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(57) ABSTRACT

A transflective liquid crystal display having at least one
reflective region 122 and at least one transmissive region
121. The display comprises a first polarizer 5, a second
polarizer 100 opposing the first polarizer 5, two twisted
nematic liquid crystal layers 30, 60 between said first and
second polarizers 5, 100 and a reflector 110 for reflecting
light passing though the reflective region 122 of the display.
The twisted nematic liquid crystal layers 30, 60 have oppo-
site twist directions to each other. The second twisted
nematic liquid crystal layer 60 improves the contrast of the
display. The display may have a double cell arrangement, in
which case there may be a single cell gap or a double cell
gap. Alternatively, the display may have a single cell
arrangement in which case the second twisted nematic liquid
crystal layer is a temperature dependent retardation film 65.
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TRANSFLECTIVE LIQUID CRYSTAL DISPLAY

FIELD OF THE INVENTION

[0001] The present invention relates to a transflective
liquid crystal display.

BACKGROUND TO THE INVENTION

[0002] Liquid crystal display types are divided into three
kinds: a transmissive LCD which uses a backlight to provide
illumination, a reflective LCD which reflects ambient light,
and a transflective LCD which uses both a backlight and
ambient light. A transmissive LCD is an ineffective light
converter and only transmits about 3% to 8% of light from
its backlight. Therefore transmissive LCDs require a back-
light device having high brightness, leading to high power
consumption. Reflective LCDs use ambient light for imag-
ing, thus saving power consumption. However, although
reflective LCDs can be used during the daytime, or in
environments where external light exists, they cannot be
used at night or under poor ambient lighting conditions.

[0003] Furthermore, the market demand for outdoor LCD
applications is expanding. [.CDs are needed for mobile
navigator/video systems, PDAs, personal organizers, Tablet
PCs, notebook computers, and Kiosk displays etc. Regular
transmissive LCDs are of limited use for these applications
because they are very difficult to read under strong ambient
light. Therefore high brightness LCDs are sometimes used
for outdoor applications. However, due to the high power
backlight, high brightness LCDs suffer from high power
consumption, excessive heat generation, increased dimen-
sions, electrical circuit alterations, and shortened LCD life-
time.

[0004] In order to overcome the above drawbacks of
transmissive and reflective LCDs, transflective LCDs have
been developed to allow good legibility under any ambient
light environment. In most transflective LCD displays each
pixel is divided into reflective and transmissive sub-pixels.
The transmissive sub-pixel does not have a reflector so it
allows light from the backlight to pass through it and
operates in transmission mode. Meanwhile, the reflective
sub-pixel has a reflector for reflecting ambient light so that
it can operate in reflective mode. Transflective LCDs operate
well under all light conditions.

[0005] U.S. Pat. No. 7,015,997 teaches a method of pro-
ducing a transflective liquid crystal display with a single cell
gap, by partial switching of the pixels of approximately 45
degrees in the reflective pixel region of the single cell gap.
This is achieved by applying fringing fields, generated by a
discontinuous electrode, to the molecules in the reflective
pixel region of the cell gap.

[0006] U.S. Pat. No. 6,989,878 discloses a transflective
twisted nematic liquid crystal display with cell gap spacing
in the transmission portion of the transflective LCD being
approximately triple the cell gap spacing in the reflection
portion of the transflective LCD.

[0007] U.S. Pat. No. 6,801,281 discloses a single cell gap
transflective liquid crystal display with a slant reflector built
on the path of the backlight. Light from the backlight thus
traverses the reflective pixel portion twice and thereby
follows a path similar to that of the ambient light.
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[0008] US Patent Application 20060098114 disclose an
array substrate for a transflective liquid crystal display
device with a discontinuous transmissive electrode having a
plurality of transmissive electrode portions and a reflector
comprising a plurality of discontinuous reflector portions,
the transmissive electrode portions and reflector portions are
alternately disposed in order to optimise the light efficiency
in both reflection and transmission modes.

[0009] US Patent Application 20050248697 discloses an
LCD assembly comprising a backlight an liquid crystal
panel and an optical element. The liquid crystal panel
comprises a liquid crystal layer between two polarizers. The
optical element comprises a liquid crystal layer between two
glass substrates, but no polarizers. The optical element may
be switched between a reflective mode in which it reflects
light and a transmissive mode in which it transmits light. In
this way the assembly may be switched between reflective
and transmissive modes. but the pixels are not split into
reflective and transmissive sub-pixels. Rather in the reflec-
tive mode each pixel acts in an entirely reflective manner
and in the transmissive mode each pixel acts in an entirely
transmissive manner. In this way it is hoped to maximize the
brightness of the display.

[0010] US Patent Application 20050151902 disclose a
transflective liquid crystal display with a single LC cell gap.
A liquid crystal cell wall structure between the upper and
lower substrates creates a first channel at reflective region
and a second channel at transmissive region. The first and
second channels may be filled with different liquid crystal
materials. The first an second channels do not overly each
other, so in general light passing through the display either
passes through the first liquid crystal material (in the reflec-
tive region) or the second liquid crystal material (in the
transmissive region) but not both.

SUMMARY OF THE INVENTION

[0011] The present invention aims to provide a transflec-
tive liquid crystal display with one or more of the following
properties: good contrast, a wide viewing angle and/or light
efficiency in both reflective and transmissive modes.

