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COLOR LIQUID CRYSTAL DISPLAY DEVICE

FIELD OF THE INVENTION AND RELATED
ART

[0001] The present invention relates to a color liquid
crystal display device capable of effecting multi-color dis-
play.

[0002] At present, a flat-panel display has widely been
popularized as various monitors for a personal computer and
the like and as a display device for a cellular phone, and so
on. In the future, the flat-panel display is expected to follow
popularization more and more, such as development in use
for big-screen television.

[0003] A most popular flat-panel display is a liquid crystal
display. As a color display method for the liquid crystal
display, one called a micro-color filter method has been used
widely.

[0004] The micro-color filter method effects full-color
display by constituting one unit pixel with at least three
pixels and providing the three pixels with color filters of
three primary colors of red (R), green (G), and blue (B),
respectively, thus having an advantage of readily realizing a
high color-reproducing performance.

[0005] On the other hand, as a disadvantage of the micro-
color filter method, a transmittance is ¥3 of a monochromatic
display method, so that a light utilization efficiency is low.

[0006] This low light utilization efficiency leads to a high
power consumption of a back light or a front light in a
transmission-type liquid crystal display apparatus having the
back light or a reflection-type liquid crystal display appara-
tus having the front light.

[0007] On the other hand, as a color liquid crystal display
apparatus using no color filter, an electrically controlled
birefringence (ECB)-type liquid crystal display apparatus
has been known. The ECB-type liquid crystal display appa-
ratus is constituted by a pair of substrates and liquid crystal
sandwiched between the substrates, and is roughly classified
into those of a transmission-type and a reflection-type.

[0008] In the case of the ECB-type liquid crystal display
apparatus of the transmission-type, each of the pair of
substrates 1s provided with a polarization plate. On the other
hand, in the case of the ECB-type liquid crystal display
apparatus of the reflection-type, there are one-polarization
plate type display apparatus in which only one of the
substrates is provided with a polarization plate and two-
polarization plate type display apparatus in which both of
the substrates are provided with a polarization plate and a
reflection plate is disposed outside each of the polarization
plate.

[0009] In the case of the ECB-type liquid crystal display
apparatus of the transmission-type, linearly polarized light
which comes in through one of the polarization plates is
changed into elliptically polarized light consisting of respec-
tive wavelength light fluxes different in state of polarization
by the action of birefringence of liquid crystal layer in a
process of transmitting a liquid crystal cell. The elliptically
polarized light enters the other polarization plate and the
transmitted light having passed through the other polariza-
tion plate is colored light consisting of light fluxes of colors
corresponding to light intensities of the respective wave-
length light fluxes.
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[0010] The ECB-type liquid crystal display device colors
light by utilizing a birefringence action of liquid crystal and
a polarization action of the polarization plate, so that it
causes no light absorption by the color filter, so that it is
possible to effect bright color display at a high transmittance
of light. In addition, the birefringence of the liquid crystal
layer is changed depending on a voltage applied to the liquid
crystal cell. For this reason, by controlling the voltage
applied to the liquid crystal cell, it is possible to change the
color of the transmitted light or the reflected light. By
utilizing this, it is possible to display a plurality of colors at
one (the same) pixel.

[0011] FIG. 1 is a chromaticity diagram showing a rela-
tionship between an amount of birefringence (called retar-
dation R) of the ECB-type display device and coordinates.
From FIG. 1, it is found that the color at a retardation R from
0 to about 250 nm is achromatic color since the retardation
range is located substantially at a center portion of the
chromaticity diagram but is changed when the retardation
exceeds the retardation range.

[0012] When a liquid crystal material having a negative
dielectric anisotropy (-A€) is used as the liquid crystal and
liquid crystal molecules thereof are homeotropically (verti-
cally) aligned with respect to the substrates, the liquid
crystal molecules are inclined with voltage, so that an
amount of birefringence (retardation) is increased with a
degree of the inclination of the liquid crystal molecules.

[0013] In this case, in a cross-nicol condition, the chro-
maticity is changed along a curve indicated in FIG. 1. When
the voltage is not applied, the retardation R is substantially
zero, so that light does not pass through the display device
to provide a dark (black) state. With an increase in voltage,
brightness is increased in the order of black, gray, and white.
When the voltage is further increased, the light is colored to
change the color in the order of yellow, red, violet, blue,
yellow, violet, light blue, and green.

