

Example 6

[0175] Insome implementations, two retardation films can
be positioned near the bottom substrate 904a. FIG. 39 is a
cross-sectional diagram of one pixel of a wide-view and high
brightness transflective liquid crystal display 900. The pixel is
divided into a transmissive region 921 and a reflective region
922. A homogeneous alignment liquid crystal layer 909 is
positioned between two glass substrates 904a and 9045. Two
alignment layers 908a and 9086 are formed in the inner
surfaces of the two glass substrates and align the liquid crystal
molecules.

[0176] On the bottom glass substrate 904aq, a first electrode
905 made of transparent conductive materials, such as ITO or
170, is formed in a plane shape in the transmissive region
921, and a reflective metal layer 907 made of aluminum or
silver is formed in the reflective region 922 as a reflector. The
metal reflector 907 is electrically connected to the electrode
905. A passivation layer 910 made of dielectric materials such
as SiO, or SiN_, is coated on the electrode 905 and 907, above
which a group of second electrodes 906 are formed in a
striped shape.

[0177] In the reflective region 922, an overcoating layer
912 made of a material such as SiO, or SiN,, or an organic
material, is formed to adjust the cell gap dy to be different
from that of the transmissive region d, in order to compen-
sate for the optical path difference in the transmissive and
reflective regions. The liquid crystal layer 909 is positioned
between two glass substrates, which in turn are placed
between two linear polarizers: a first linear polarizer 9014 that
is close to a backlight unit 920, and a second linear polarizer
9015 that is close to a viewer. The transmission axis of the
bottom polarizer 901a is set about 45° relative to the liquid
crystal rubbing direction, while the bottom and top polarizers
901a and 9015 are crossed to each other.

[0178] Theretardation film 902 has a phase retardation that
is designed to fully cancel the phase retardation from the
liquid crystal layer 909 in the transmissive region 921 at the
normal incidence when no pixel voltage (or a pixel voltage
that corresponds to a dark state) is applied, resulting in a dark
state in the transmissive region 921. The overall phase retar-
dation from the liquid crystal layer 909 itself in the reflective
region 922 is designed to be about A/4, where A is the wave-
length of the desired incident light. Thus, the combination of
the liquid crystal layer 909 and the top linear polarizer 9015
forms a circular polarizer that results in a dark state in the
reflective region 922 when no voltage (or a pixel voltage that
corresponds to a dark state) is applied.

[0179] Insome examples, when the retardation film 902 has
refractive indices n,>n,=n,, the biaxial retardation film 902
becomes a uniaxial positive A-plate. To uniquely define the
optical arrangement of the retardation film 902 with n,<n,



US 2010/0208176 Al

and n_<n, and its n_ perpendicular to the polarizer surface, we
can set its refractive indices n,<n, and assign its refractive
index n, along a certain direction. To increase the viewing
angle, another retardation film 903, which can be a uniaxial
C-plate, is placed between the film 902 and the bottom linear
polarizer 901a. In this example, the uniaxial C-plate has
refractive indices n,=n =n,.

[0180] FIG. 401is a graph 930 showing a V-R curve 931 and
a V-T curve 932 for the pixel of the display 900 (FIG. 39), in
which a negative liquid crystal material MLC-6608 is used.
The cell gap for the transmissive region 921 is 4.0 wum and the
cell gap for the reflective region 922 is 1.66 pm. Here, the
retardation film 902 is a positive A-plate with its principle
refractive indices n,=1.65, n,=1.55, n.=1.55 and its n, axis
along the liquid crystal rubbing direction at $=10° relative to
the x-axis. The thickness of the retardation film 902 (a posi-
tive uniaxial A-plate) is 3.32 um so that its phase retardation
is similar to that of the liquid crystal layer 909.

[0181] FIG. 41A shows an iso-contrast plot 940 for the
transmissive region 921, in which the C-plate 903 has refrac-
tive indices n,=n,=1.50, and n,=1.51, and a thickness of about
28.5 um. FIG. 41B shows the iso-contrast plot 945 for the
reflective region 922, which is same as the plot 635 for the
display 600 shown in FIG. 20. When the retardation film or
films are positioned between the lower substrate and the
lower linear polarizer, the retardation film or films do not
affect the viewing angle of the reflective region.