[0012] A first aspect of the invention provides a transflec-
tive liquid crystal display having at least one reflective
region and at least one transmissive region, the display
comprising:

[0013] a first polarizer;
[0014] a second polarizer opposing the first polarizer;
[0015] two twisted nematic liquid crystal layers

between said first and second polarizers; and

[0016] areflector for reflecting light passing through the
reflective region of the display;

[0017] wherein said twisted nematic liquid crystal lay-
ers have opposite twist directions to each other.

[0018] Forexample, the first twisted nematic liquid crystal
(TN LC) layer may have right handed twist while the second
TN LC layer may left handed twist. Alternatively the first
TN LC layer may have left handed twist while the second
TN LC layer has night handed twist. As the two TN LC
layers which have opposite twist directions (also known as
opposite twist sense), the contrast of the display is improved.
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[0019] The first and second twisted nematic liquid crystal
(TN LC) layers should overlie each other so that light
passing between the first and second polarizers passes
through both TN LC layers.

[0020] There are one or more reflectors for reflecting light
passing through the reflective region(s) of the display. Pref-
erably, the reflector(s) extend across only the reflective
region(s), not the transmissive regions of the display. Pref-
erably the reflector or reflectors are positioned behind the
first and second TN LC layers (i.e. the first and second TN
LC layers are between the first polarizer and the reflector).
In the preferred embodiment the reflector(s) are positioned
behind the second polarizer.

[0021] Preferably a first one of said twisted nematic liquid
crystal layers is an active layer. Preferably a second one of
said twisted nematic liquid crystal layers is a passive layer.
An active layer is a layer whose twist angle (of the liquid
crystals) can be varied by application of a voltage, e.g.
through a pair of electrodes; a passive layer is a layer which
does not have electrodes for varying the twist of the liquid
crystals.

[0022] Preferably the active TN LC layer is the layer
positioned nearer the front of the display; for example when
the first layer is the layer closest /adjacent the first (front)
polarizer and second layer is layer closest/adjacent the
second (rear) polarizer, it is preferred that the first TN LC
layer is the active layer.

[0023] Preferably the twist angles of each of TN LC layers
are substantially the same. By substantially the same it is
meant that the twist angles are the same or that they differ
by no more than 3 degrees. E.g. if the first TN LC layer has
a twist angle of 60 degrees, the the second TN LC layer
could have a twist angle of 57 degrees or 63 degrees.

[0024] Preferably the twist angles of the two twisted
nematic LC layers are within the range from 50 degrees to
120 degrees, more preferably 80 to 100 degrees, even more
preferably 85 to 95 degrees and in one embodiment 90
degrees. These twist angles have been found to give good
contrast to the display. As mentioned above, the direction of
twist (i.e. the sign of the twist angle) in the two layers is
opposite to each other.

[0025] Preferably the retardation values of the two TN LC
layers are similar. By similar it is meant that the retardation
values of the two TN LC layers do not differ from each other
by more 50 nm. Most preferably the retardation values of the
two TN LC layers are the same. This helps to improve the
contrast of the display.

[0026] Preferably the rubbing directions of said two
twisted nematic L.C layers are perpendicular to each other or
within 3 degrees of the perpendicular; i.e. the two TN LC
layers should have rubbing directions that are between 87 to
93 degrees to each other (inclusive), most preferably at 90
degrees to each other. This helps to improve the contrast of
the display.

[0027] The active TN LC layer may have one or more
electrodes for controlling the twist angle of the liquid
crystals in the layer. For example, the electrodes may be on
substrates on either side of the TN LC layer. The electrodes
may be formed of ITO (Indium Tin Oxide), zinc oxide series
materials, titanium oxide series materials, indium oxide-zinc
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oxide series materials, Ga doped zinc oxide series materials,
p-type oxide materials, or any other suitable materials, as
will be apparent to a person skilled in the art.

[0028] Preferably the LCD is a colour display. It may have
red, green and blue pixels, each with their own transmissive
and reflective sub-pixels. Preferably the display is arranged
such that the reflective and transmissive sub-pixels have the
same grayscale/colour grayscale. By grayscale/colour gray-
scale it is meant that the reflective and transmissive sub-
pixels are controlled by the same control voltage so that
when the reflective sub-pixel is at its maximum reflectivity,
the transmissive sub-pixel is at its maximum transmissivity.
This may be achieved by arranging the reflective and
transmissive sub-pixels to retard light passing through them
by the same amount (e.g. by using a double cell gap structure
or a patterned polarizer as discussed in more detail below).

[0029] Preferably both the first and second twisted nem-
atic liquid crystal layers are cells, i.e. the display has a
double cell structure. A cell comprises a TN LC layer
attached to a substrate, such as glass, in a known manner and
at a particular rubbing angle. Each L.C cell usually comprises
first and second substrates and a liquid crystal layer between
the substrates. Therefore a double cell LCD will usually
have first, second and third substrates with LC layers
between the first and second and second and third substrates.
Preferably the thickness of the first and second LC layers is
the same.

[0030] Alternatively, however, the LCD may use a retar-
dation film comprising liquid crystals, instead of one of the
LC cells. This has the advantage of reducing the thickness of
the display, but cannot provide the same display quality in
terms of contrast etc. Preferably the retardation film is a
temperature dependent retardation film so as to compensate
for the active LC layer over a range of temperatures.