[0014] As described above, under voltage application, the
ECB-type display device is capable of changing the bright-
ness between a maximum brightness and a minimum bright-
ness in a modulation range on a low voltage side under and
changing a plurality of hues.

[0015] As shown in FIG. 1, the color obtained by the
change in retardation has a color purity which is consider-
ably lower than those of colors having maximum purities
which are located on an outer edge of the chromaticity
distribution. As a method of compensating such a low purity,
color filter is used in combination with the liquid crystal cell
as described in Japanese Laid-OPen Patent Application
(JP-A) No. Hei 04-05265, whereby the color of ECB display
is increased in purity by passing the light through a color
filter of the same color. IN the method described in JP-A Hei
04-052625, a pixel which is not used for blue display is
provided with a red-type color filter or a yellow-type color
filter to cut a red (short) wavelength component obtained by
the ECB effect, thus providing high-purity red.

[0016] Hereinbelow, the range of retardation (0 to 250 nm)
in which the brightness is changed in the order of black,
gray, and white on the chromaticity diagram is referred to as
a “brightness change range”, and a range of retardation (not
less than 250 nm) in which chromatic color not less than
yellow is changed is referred to as a “hue change range”.
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However, a border between the achromatic color and the
chromatic color is not determined clearly, so that the border
of 250 nm should be understood as a certain index thereof.

[0017] Incidentally, in the present invention, the color
obtained by retardation (retardation change) is referred to
but it means the color along the curve shown in FIG. 1. On
the curve, three points at which the purity is maximum are
located close to positions where the retardation is 450 nm,
600 nm and 1300 nm, and the color is visually recognized
as red, green, and blue, respectively. However, before and
after each of the three points, there is a 100 nm-range in
which the color is substantially regarded as the correspond-
ing color (red, green or blue), so that in the present inven-
tion, the colors in such ranges are also referred to as red,
green and blue, respectively. Magenta is located at a point of
530 nm between the ranges of red and blue.

[0018] Generally, the color of color filter used in the liquid
crystal display apparatus has a higher purity than that
obtained by retardation, so that it is located outside the
above described chromaticity distribution on the chromatic-
ity diagram shown in FIG. 1. In the present invention,
however, such color is also referred to as the same color.

[0019] The ECB-type liquid crystal display device is
capable of effecting color display but has such a disadvan-
tageous characteristic that a display characteristic is sensi-
tively changed with respect to temperature. As a result, color
display with a good reproducibility cannot be effected, so
that the disadvantageous characteristic has become an
obstacle when a product of the display device is applied.
Further, the ECB-type liquid crystal display device has
accompanied with such a disadvantage that the number of
displayable colors.

[0020] Here, temperature-dependency of liquid crystal
which produces the ECB effect will be described based on
a result of a liquid crystal material having a negative
dielectric anisotropy (-A€) (“MLC-6608”, mfd. by Merck
& Co., Inc.) (No-type liquid crystal material).

[0021] The liquid crystal material has an amount of bire-
fringence (An) inherent thereto. However, in the liquid
crystal cell, an effective birefringence amount (An, ) which
actually affects an optical characteristic and is determined
also in view of an alignment state of liquid crystal becomes
important. For example, assuming that the above described
Nn-type liquid crystal material is injected into a liquid
crystal device in which it shows a homeotropic (vertical)
alignment characteristic under no voltage application and
then is placed in a voltage application state, liquid crystal
molecules are homeotropically aligned in the state of no
voltage application. As a result, an effective birefringence
amount (An_g) is zero.

[0022] Then, when a voltage which is not less than a
threshold voltage is applied, deformation of alignment is
caused to occur, so that the liquid crystal molecules are
started to be inclined from a direction perpendicular to
substrate to an inclination direction. As a result, the resultant
effective birefringence amount (An_g) is a finite value, not
zero. The value of An_g) is increased with an increasing
voltage, saturated in such a state that the liquid crystal
molecules are substantially homogeneously aligned, and is
kept constant even under application of a voltage exceeding
the saturation voltage.
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[0023] FIG. 2 is a graph showing a relationship between
a voltage (V) and an effective birefringence (An,g) of the
liquid crystal material (MLC-6608) at 30° C. Referring to
FIG. 2, the liquid crystal molecules are started to be inclined
at a voltage of not less than the threshold voltage, and a
degree of inclination is larger with the applied voltage.
When the applied voltage is further increased, the An, g value
is saturated, thus consequently supporting the above
described characteristic. Incidentally, the An_g value can be
easily measured by using Berek compensator or Senarmont
compensator through a polarizing microscope in a state of
applying the voltage to the liquid crystal device.