[0182] In some implementations, the display 900 of FIG.
39 can use a positive AE liquid crystal material, in which the
liquid crystal surface rubbing direction is set at about 80°.
[0183] FIG. 40 is a graph 930 showing the a V-R curve 931
and a V-T curve 932 for the display 900 in which a negative
A€ liquid crystal material is used. In this example, the param-
eters for the display 900 are the same as those for the display
600 (FIG. 20), except that the display 900 includes a positive
uniaxial A-plate 902 and an additional retardation film 903 (a
uniaxial C-plate). The V-R curve 931 and V-T curve 932
obtained from the normal incidence are the same as the V-R
curve 632 and V-T curve 633 (FIG. 22A), respectively.
[0184] FIG. 41A shows an iso-contrast plot 940 for the
display 900 operating in the transmissive mode. FIG. 41B
shows an iso-contrast plot 945 for the display 900 operating in
the reflective mode. Comparing the plots 945 and 635 (FIG.
22B), it can be seen that the viewing angle for the reflective
mode of displays 900 and 600 are similar. The viewing angle
for the transmissive mode of the displays 900 and 600 are
different.

[0185] FIG. 42 shows an iso-contrast plot 950 for the trans-
missive mode of the display 900 in which a positive A€ liquid
crystal material is used. In this example, the C-plate has
refractive indices n,=n,=1.50, and n,=1.51, and a thickness of
about 30 pm.

[0186] The transflective liquid crystal displays described
above each has a wide viewing angle and high transmittance
and reflectance. A single gray-scale control gamma curve can
be used for both transmissive and reflective modes. The dis-
plays can be made using a simple fabrication process that
does not involve any in-cell-retarder. The displays can be used
in various applications, such as portable displays for mobile
electronic devices.

[0187] A number of embodiments of the invention have
been described. Nevertheless, it will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the invention. For example, the compo-
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nents of the displays, such as the liquid crystal layer, the
polarization films, and the alignment layers, can use materials
and have parameters different from those described above.
When the display is operating in the transmissive mode in
which the backlight unit is turned on, some ambient light may
be reflected by the reflective pixel electrode, so the display
can operate in both the transmissive and reflective modes at
the same time. The electrode widths and electrode spacing
can be different from those described above. The geometry of
the common electrode and pixel electrode can be different
from those described above. For example, the openings and
the stripes in the common or pixel electrode can have varying
widths, can be curved, and can have various shapes.

[0188] The orientations of the liquid crystal molecules
described above refer to the directions of directors of the
liquid crystal molecules. The molecules do not necessarily all
point to the same direction all the time. The molecules may
tend to point more in one direction (represented by the direc-
tor) over time than other directions. For example, when we
say the liquid crystal molecules are aligned along a particular
direction, we mean that the average direction of the directors
of'the liquid crystal molecules is generally aligned along the
particular direction, but the individual molecules may point to
different directions.

[0189] Other implementations and applications are also
within the scope of the following claims.

What is claimed is:
1. A transflective liquid crystal display comprising:
a first transparent glass substrate;
a second transparent glass substrate, the first glass substrate
being positioned closer to a backlight module than the
second glass substrate;
a first linear polarizer;
a second linear polarizer, the first linear polarizer being
positioned closer to the backlight module than the sec-
ond linear polarizer;
a retardation film between the first and second linear polar-
izers;
pixels positioned between the first and second substrates,
each pixel comprising
a transmissive region having a liquid crystal layer having
a first thickness, the retardation film having a phase
retardation that compensates the phase retardation of
the liquid crystal layer in the transmissive region for
normal incident light to achieve a dark state when no
data voltage or a data voltage corresponding to a dark
state is applied to the pixel, and

a reflective region having a liquid crystal layer having a
second thickness, the second thickness being config-
ured such that a combination of the retardation film
and the liquid crystal layer in the reflective region has
a phase retardation in a range between 0.22A and
0.28) with respect to normal incident light to achieve
a dark state when no data voltage or a data voltage
corresponding to a dark state is applied to the pixel, A
being the wavelength of the light rays.

2. The display of claim 1 in which the first linear polarizer
has a transmission axis that is perpendicular to that of the
second linear polarizer, and the liquid crystal layer has a
rubbing direction that is at an angle in a range from 40 to 50
degrees relative to the transmission axis of the second linear
polarizer.
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3. The display of claim 1 in which the retardation film
comprises a biaxially stretched film having principle refrac-
tive indices n,, n,, and n_, in which n >n,and n,>n,,.

4. The display of claim 3 in which the n_ axis of the retar-
dation film is along a direction that is substantially perpen-
dicular to at least one of the first and second linear polarizers,
and the n,, axis of the retardation film is substantially parallel
to the rubbing direction of the liquid crystal layer.

5. The display of claim 1 in which a combination of the
second linear polarizer, the retardation film, and the liquid
crystal layer in the reflective region forms a circular polarizer.