[0031] Thus, in some embodiments the display may have
a single cell gap arrangement. A single cell gap means that
the liquid crystal layers have the same thickness in both
transmissive and reflective regions of the display. For
example, the display may have a plurality of pixels, at least
some of the pixels having a transmissive sub-pixel and a
reflective sub-pixel; the transmissive and reflective sub-
pixels having the liquid crystal layers of the same thickness.
The single cell gap arrangement should exist in both layers,
i.e. both the first and second TN LC layers have uniform
thickness across the transmissive and reflective regions. A
single cell gap arrangement has the advantage that it is easy
to manufacture.

[0032] However, in other embodiments the display does
not have a single cell gap arrangement. There are some
advantages if the liquid crystal layers have a different
thickness in the transmissive regions of the display com-
pared to the reflective regions of the display. In general the
phase retardation experienced by light passing through the
reflective region of the display will be greater than that
experienced by light passing through the transmissive region
of the display because the reflected light passes through the
TN LC layers twice. Therefore, by making the TN LC layers
thicker in the transmissive regions than the reflective
regions, the difference in phase retardation can be reduced or
eliminated. The transmissive and reflective regions may be
transmissive and reflective sub-pixels.

[0033] Where the LCD has LC layers of different thick-
ness in the transmissive and reflective regions, the liquid
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crystal layers in the reflective regions preferably have half
the thickness of the liquid crystal layers in the transmissive
regions or sub-pixels of the display. This is known as a
double cell-gap arrangement.

[0034] One of the first and second polarizers may be a
patterned polarizer which has different angles of polarizing
axes in transmissive and reflective regions. This enables the
phase retardation between the reflective and transmissive
regions to be equalized. A patterned polarizer is especially
useful for the single cell gap arrangement which may
otherwise have very different phase retardations in the
reflective and transmissive regions.

[0035] Preferably the first polarizer (positioned at or near
the front of the display) is the patterned polarizer.

[0036] Preferably the angles of polarizing axes in the
transmissive and reflective regions are chosen to maintain
the same electro-optical performance in the transmissive and
reflective regions. For example the angles are chosen such
that the phase retardation undergone by light passing
through the reflective region and light passing through the
transmissive region of the pixel is the same; or more
precisely ambient light passing through the front polarizer
reflected by reflector back through front polarizer experi-
ences substantially the same phase retardation as light
passing from a backlight through second and first polarizers.

[0037] A retarder, such as a quarter wave plate, may be
provided in the reflective regions of the display in order to
improve the contrast. The retarder may, conveniently, be
positioned between the first polarizer and the first (front) one
of said two TN LC layers.

[0038] The retarder may be a patterned retarder arranged
for retarding light passing through the reflective regions of
the display by a different amount to light passing through the
transmissive regions of the display. Preferably the retarder
does not retard light passing through the transmissive
regions, but retards light passing through the reflective
regions. This is because it has been found that a retarder
helps to improve the contrast of the reflective regions, but
can decrease the contrast in the transmissive regions.

[0039] A second aspect of the present invention provides
a transflective liquid crystal display having at least one
transmissive region and at least one reflective region;

[0040] first and second polarizers opposing each other
and spanning said regions;

[0041] a first twisted nematic LC layer between said
first and second polarizers, and

[0042] a reflector for reflecting light passing through
said at least one reflective region;

[0043] wherein one of said first and second polarizers
has a first part overlying said transmissive region and a
second part overlying said reflective region, said first
and second parts having different polarization axes.

[0044] As the polarizer has first and second parts, the
phase retardation between the reflective and transmissive
modes of the display can be made similar. This has the
advantage of enabling the same control voltage to be used to
achieve the same gray-scale effect (transmittance or reflec-
tance) in both modes and may optimize the efficiency of both
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modes and the brightness of the display (as both modes will
have maximum brightness at the same control voltage).

[0045] Preferably said one of said first and second polar-
izers having said first and second parts is the first polarizer,
which is positioned towards the front of the display (the light
emitting end of the display).

[0046] The display may have a plurality of pixels, at least
some of said pixels having a transmissive region (or sub-
pixel) and a reflective region (or sub-pixel). In that case the
first and second polarizers preferably span all of said pixels.
The first polarizer is then patterned so that parts overlying
reflective regions of the display have different axes of
polarization to parts overlying transmissive regions of the
display.

[0047] Preferably there is a second twisted nematic LC
layer between said first twisted nematic LC layer and said
second polariser, wherein said first and second twisted
nematic LC layers have twist directions which are opposite
to each other. This improves the contrast of the display.

[0048] One of said twisted nematic LC layers is an active
layer and the other may be a passive layer fixed between two
substrates. This is called a double cell arrangement. Usually
each layer will be fixed between a pair of substrates. The
thicknesses of the first and second twisted nematic LC layers
in the double-cell arrangement should be the same.

[0049] Preferably the active layer is the twisted nematic
LC layer nearest to the front of the display.

[0050] Alternatively, instead of a double-cell arrangement,
one of said twisted nematic L.C layers may be an active layer
while the other one of said twisted nematic LC layers is a
retardation film comprising liquid crystals with opposite
twist direction to the liquid crystals in the active layer.
Preferably the retardation film is a temperature dependent
retardation film, so that it can compensate for the other
twisted nematic LC layer over a range of temperatures. This
arrangement is called a single cell arrangement as the LCD
then has a single LC cell and a LC retardation film, rather
than two LC cells. This single cell arrangement has the
advantage of providing a thinner display than a double cell
arrangement. However, the improvement in contrast may
not be quite as good.

[0051] Except where logic or the context demands other-
wise, the second aspect of the invention may have any of the
features of the first aspect of the invention, described above.