[0024] FIG. 3 is a graph showing a relationship between
the applied voltage and the An_g value at temperatures of 0°
C., 10° C., 20° C,, 30° C. and 40° C.

[0025] As shown in FIG. 3, in a low voltage range having
a small slope, the An_g value has substantially no tempera-
ture dependence and is changed with temperature when the
applied voltage is close to the saturation voltage (high
voltage range).

[0026] The temperature dependence (of An_g) on the high
voltage side may be attributable to a result of such an
alignment state that the liquid crystal molecules are sub-
stantially homogeneously aligned with respect to the sub-
strate as described above, resulting in reflection of the
temperature dependence of the birefringence of the liquid
crystal material itself in a device characteristic as it is.

[0027] An ordinary color liquid erystal display device
changes the retardation in a brightness change range and
produces color by using a color filter. On the other hand, the
ECB-type color liquid crystal display device is designed so
that a product of An_g on the high voltage side and a cell
thickness d, i.e., a retardation value is in a chromatic color
range. In other words, the temperature change of An_gin the
ECB-type color liquid crystal display device manifests itself
as a change in color. The change in color is more sensitive
to human’s eyes than the change in brightness, so that this
is a remarkably disadvantageous characteristic compared
with the case of the ordinary color liquid crystal display
device.

[0028] This problem seems to be obviated by increasing
the cell thickness since a large retardation can be obtained at
the large cell thickness under application of a low voltage.
However, when the cell thickness is excessively large, a
response speed of liquid crystal is slow, so that the liquid
crystal display device is not practically suitable. It is also
possible to consider an increase in An,g but the increased
An_ leads 1o a narrowed selection range of the liquid crystal
material used, so that the increase in An,g is also less
realizable.

[0029] Accordingly, preferred solution is to prevent a
temperature from fluctuating in an operating voltage range
without narrowing the selection range of the liquid crystal
material.

[0030] When a voltage range in which the An_g value is
not dependent on temperature is enlarged up to a higher
voltage range, a resultant cell thickness can be decreased
than the original cell thickness. As a result, the response
speed is improved. Further, a small cell thickness generally
provides a good viewing angle characteristic, thus also
contributing to improvement in viewing angle.



US 2005/0248714 Al

SUMMARY OF THE INVENTION

[0031] An object of the present invention is to provide a
color liquid crystal display device having solved the above
described problems.

[0032] A specific object of the present invention is to
provide a color liquid crystal display device capable of
effecting good color display while suppressing temperature
dependence of an amount of birefringence.

[0033] According to an aspect of the present invention,
there is provided a color liquid crystal display device,
comprising:

[0034] a pair of oppositely disposed substrates each
of which is provided with an electrode and has been
subjected to homeotropic alignment treatment, and

[0035] chiral nematic liquid crystal disposed between
the pair of oppositely disposed substrates,

[0036] wherein the chiral nematic liquid crystal is
capable of causing birefringence leading to a change
in brightness and a change in hue depending on a
voltage applied between the electrodes.

[0037] The chiral nematic liquid crystal may preferably
have a temperature range in which a helical pitch thereof is
increased with temperature rise.

[0038] The liquid crystal display device may preferably
effect black display in no voltage application state. The
liquid crystal display device may further preferably com-
prise a circular polarization plate.

[0039] Inthe above described liquid crystal display device
a unit pixel may preferably comprise a plurality of sub-
pixels which includes a first sub-pixel capable of display
chromatic color by birefringence of the liquid crystal under
voltage application, a color filter, and a second sub-pixel for
displaying color of the color filter in a brightness change
range.

[0040] According to another aspect of the present inven-
tion, there is provided a color liquid crystal display device,
comprising:

[0041] a pair of oppositely disposed substrates each
of which is provided with an electrode, and

[0042] liquid crystal disposed between the pair of
oppositely disposed substrates,

[0043] wherein the liquid crystal is capable of caus-
ing birefringence leading to a change in brightness
and a change in hue depending on a voltage applied
between the electrodes, and

[0044] wherein the liquid crystal is homeotropically
aligned with respect to the substrates in a state in
which a voltage is not applied between the electrodes
and is twistedly aligned in a voltage application
state.