6. The display of claim 1 in which the pixel comprises a
pixel electrode in both the transmissive and reflective regions,
a reflective electrode in the reflective region, and a common
electrode,

the pixel electrode, the reflective electrode, and the com-

mon electrode all being at a same side relative to the
liquid crystal layer.

7. The display of claim 6 in which the pixel electrode
comprises strips, the pixel electrode being positioned
between the common electrode and the liquid crystal layer.

8. The display of claim 6 in which the common electrode
comprises strips, the common electrode being positioned
between the pixel electrode and the liquid crystal layer.

9. The display of claim 1 in which the first thickness of the
liquid crystal layer in the transmissive region is configured to
cause the transmissive region to have a maximum brightness
when the pixel is operating in a bright state, in which increas-
ing or decreasing the thickness of the liquid crystal layer in
the transmissive region tends to cause the brightness of the
pixel to decrease when operating in the bright state.

10. The display of claim 1 in which the liquid crystal layer
comprises a negative dielectric anisotropic liquid crystal
material.

11. The display of claim 10 in which the liquid crystal layer
has an initial surface rubbing angle aligned at an angle in a
range from 55° to 85° with respect to the lengthwise direction
of the electrode strips.

12. The display of claim 1 in which the liquid crystal layer
comprises a positive dielectric anisotropic liquid crystal
material, the common electrode comprises strips and is posi-
tioned between a pixel electrode and the liquid crystal layer,
and the liquid crystal layer has an initial surface rubbing angle
aligned at an angle in a range from 5° to 35° with respect to the
lengthwise direction of the common electrode strips.

13. The display of claim 1, further comprising a first com-
pensation film and a second compensation film, the first com-
pensation film being closer to a backlight unit than the second
compensation film, the first and second compensation films
being at opposite sides relative to the liquid crystal layer, the
first and second compensation films having refractive indices
configured to compensate an effective angle deviation of the
first and second linear polarizers for off-axis incident light
and reduce off-axis light leakage.

14. The display of claim 13 in which the first and second
compensation films comprise a positive uniaxial A-plate hav-
ing refractive indices n,>n,=n, and a negative A-plate having
refractive indices n <n =n_.

15. The display of claim 13 in which the optic axes of the
first and second compensation films are either parallel to or
perpendicular to the transmission axes of the first and second
linear polarizers.
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16. The display of claim 1, further comprising a second
retardation film that comprises a uniaxial C-plate positioned
between the first and second linear polarizers and having
refractive indices n,=n =n,.
17. The display of claim 1 in which the liquid crystal layer
has liquid crystal molecules that are aligned substantially
parallel to the glass substrates when the pixel is operating in
a dark state.
18. A transflective liquid crystal display comprising:
a first transparent glass substrate;
a second transparent glass substrate, the first glass substrate
being positioned closer to a backlight module than the
second glass substrate;
a first linear polarizer;
a second linear polarizer, the first linear polarizer being
positioned closer to the backlight module than the sec-
ond linear polarizer;
a first retardation film;
pixels positioned between the first and second substrates,
each pixel comprising
atransmissive region having a liquid crystal layer having
a first thickness, the first retardation film having a
phase retardation that cancels the phase retardation of
the liquid crystal layer in the transmissive region for
normal incident light when the pixel is operating in a
dark state, and

a reflective region having a liquid crystal layer having a
second thickness such that the liquid crystal layer in
the reflective region has a phase retardation in a range
between 0.22A and 0.28A with respect to normal inci-
dent light when the pixel is operating in the dark state,
A being the wavelength of the light rays.

19. A method of operating a transflective liquid crystal
display, the method comprising:

using a retardation film to impart a first phase retardation to
normal incidence light to compensate a second phase
retardation imparted to the light rays by a liquid crystal
layer in a transmissive region of a pixel of the display to
achieve a dark state when no data voltage or a data
voltage corresponding to a dark state is applied to the
pixel; and

using a combination of the retardation film and a liquid
crystal layer in a reflective region of the pixel to impart
a phase retardation in a range between 0.22A and 0.28A
to normal incidence light to achieve a dark state when no
data voltage or a data voltage corresponding to a dark
state is applied to the pixel, A being the wavelength of the
light rays.

20. The method of claim 19, further comprising generating
fringe electric fields in the liquid crystal layer, the fringe
electric fields having components parallel to the liquid crystal
layer surface, by applying a data voltage between a pixel
electrode and a common electrode in the transmissive region,
and applying the data voltage between a reflective electrode
and the pixel electrode in the reflective region, in which the
pixel electrode, the reflective electrode, and the common
electrode are all at a same side relative to the liquid crystal
layer.
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