[0052] A third aspect of the present invention provides a
double cell twisted nematic transflective liquid crystal dis-
play comprising two twisted nematic liquid crystal layers
having a plurality of pixels, wherein some of said pixels are
divided into reflective and transmissive sub-pixels and
wherein a first one of said twisted nematic liquid crystal
layers has an opposite twist direction to the second one of
said twisted nematic crystal layers

[0053] The reflective sub-pixels are arranged to use exter-
nal light while the transmissive sub-pixels to use light from
a backlight. For example, the reflective sub-pixels are opet-
able to reflect light passing into the display, for example by
a reflector positioned behind the reflective sub-pixel, while
the transmissive sub-pixels being operable to transmit light
from a backlight.
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[0054] The display has first and second TN LC layers
which overly each other, so that light passing between the
first and second polarizers passes through both TN LC
layers.

[0055] Preferably one of said first and second polarisers
(most preferably the first polarizer) is patterned so that parts
of the polarizer overlying transmissive regions of the pixels
and parts of the polarizer overlying reflective regions of the
pixels have different polarization axes. Alternatively the
display may have a double cell gap where the thickness of
the TN LC layers in the transflective sub-pixels is double the
thickness in the reflective sub-pixels.

[0056] Except where logic or the context demands other-
wise, the third aspect of the present invention may have any
of the features of the first aspect discussed above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0057] Embodiments of the present invention will now be
described, by way of example only, with reference to the
accompanying drawings, in which:

[0058] FIG. 1 shows the structure of a transmissive sub-
pixel of a transflective double cell twisted nematic LCD;

[0059] FIG. 2 shows the structure of a reflective sub-pixel
of a transflective double cell twisted nematic LCD;

[0060] FIG. 3 shows a pixel of a transflective double cell
twisted nematic LCD having a double cell gap arrangement;

[0061] FIG. 4 shows a pixel of a transflective double cell
twisted nematic LCD having a single cell gap arrangement;

[0062] FIG. 5 shows a pixel of a transflective double cell
twisted nematic LCD having a single cell gap arrangement
and a patterned polarizer;

[0063] FIG. 6 shows a pixel of a transflective single cell
twisted nematic LCD having a single cell gap arrangement,
a patterned polarizer and a temperature dependent retarda-
tion film in place of the second LC cell;

[0064] FIG. 7 shows the polarization axes of the polarizers
and rubbing directions of the LC layers in a transmissive
sub-pixel;

[0065] FIG. 8 shows the polarization axes of the polarizers
and rubbing directions of the LC layers in a reflective
sub-pixel;

[0066] FIG.9 shows the polarization axes of the polarizers
and rubbing directions of the LC layers in a reflective
sub-pixel having a retarding film overlying the first LC layer
of the reflective sub-pixel;

[0067] FIG. 10 is a graph showing the transmittance
versus voltage curve for liquid crystals having different twist
angles;

[0068] FIG. 11 is a table showing the color coordinates for

a reflective region of a transflective lcd for different twist
angles in the active TN LC layer;

[0069] FIG. 12 is a table comparing the contrast measured
for single and double cell LCDs in both reflective and
transflective modes;

[0070] FIG. 13 shows a temperature dependent retardation
film between two substrates; and
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[0071] FIG. 14 shows an anti-reflection layer coated on a
substrate.

DETAILED DESCRIPTION

[0072] The present invention relates to a transflective
liquid crystal display (LCD) which has at least one reflective
region and at least one transmissive region; preferably a
plurality of reflective regions and a plurality of transmissive
regions.

[0073] In the preferred embodiment, the display has a
plurality of pixels and each pixel is divided into a reflective
sub-pixel and a transmissive sub-pixel. However, in alter-
native embodiments, it would be possible for the transmis-
sive and reflective regions to comprise one or more entire
pixels, rather than sub-pixels.

[0074] FIG. 1 shows a transmissive sub-pixel of a trans-
flective twisted nematic (TN) liquid crystal display. It com-
prises a first (front) polarizer 5 which is provided opposite
a second (rear) polarizer 100. First and second twisted
nematic liquid crystal (TN LC) layers 30, 60 are provided
between the first and second polarizers 5, 100. The first and
second TN LC layers overlie each other so that light passing
from the first polarizer to the second polarizer must pass
through both TN LC layers.

[0075] The first TN LC layer 30 is mounted between
substrates 10 and 50, while the second TN LC layer is
mounted between substrates 50 and 70. Any suitable type of
twisted nematic liquid crystals may be used for the TN LC
layers. The substrates are substantially transparent and may,
for example, be made of glass.

[0076] The first TN LC layer 30 is provided between two
electrodes 20, 40 which are formed on surfaces of the
substrates 10, 50 and are preferably substantially transpar-
ent. The electrodes may, for example, be made from ITO
(Indium Tin Oxide), zinc oxide series materials, titanium
oxide series materials, indium oxide-zinc oxide series mate-
rials, Ga doped zinc oxide series materials, or p-type oxide
materials. Other possibilities will be apparent to a person
skilled in the art. An alignment film is formed on each
electrode for attachment to liquid crystals in the first LC
layer 30 in a desired alignment. The alignment film may, for
example, be made from a resin material such as polyimide.