[0045] The liquid crystal which is twistedly aligned in the
voltage application state may preferably have a twist pitch
which is increased with temperature rise.

[0046] These and other objects, features and advantages of
the present invention will become more apparent upon a
consideration of the following description of the preferred
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embodiments of the present invention taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] FIG.1is a chromaticity diagram showing a change
in color when a retardation is changed.

[0048] FIG. 2 is a graph showing a voltage-dependence of
an effective birefringence amount at 30° C.

[0049] FIG. 3 is a graph showing a voltage-dependence of
an effective birefringence amount when a temperature is
changed.

[0050] FIGS. 4(a) and 4(b) are schematic views showing
an ordinary alignment state (FIG. 4(a)) and a twisted
alignment state (FIG. 4(b)), of liquid crystal molecules.

[0051] FIGS. 5(a) to 5(f) are schematic views each show-
ing a pixel structure of one pixel according to an embodi-
ment of the liquid crystal display device of the present
invention.

[0052] FIG. 6 is an explanatory view of a layer structure
of the liquid crystal display device of the present invention.

[0053] FIG. 7 is a graph showing a voltage-dependence of
an effective birefringence amount when a temperature is
changed with respect to a liquid crystal material used in
Comparative Examples.

[0054] FIG. 8 is a chromaticity diagram showing a change
in color when a retardation is changed in the liquid crystal
display device of the present invention.

[0055] FIG.9 is a chromaticity diagram showing a change
in color when a retardation is changed in the liquid crystal
display device of the present invention provided with a color
filter of color complementary to green.

[0056] FIG. 10 is a conceptual view showing a full-color
display range in the liquid crystal display device of the
present invention.

[0057] FIGS. 11 to 15 are schematic views each showing
displayable colors in red-blue (RB) plane in the liquid
crystal display device of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0058] Hereinbelow, embodiments of the present inven-
tion will be described with reference to the drawings.

[0059] In this (basic) embodiment, a liquid crystal display
device in which liquid crystal molecules are homeotropi-
cally (vertically) aligned when a voltage is not applied is
used. In this homeotropic alignment mode, an amount of
retardation is always zero in a no voltage application state,
so that the retardation has no temperature-dependence.

[0060] In the liquid crystal display device in this embodi-
ment, a chiral agent (dopant) is added to a liquid crystal
material so that liquid crystal molecules are twistedly
aligned when an electric field is applied. In other words, in
this embodiment, chiral nematic liquid crystal is used as the
liquid crystal material for the liquid crystal display device.

[0061] FIGS. 4(a) and 4(b) schematically illustrate align-
ment states of the liquid crystal molecules, wherein each
upper-side view shows an alignment state when viewed
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from above a substrate surface, and each lower-side view
shows an alignment state in vertical cross section. In each of
FIGS. 4(a) and 4(b), a leftmost view shows an alignment
state when an electric field (voltage) is not applied, and other
views show alignment states when an applied voltage is
gradually increased toward a rightmost view.

[0062] In the case where the chiral agent is not added to
base liquid crystal, the liquid crystal molecules are substan-
tially homeotropically (vertically) aligned with respect to the
substrates under no voltage application. When the voltage is
applied, as shown in FIG. 4(a), the liquid crystal molecules
are inclined in one direction with no twist.

[0063] On the other hand, in the case where the chiral
agent is added to the base liquid crystal, the liquid crystal
molecules are substantially homeotropically aligned with
respect to the substrates under no voltage application, simi-
larly as in the case of not adding the chiral agent to the base
liquid crystal. However, when the voltage is applied, as
shown in FIG. 4(b), the liquid crystal molecules are placed
in such an alignment state that a direction of inclination of
the liquid crystal molecules, i.e., an inclination direction
thereof is continuously changed from the neighborhood of
the upper substrate to the neighborhood of the lower sub-
strate, due to a helical structure of the liquid crystal itself
(hereinafter, this alignment state is referred to as a “twisted
alignment state”).

[0064] When the liquid crystal molecules are placed in the
twisted state, a refractive index with respect to transmitted
light is different depending on a distance from the substrate
and is averaged, so that an effective optical (refractive index)
anisotropy (Ang) is small compared with the case where the
liquid crystal molecules are inclined in one direction.