[0077] The angle of twist of the liquid crystals in the first
TN LC layer 30 is controlled by the voltage applied between
the two electrodes 20, 40. When no voltage is applied
between the electrodes, the twist angle of the liquid crystals
in the layer 30 is preferably between 50 and 120 degrees;
more preferably between 80 and 100 degrees; even more
preferably between 85 and 95 degrees, and in one preferred
embodiment 90 degrees. When a voltage is applied between
electrodes, the twist of the liquid crystals is changed accord-
ing to the voltage applied and at a certain voltage the liquid
crystals may be untwisted (i.e. zero twist angle) so that they
do not change the phase of light passing through the layer.
In this patent specification, if the angle of twist is referred to
without specifying the voltage between the electrodes, then
it is the angle of twist when there is no voltage between the
electrodes, which is being referred to.

[0078] The display has a second TN LC layer 60 between
substrates 50 and 70. Alignment films may be coated on the
substrates 50 and 70 to attach to liquid crystals molecules in
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the layer 60 at a desired alignment. The inventors have found
that addition of this second layer of TN LC improves the
contrast and may also improve the viewing angle of the
display.

[0079] The direction of the angle of twist of the liquid
crystal molecules in the second TN LC layer 60 is opposite
to that of the direction of the angle of twist of the liquid
crystal molecules in the first TN LC layer 30 (when no
voltage is applied to the electrodes). That is the two TN LC
layers 30, 60 have opposite handed twist. For example the
first layer 30 may have right handed twist and the second
layer 60 left handed twist or vice versa. The rubbing
directions of the liquid crystals in the first and second layers
30, 60 are preferably perpendicular to each other with a
tolerance of plus or minus 3 degrees. These characteristics
have been found to give an improved contrast for the
display.

[0080] As the first TN LC layer 30 is controlled by
electrodes and the second TN LC layer 60 has no electrodes,
the first layer is sometimes referred to as the ‘active layer’
while the second layer may be referred to as the ‘passive
layer’.

[0081] Preferably, the first (front) 5 and second (back) 100
polarizers have axes of polarization (also known as axes of
transmission) which are perpendicular to each other, as this
helps to maintain a good dark state for the display.

[0082] In use, a backlight (not shown) transmits light
through the second polarizer 100, second TN LC layer 60,
and first TN LC layer 30 to the first polarizer 5. As will be
appreciated by a person skilled in the art, the transmitted
light is polarized by the second polarizer 100 and its
polarization state is then modified by its passage through the
second and first TN LC layers 60, 30 by an amount which
depends on the twist angle of the liquid crystals in the first
layer 30, which is controlled by the electrodes 20, 40. Light
which has a polarization aligned with the polarization axis of
the first polarizer pass through the first polarizer 5 to the
front of the display. Thus, the intensity of light transmitted
by the sub-pixel is controlled by the voltage between the
electrodes 20, 40.

[0083] FIG. 2 shows a reflective sub-pixel and like refer-
ence numerals are used to denote the same parts as in FIG.
1. The two are very similar, so only the differences between
the reflective sub-pixel of FIG. 2 and the transmissive
sub-pixel of FIG. 1 will now be described. The reflective
sub-pixel has a reflector 110 positioned behind the polarizer
100.

[0084] There is no-backlight for the reflective sub-pixel,
or alternatively any light from the backlight is blocked from
entering the reflective sub-pixel by the reflector 110.

[0085] In use, ambient light enters the reflective sub-pixel
through first polarizer 5 and is linearly polarized along the
axis of polarization of the first polarizer 5. The light then
passes through first and second TN LC layers 30, 60 and the
second polarizer 100 and is reflected by the reflector 110 so
that it passes back through the first and second TN LC layers
30 and 60 and back to the first polarizer 5. The polarization
of state of the light is modified by this journey and the exact
change in polarization can be varied by changing the twist
angle of the first TN LC layer by varying the voltage
between the electrodes 20, 40. Light, which, after this

Jan. 3, 2008

journey, has a polarization, aligned with the polarization axis
of the first polarizer passes through the first polarizer 5 to the
front of the display. The intensity of the reflected light
leaving the reflective sub-pixel is thus controlled by the
voltage between the electrodes 20, 40.

[0086] Inthe preferred embodiments, the transmissive and
reflective sub-pixels will combine to form a single pixel with
a single electrode potential. That is the electrodes 20, 40 of
both transmissive and reflective sub-pixels share a common
potential and are not independent of each other.

[0087] The thickness of the electrodes should be chosen to
minimize their reflectance (which can seriously detract from
the contrast of the reflective sub-pixel), while maintaining
an acceptable electrode resistance (i.e. the resistance should
not be too high). 130-135 nm is an example of one suitable
thickness, but other thickness will be possible as will be
apparent to a person skilled in the art.

[0088] FIG. 3 shows a pixel of a transflective double cell
IN LCD, according to a first embodiment of the present
invention, which employs a ‘double cell gap’. The pixel
comprises a transmissive region or sub-pixel 121 to the left
of dashed line 120 and a reflective region or sub-pixel 122
to the right of dashed line 120. The pixel comprises first and
second polarizers 5, 100, substrates 10, 50, 70, first and
second TN LC layers 30, 60 and a reflector 110 as have been
described for the sub-pixels above with reference to FIGS.
1 and 2.

[0089] Tt will be noted that the reflector 110 only extends
across the reflective region, not the transmissive region, of
the display.

[0090] The display is said to have a ‘double cell gap’
because, the thickness d of the first liquid crystal laver 30 in
the reflective sub-pixel is half the thickness d/2 of the first
liquid crystal layer 30 in the transmissive sub-pixel. Impor-
tantly, the same is true of the second liquid crystal layer: it
1s only half thickness in the reflective sub-pixel compared to
the transmissive sub-pixel. This double cell gap arrangement
keeps the electro-optical performance the same for both
sub-pixels.

[0091] The reason is that light passing through the trans-
missive sub-pixel passes the liquid crystal layers 30, 60 only
once, but light passing through the reflective sub-pixel
passes through the layers twice because it is reflected.
Therefore the double cell gap arrangement maintains the
same phase retardation (due to passage through the TN LC
layers) in both sub-pixels. Accordingly, the control voltage
that provides maximum transmittance of the transmissive
sub-pixel should also provide maximum reflectance of the
reflective sub-pixel and thus brightness of the display can be
maximized.

[0092] Inthe double cell gap arrangement the space which
is not taken up by the TN liquid crystals in the reflective
sub-pixel is preferably be taken up by a substantially trans-
parent material. For example, the electrode 40 may be
expanded in the reflective sub-pixel to take up the extra
space (so as shown in FIG. 3 the electrode 40 has a thinner
portion 41 in the transmissive region and a thicker portion 42
in the reflective region). Alternatively the front electrode 20
may be expanded in a similar manner, or both electrodes 20,
40 may be expanded. In the second liquid crystal layer a
substantially transparent material 75 is coated on an inner



US 2008/0002107 A1l

surface of the substrate 70 (as shown in FIG. 3) in order to
reduce the thickness of the second liquid crystal layer 60 in
the reflective sub-pixel. The substantially transparent mate-
rial 75 may be the same material as used to form electrode
40 (thus in effect forming an electrically unconnected elec-
trode on the substrate 70). Alternatively the material 75 may
be coated on an inner surface of substrate SO, or both
substrates 50, 70.

[0093] Preferably the polarization axes of the first and
second polarizers 5, 100 are perpendicular to each other.
This helps the display to provide a black and white display
image with a high contrast without giving rise to color, or a
coloured image with high contrast.

[0094] FIG. 4 shows a second embodiment of the present
invention. The second embodiment has the same configu-
ration as the first embodiment except that it uses a single cell
gap. By single cell gap, it is meant that the thickness of the
liquid crystal layers 30, 60 is substantially the same in the
reflective and transmissive sub-pixels; i.e. the thickness does
not vary between the transmissive and reflective sub-pixels.
Like reference numerals are used to denote the same parts as
in the previously described figures.

[0095] 1Inthe embodiment of FIG. 4, since both light from
the back light and ambient light follow basically the same
path. This single cell gap arrangement can save costs since
this scheme does not require a major extra component to
form the discontinuous electrode (such as 41, 42 in FIG. 3),
as a normal continuous electrode 40 is used. In the case of
a double cell gap (as in FIG. 3), an extra thick inorganic
layer (e.g. SiO,) is required to form the double cell gap
structure (the inorganic layer is between the substrates and
the electrodes). Moreover, as the cell gap is the same, the
response time of the reflective and transmissive sub-pixels in
the single gap structure should be the same.

[0096] In some prior art single cell transflective LCDs
there was a “different color saturation’ problem that once
light had passed through the display it had a different color
coordinate to the light source. The inventors have found that
the “different color saturation” problem that existed in some
prior art single cell transflective LCDs (LCDs with only a
single LC layer), does not appear (or is much reduced) in the
double cell transflective LCD illustrated in FIGS. 3-5 and
nor does it appear (or at least i1s much reduced) in the single
cell arrangement of FIG. 6 which will be discussed later.
One drawback of the configuration shown in FIG. 4 is that
the change of phase retardation in the transmissive sub-pixel
and the reflective sub-pixel is not the same. Therefore the
normalized transmittance and reflectance are not matched.

[0097] A third embodiment of the present invention, illus-
trated in FIG. 5, has been designed to overcome the above-
mentioned transmittance and reflectance matching problem.
The arrangement of FIG. 5 is similar to FIG. 4, and like
reference numerals are used to denote like parts. The dif-
ferences will now be described. The first polarizer 5 is
patterned so that the part of the polarizer 5a extending over
the transmissive sub-pixel has a different axis of polarization
to the part of the polarizer 5b extending over the reflective
sub-pixel. The differences between the axes of polarization
of the two parts Sa and 5b are chosen such that the phase
retardation between the two sub-pixels is matched such that
the same control voltages can be used and transmission and
reflectance efficiency maximized. Alternatively, the same
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effect could be achieved by patterning the rear polarizer 100
instead of the front polarizer 5.

[0098] As will be apparent to a person skilled in the art the
polarization axes of the first and second parts 5a and 56 of
the polarizer are chosen to match the transmittance versus
voltage curve and the reflectance versus voltage curve.

[0099] Optionally, a patterned quarter wave retardation
plate 6 can be inserted between the substrate 10 and the first
polarizer 5. The patterned quarter wave retardation plate is
patterned to act as a quarter wave retardation plate in the
reflective sub-pixel and to let light pass without phase
retardation in the transmissive sub-pixel. This has the effect
of increasing the contrast of the reflective sub-pixel (which
increased by quarter wave retardation), without adversely
affecting the contrast of the transmissive sub-pixel (which
would be reduced by quarter wave retardation).

[0100] An antireflective layer may provided at the front of
the display, e.g. on top of the first polarizer 5. It provides a
fanction of improving the contrast, by minimizing reflection
in the dark state of the sub-pixel.