[0065] A twisted angle of the liquid crystal molecules in
the twisted alignment state between the pair of (upper and
lower) substrates can be adjusted by changing a helical pitch
of the liquid crystal. The helical pitch can be arbitrarily
controlled by changing a concentration of the chiral agent
blended with the base liquid crystal.

[0066] When the liquid crystal has a long helical pitch, the
twisted angle in the twisted alignment state between the
substrates is small. On the other hand, when the liquid
crystal has a short helical pitch, the twisted angle is large. As
a result, a degree of an anisotropy with respect to light
passing through the liquid crystal layer, ie., an effective
retardation (An.gxd, d: cell thickness) is smaller as the
helical pitch is shorter.

[0067] In many cases, the helical pitch of the liquid crystal
material into which the chiral agent is added becomes
shorter with a decrease in temperature, so that a temperature
change of An,g by the changing in helical pitch in such a
change that An_g becomes smaller at a lower temperature.

[0068] On the other hand, nematic liquid crystal generally
has a small thermal fluctuation at low temperature to
increase a degree of order and a large thermal fluctuation at
high temperature to decrease the degree of order. As a resullt,
at low temperature, a local refractive index anisotropy is
large, and on the other hand, the refractive index anisotropy
is small at high temperature. In other words, the temperature
change by the degree of order of the nematic liquid crystal
is such that the local optical anisotropy is larger on a lower
temperature side.
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[0069] Accordingly, by selecting the chiral agent so as to
provide a long helical pitch at high temperature, it is possible
to offset the effects of both the change in helical pitch and
the order of nematic liquid crystal each other.

[0070] Incidentally, it is possible to select a display state,
of the liquid crystal display device, which is a bright (white)
state or a dark (block) state under voltage application,
depending on a position of polarization plate(s). However, in
the case of the twisted alignment state, when the display
state at the time of voltage application is the dark (black)
state, it is necessary to effect phase compensation in order to
provide a transmitted light intensity of zero over a wide
wavelength range. For this reason, a constitution for that
purpose becomes complicated. Accordingly, in the case of
the twisted state, a so-called normally black constitution
such that black display is effected when the voltage is not
applied is preferred.

[0071] Next, in order to realize multi-color display, it is
possible to use a method in which the pixels are combined
with a color filter as described below.

[0072] More specifically, as shown in FIG. 5(a), one pixel
50 is divided into a plurality of sub-pixels (two sub-pixels in
this case) 51 and 52, and one sub-pixel 51 is provided with
a green color filter G. At the remaining sub-pixel 52, by
adjusting a retardation, a change in luminance from black to
white and display of any color from red to blue through
green are achieved. More specifically, a unit pixel is con-
stituted by a first sub-pixel at which chromatic color is
displayed by changing the retardation of the liquid crystal
layer under voltage application and a second sub-pixel at
which the color filter is provided and the color of the color
filter is displayed by changing the retardation in a brightness
change range through voltage. At the pixel for displaying
green having a high luminosity factor, the green color filter
G is used without utilizing an ECB-based coloring phenom-
enon. Further, the ECB-based coloring phenomenon is uti-
lized for only red and blue.

[0073] Forexample, the green (G) pixel provided with the
green color filter is placed in the dark state and a transparent
pixel provided with no color filter is placed in the white
(bright) state (a maximum luminance state in a change area
of achromatic color), whereby it is possible to display white
at the pixels as a whole.

[0074] Alternatively, it is also possible to place the G pixel
in a maximum transmission state and place the transparent
pixel in a magenta (display) state in the chromatic color area.
The magenta includes both red (R) and blue (B), so that it
is possible to attain white display as the result of color
composition.

[0075] 1IN order to provide the single color of green (G),
the G pixel is placed in the maximum transmission state and
the transparent pixel is placed in the dark state. In order to
provide the single color of red (R) (or blue (B)), the G pixel
is placed in the dark state and the transparent pixel is
adjusted to provide a retardation of 450 nm (or 600 nm).

[0076] BY using the above methods in combination, it is
also possible to obtain mixed color of R and G or B and G.

[0077] Both at the G pixel and the transparent pixel, it is
possible to effect black display by providing these pixels
with a retardation of zero to be placed in the dark state.
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[0078] In the constitution of the present invention, at the
G pixel, the retardation is changed in the range of 0-250 nm
and at the transparent pixel, the retardation is changed both
in the range of 0-250 nm and the range of 450-600 nm. At
both the sub-pixels, the liquid crystal material is ordinarily
used in common, so that a drive display range is set to be
different between the sub-pixels.

[0079] As a result of selection of the green color filter, it
is possible to obviate production of green through adjust-
ment of retardation, so that it is not necessary to increase the
cell thickness. Further, green has a high luminosity factor, so
that a high purity color is produced by the green color filter
to improve an image quality.

[0080] The above described embodiment of the present
invention is characterized in that green is displayed at the G
pixel through the green color filter and other colors are
displayed by the colors produced by a medium itself (the
liquid crystal in the above embodiment), so that the present
invention is also applicable to another medium in addition to
the liquid crystal. More specifically, the present invention is
applicable so long as a medium is changed in optical
property by external modulation means and has a modula-
tion area in which a brightness is changed by the modulation
means and a modulation area in which a hue is changed.

[0081] Specific examples of such a medium are described
later. In the present invention, the display device is consti-
tuted by using the medium and the unit pixel is constituted
by the transparent first sub-pixel and the second sub-pixel
provided with the color filter. At the first sub-pixel, modu-
lation for changing the hue in a predetermined range is
performed to effect display of the color in the predetermined
range, and at the second sub-pixel, modulation within the
brightness change range is performed to change the bright-
ness of the color filter. In order to display the achromatic
colors of black, gray, and white, it is sufficient to perform the
modulation within the brightness change range at the trans-
parent first sub-pixel.

[0082] By using the above described constitution, it is
unnecessary to provide an excessively large cell thickness
compared with a liquid crystal display device which effects
display of three primary colors only by the ECB principle.
In FIG. 1, red corresponds to the retardation of 450 nm and
blue corresponds to the retardation of 600 nm, so that the
liquid crystal display device used is only required to have a
cell thickness so as to realize the retardation of 600 nm. In
the case of the above embodiment, the cell thickness
required is about 10 yum. When such a degree of the cell
thickness is used, an increase in response speed is small,
e.g., about 150 msec, so that it becomes possible to effect
motion picture display although blur is somewhat caused to
occur.

[0083] Further, in the case where the above described
constitution is applied to a reflection-type liquid crystal
display device, the cell thickness if ¥ of the above described
liquid crystal display device, so that the response speed is %,
1.e., not more than 40 msec. As a result, the reflection-type
liquid crystal display device is capable of effecting motion
picture display at a level of practically no problem.

[0084] Further, a color reproduction range of green is
determined by the color filter and green has the high
luminosity factor, so that it becomes possible to realize a
high color reproducibility without sacrificing a transmit-
tance of a white component.
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[0085] (Gradation Display)

[0086] In the liquid crystal display device shown in FIG.
5, at the green pixel having a high luminosity characteristic,
it is possible to effect continuous gradation display but at the
transparent pixel, the chromatic color states, i.e., blue and
red, utilize the ECB-based coloring phenomenon, thus fail-
ing to effect gradation display.

[0087] FIG. 5(b) shows one pixel structure which is
improved in gradation characteristic compared with that
shown in FIG. 5(a), wherein the transparent pixel (52 of
FIG. 5(a)) is divided into a plurality (two) of sub-pixels 52
and 53 to have different areas, whereby gradation is dis-
played in a digital manner.

[0088] The sub-pixels have different areas, so that some
halftone levels can be displayed depending on the area of
sub-pixel to be turned on for displaying corresponding color.

[0089] When there are N sub-pixels in this case, it is
possible to obtain a gradation display characteristic with
high linearlity by dividing the N sub-pixels into a plurality
of portions of at an areal ratioof 1:2: . .. :2 !, Incidentally,
in the embodiment shown in FIG. 5(b), N=2.

[0090] In the liquid crystal display device of the present
invention, digital gradation is used for only red and blue
which have a low luminosity characteristic. At the green
pixel, continuous modulation is performed in the retardation
range of 0-250 nm, whereby continuous gradation levels can
be displayed. For this reason, human’s eyes do not feel that
a gradation characteristic is largely impaired, so that it is
possible to obtain a relatively good color image. In other
words, the present invention is also characterized in that it
becomes possible to provide a sufficient characteristic even
at the limited number of gradation levels by using the digital
gradation for only red and blue which have a small number
of gradation levels detectable by human’s eyes. As in this
embodiment, in order to provide a sufficient gradation
characteristic with limited gradation levels, a pixel pitch
may preferably be small. More specifically, from the view-
point of such a resolution that a human cannot recognize the
pixel, the pixel pitch may preferably be not more than 200

um.