[0101] The refractive index of the anti-reflection layer is
chosen so as to minimize reflection in the dark state of the
pixel. The optimal refractive index of the AR layer can be
found from the following equation:

R L S

no+n o+,

where n, is the refractive index of air, n, is the refractive
index of the anti-reflection layer and n_, is the refractive
index of the substrate 10 (e.g. glass).

[0102]
(T

[0103] And as the refractive index of air n, is 1, the
refractive index of the antireflective layer should ideally be
equal to the square root of the refractive index of the
substrate material, e.g. the square root of the refractive of
glass; which depends on the glass, but may be approximately
1.23. Currently there is no ideal material that has a suffi-
ciently low refractive index and can be deposited in durable
thin layers. Accordingly a multiple layer antireflective coat-
ing can be used. The antireflective layer may thus comprise
two or more distinct layers of different materials having
different refractive indexes.

[0104] In one preferred embodiment, illustrated in FIG.
14, the antireflective layer comprises three separate layers. A
CeF3 layer 210 with a refractive index of 1.65 coated onto
the substrate 10, a ZrO2 layer 220 with a refractive index of
2.10 coated on top of the CeF; layer, and a MgF, layer 230
with a refractive index of 1.38 coated on top of the ZrO,
layer.

[0105] The thickness and the refractive index of the CeF,,
710, and MgF, layers are 90 nm and 1.62; 260 nm and 2.1;
and 100 nm and 1.38 respectively. These thicknesses may
vary by plus or minus 20 nm.

This leads to

[0106] A fourth embodiment of the present invention is
illustrated in FIG. 6. The fourth embodiment is the same as
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the third embodiment, except as will now be described, and
like reference numerals denote like parts as in the other
figures.

[0107] Inthe fourth embodiment, the second liquid crystal
layer 60 (and accompanying substrate 70) are replaced by a
temperature dependent retardation film 65. The temperature
dependent retardation film compensates the optical perfor-
mance of twisted nematic panel over a wide range of
temperature conditions and helps to improve the contrast of
the display in a similar manner to the second liquid crystal
layer 60, which is illustrated in the other embodiments. One
advantage of this approach is that the thickness of the LCD
is greatly reduced. However, the improvement in contrast,
although good, is not quite as good as for the double cell
approach.

[0108] FIG. 13 shows the structure of one possible tem-
perature dependent retardation film which could be used
with the present invention. The film 65 contains liquid
crystals and has a twisted internal structure. It is based on a
side-chain LC polymer, which is coated on the substrate 10.
It provides a thin, lightweight, stable retarder.

[0109] FIG. 7 shows the directions of the polarization axes
of the polarizers and rubbing directions of the TN LC layers
in a transmissive sub-pixel, such as that shown in FIG. 1 or
the left side of any one of FIGS. 3 to 5. The first polarizer
5 has a polarization axis (also known as a transmission axis)
of 90 degrees, while the second polarizer 100 is crossed with
the first polarizer 5 and has a polarizing axis (transmission
axis) of 0 degrees. The first LC TN layer 30 has a rubbing
direction of 135 degrees, while the second TN LC layer 60
has a rubbing direction of 45 degrees. As will be understood
by a person skilled in the art, these particular angles are
examples only and other angles would be possible. It is
advantageous, although not essential, however, if the rub-
bing directions of the first and second TN LC layers are
perpendicular to each other, as this may increase the contrast
and possible viewing angles of the display.

[0110] FIG. 8 shows the directions of the polarization axes
of the polarizers and rubbing directions of the TN LC layers
in a reflective sub-pixel, such as that shown on the right side
of FIGS. 3 and 4. The polarization axes and rubbing direc-
tions are the same as described above for FIG. 7. In addition
there is a reflector 110 beneath the second polarizer 100. As
will be understood by a person skilled in the art, these
particular angles are examples only and other angles would
be possible.

[0111] FIG. 9 shows the directions of the polarization axes
of the polarizers and rubbing directions of the TN LC layers
in a reflective sub-pixel with a patterned polarizer, such as
that shown in FIG. 5. The polarization angles and rubbing
directions are the same as for FIG. 8, except that there is a
retarder 6, with a slow axis of 5 degrees between the first
polarizer 5 and the first TN LC layer 30. Moreover, the first
polarizer 5 has a transmission axis of 105 degrees, which is
different to the polarization axis on the corresponding trans-
missive sub-pixel. As will be understood by a person skilled
in the art, these particular angles are examples only and
other angles would be possible.

[0112] A retardation film is usually a birefringent crystal
with a carefully chosen thickness. The crystal is cut so that
the extraordinary axis (polarized parallel to the axis of
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anisotropy) is parallel to the surfaces of the plate. When the
extraordinary index is smaller than the ordinary (polarized
perpendicularly to axis of anisotropy) index, as in calcite,
the extraordinary axis is called the fast axis and the ordinary
axis is called the slow axis. Light polarized along the fast
axis propagates faster than light polarized along the slow
axis.

[0113] FIG. 10 is a graph showing the transmittance vs
controlling electrode voltage for a double cell transflective
LCD which was constructed according to one embodiment
of the present invention. There are four curves, for twist
angles of 120, 90, 80 and 70 degrees respectively. As can be
seen in the graph the steepness of the curve becomes lower
for smaller twist angles, giving a better gray scale (i.e. finer
control of the brightness of each pixel).