[0091] As described above, the liquid crystal display
device of the present invention employs the display method
utilizing the coloring phenomenon based on the ECB effect
with respect to red and blue. For this reason, it is possible to
considerably decrease light loss compared with the case of
using respective color filters of red and blue. As a result, it
is possible to provide a display device with a higher light
utilization efficiency than that of the case of such a method
that three primary colors are displayed only by the conven-
tional RGB color filter. Accordingly, when the liquid crystal
display device of the present invention is used as the
reflection-type liquid crystal display device, such as paper-
like display or electronic paper.

[0092] On the other hand, even in the case of using the
liquid crystal display device of the present invention in the
above described display mode as the transmission-type
liquid crystal display device, a transmittance of the liquid
crystal layer is high. As a result, power consumption, of the
back light, required to provide the same luminance value as
in the conventional one may be low. For this reason, the
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transmission-type liquid crystal display device may suitably
be used from the viewpoint of low power consumption of the
back light.

[0093] Further, the display device of the present invention
can be used for motion picture display since it has high
liquid crystal responsiveness. Conventionally, with respect
to liquid crystal display device for television purpose, there
has been proposed such a method, called a “pseudo impulse
drive”, that a shutoff period of the back light is provided in
one frame period in order to realize a crisp motion picture
characteristic, e.g., in JP-A No. 2001-272956. By the
method, there arises such a problem that a lowering in
luminance by an amount corresponding to the shutoff period
of the back light is caused to occur. To such a television use,
the display device having the above described display mode
providing a high response speed and a high transmittance is
also applicable.

[0094] The color display device of the present invention
may also be suitably applicable to a projection-type display
device requiring a high light utilization efficiency.

Modified Embodiment

[0095] In the above described embodiments, analog gra-
dation is realized by the color filter with respect to green
display and digital gradation is realized, during display of
red and blue, by utilization of the coloring phenomenon
based on the ECB effect and the display method based on the
pixel division method with respect to red and blue. The
above described embodiments may suitably be applied to the
use of high definition display device in order to provide a
sufficient gradation characteristic even at the limited number
of gradation levels with respect to display of red and blue.

[0096] On the other hand, in the reflection-type liquid
crystal display device as described above, there is also a use
requiring a high transmittance and more display colors.
Further, in the transmission-type liquid crystal display
device capable of effecting full-color display, there have also
been a requirement with respect to a high-transmittance
display mode in order to suppress the power consumption of
the back light while retaining a full-color display perfor-
mance. In addition thereto, there are many requirements
with respect to such a display mode capable of effecting
full-color display with high light utilization efficiency.

[0097] In order to meet the above described requirements,
on the basis of the color display device described above,
other methods (schemes) capable of effecting multi-color
display will be explained.

[0098] The methods includes the following methods (1),
(2) and (3):
[0099] (1) a method in which the coloring phenom-

enon based on the ECB effect is also utilized at a
retardation other than those for red and blue,

[0100] (2) a method in which continuous gradation
color in a low retardation range at the pixel provided
with the color filter of color complementary to green
is utilized, and

[0101] (3) a method in which a pixel provided with
either one of color filters for green and blue is added.
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Modified Embodiment 1

Method (1) Utilizing ECB Effect-Based Coloring
Phenomenon at Retardation Other than Those for
Red and Blue

[0102] In the above described embodiment, the principle
of effecting the display of red and blue by utilizing the
coloring phenomenon on the basis of the ECB effect. In the
coloring phenomenon based on the ECB effect, as shown in
FIG. 8, it is possible to change the hue continuously from
white to blue. More specifically, there are many available
display colors other than red and blue described above. By
using such display colors, it becomes possible to represent
display colors larger in number than those described above.