[0114] FIG. 11 is a table showing the color dispersion in
a reflective sub-pixel of a transflective LCD according to
one embodiment of the present invention, for sub-pixels
with twist angles of 90 degrees, 80 degrees, 70 degrees, 60
degrees and 50 degrees. The values x and y refer to the color
coordinates of the CIE1931 color diagram; Ax and Ay refer
to the coordinate difference between the display color and
the light source. As can be seen from the table, the color
dispersion in the reflective sub-pixel is worse for smaller
twist angles. Accordingly the inventors found that a twist of
angle of 90 degrees gave a good compromise between the
conflicting requirements of maximizing the gray-scale range
and minimizing the color dispersion.

[0115] FIG. 12 is a table showing the difference in contrast
ratios found in an experiment comparing the contrast ratio of
reflective and transmissive double cell TN LC sub-pixels
with single cell pixels made of the same materials. Column
5a) gives the contrast ratio found for a transmissive sub-
pixel of a double cell TN LCD, 5b) for a reflective sub-pixel
of a double cell TN LCD having a double cell gap, 5c¢) for
a reflective sub-pixel of a double cell TN LCD having a
single cell gap, 5d) to a transmissive single cell TN LCD and
5e) for a reflective single cell LCD. As can be seen the
double cell arrangement approximately doubled the contrast
for both reflective and transmissive sub-pixels.

[0116] The transflective liquid crystal displays according
to the present invention may be especially advantageous
when used for handheld and mobile communication devices,
such as mobile telephones, personal digital assistants (PDA),
e-books, etc. However, they are not limited to such devices
and may be used in computer monitors and other less mobile
display devices.

1. A transflective liquid crystal display having at least one
reflective region and at least one transmissive region, the
display comprising:

a first polarizer;
a second polarizer opposing the first polarizer;

two twisted nematic liquid crystal layers between said
first and second polarizers; and

a reflector for reflecting light passing through the reflec-
tive region of the display;

wherein said twisted nematic liquid crystal layers have
opposite twist directions to each other.
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2. A transflective liquid crystal display according to claim
1, wherein a first one of said twisted nematic liquid crystal
layers is an active layer and a second one of said twisted
nematic liquid crystal layers is a passive layer.

3. A transflective liquid crystal display according to claim
1, wherein each twisted nematic LC layer has a respective
twist angle, and wherein the twist angles of said two twisted
nematic LC layers are substantially the same.

4. A transflective liquid crystal display according to claim
1 wherein each twisted nematic LC layer has a respective
twist angle and wherein the twist angles of the two twisted
nematic LC layers are within the range from 50 degrees to
120 degrees.

5. A transflective liquid crystal display according to claim
1, wherein each twisted nematic LC layer has a respective
retardation value, and wherein the retardation values of the
two twisted nematic L.C layers differ by no more than 50 nm.

6. A transflective liquid crystal display according to claim
1, each twisted nematic LC layer has a respective rubbing
direction and wherein the rubbing directions of said two
twisted nematic LC layers are at 87 to 93 degrees to each
other.

7. A transflective liquid crystal display according to claim
1, wherein the display has a single cell gap arrangement.

8. A transflective liquid crystal display according to claim
1 wherein the liquid crystal layers are two times thicker in
the transmissive regions of the display than in reflective
regions of the display.

9. A transflective liquid crystal display according to claim
1, wherein one of the first and second polarizers is a
patterned polarizer which has different angles of polarizing
axes in transmissive and reflective regions.

10. A transflective liquid crystal display according to
claim 9 wherein said patterned polarizer is said first polar-
izer and is positioned towards the front of the display.

11. A transflective liquid crystal display according to
claim 9 wherein said angles of polarizing axes in the
transmissive and reflective regions are chosen to maintain
the same electro-optical performance in the transmissive and
reflective regions of the display.

12. A transflective liquid crystal display according to
claim 1 wherein a retarder is provided in the reflective
regions of the display.

13. A transflective liquid crystal display according to
claim 12 wherein the retarder in the reflective regions is a
quarter wave plate.
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14. A transflective liquid crystal display according to
claim 12 wherein said retarder is positioned between the first
polarizer and a first one of said two twisted nematic liquid
crystal layers.

15. A transflective liquid crystal display according to
claim 1 wherein the display further comprises a patterned
retarder.

16. A transflective liquid crystal display having at least
one transmissive region and at least one reflective region;

first and second polarizers opposing each other and span-
ning said regions;

a first twisted nematic LC layer between said first and
second polarizers, and

a reflector for reflecting light passing through said at least
one reflective region;

wherein one of said first and second polarizers has a first
part overlying said transmissive region and a second
part overlying said reflective region, said first and
second parts having different polarization axes.

17. A transflective liquid crystal display according to
claim 16 further comprising a second twisted nematic LC
layer between said first twisted nematic LC layer and said
second polarizer, wherein said first and second twisted
nematic LC layers have twist directions which are opposite
to each other.

18. A transflective liquid crystal display according to
claim 17 wherein wherein one of said twisted nematic LC
layers is a retardation film comprising liquid crystals.

19. A transflective liquid crystal display according to
claim 17 wherein one of said twisted nematic LC layers is
an active layer and the other is a passive layer fixed between
two substrates.

20. A double cell twisted nematic transflective liquid
crystal display comprising two twisted nematic liquid crystal
layers having a plurality of pixels, wherein some of said
pixels are divided into reflective and transmissive sub-pixels
and wherein a first one of said twisted nematic liquid crystal
layers has an opposite twist direction to the second one of
said twisted nematic crystal layers
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