[0103] More specifically, a change in display color under
the above described cross-nicol condition in such a consti-
tution that the first sub-pixel is not provided with the color
filter will be described. As shown by the arrows indicated in
FIG. 8, such a change in brightness of achromatic color that
the display state is changed from the black state to the white
state via the pray (halftone) state with an increase in bright-
ness from zero is caused to occur. Further, in a retardation
range exceeding the white range, it is possible to continu-
ously change various chromatic colors as in the order of
yellow, yellowish red, red, reddish violet, violet, bluish
violet, and blue.

[0104] By combining the achromatic color range with the
green pixel, it is also possible to effect bright green display.
Further, by combining the effect bright green display. Fur-
ther, by combining the colors in the chromatic color range
with the green pixel, halftone color may be displayed.

[0105] Further, with respect to the resultant chromatic
colors, similarly as in the case of red and blue, it becomes
possible to represent the digital gradation by the above
described constitution. As a result, it is possible to represent
many more display colors.

Modified Embodiment 2

Method (2) Utilizing Continuous Gradation Color
in Low Retardation Range at Pixel Provided with
Color Filter of Color Complementary to Green

[0106] Inthe case where the first sub-pixel is no provided
with the color filter as in the above described basic embodi-
ment and Modified Embodiment 1, in a retardation range
exceeding the white range, such a change in hue in the order
of yellow, yellowish red, red, reddish violet (magenta),
violet, bluish violet, and blue is achieved. In this modified
embodiment, the first sub-pixel to be colored by the retar-
dation change is provided with a color filter of color, such as
magenta, complementary to green. As a result, it becomes
possible to considerably enlarge the color reproduction
range of red and blue.

[0107] FIGS. 5(c) and 5(d) show pixel constitutions in this
modified embodiment. A G pixel 51 is provided with a green
color filter similarly as in the basis embodiment. Further,
first sub-pixels 52 and 53, which are transparent in the basic
embodiment and Modified Embodiment 1, are provided with
a magenta color filter. In FIG. 5(), one first sub-pixel 52 is
used, and in FIG. 5(d), two first sub-pixels 52 and 53 are
used. At a second sub-pixel (G pixel) 51, similarly as in the
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above described first embodiment, modulation is performed
in a modulation brightness change modulation range to
change the brightness of green, and at the first sub-pixels 52
and 53, modulation is performed in a hue change modulation
range to display chromatic color and modulation is per-
formed in the brightness change modulation range to effect
display of changing the brightness of magenta.

[0108] FIG. 9 shows calculated values with respect to a
change in color by retardation in the case where an ideal
magenta color filter which provides a transmittance of zero
in a wavelength range of 480-580 nm and a transmittance of
100% in other ranges. As the retardation amount is increased
from zero, such a brightness change of chromatic color that
the display state is changed from the black state to a bright
magenta state via a dark magenta state (halftone magenta
state) is achieved. Thereafter, when the retardation amount
is further increased and exceeds the white range in the above
described embodiment in which the first sub-pixel is not
provided with the color filter, a continuous change in chro-
matic color in the order of magenta, red, reddish violet
(magenta), violet and blue is achieved.

[0109] Compared with FIG. 8, the range of change in
chromaticity is extended near to pure colors of red and blue
(located corners of chromaticity diagram), so that it is found
that the color reproduction ranges of red and blue are
extended by providing the magenta color filter. Further, the
change from red to blue is moved along the lower side (of
color triangle), so that it is also found that a continuous
change in color mixture from red to blue is achieved. In this
manner, it is possible to enlarge the color reproduction
ranges of red and blue by providing the magenta color filter
and achieve the continuous change in halftone when the
retardation is changed.

[0110] In order to white in this embodiment, the same
retardation value (250 nm) providing a maximum transmit-
tance is set both at the magenta pixels (first sub-pixels) 52
and 53 and the G pixel 51. Alternatively, it is also possible
to place the G pixel 51 in the maximum transmittance state
(retardation value: 250 nm) and the magenta pixels 52 and
53 in an intermediary state between red and blue (retardation
value: about 550 nm). IN the former case, in order to change
the brightness of achromatic color, the retardation of
magenta pixel is changed with the retardation of the green
color filter pixel so that their gradation levels are changed
together.

[0111] The cases of displaying black, the single chromatic
color of RGB, and the mixed color of these colors are the
same as in the basis embodiment described above.

[0112] The gradation representation in the case where the
magenta pixel is divided into two sub-pixels is similar to that
in the case of FIG. 5(b) in the basis embodiment.

[0113] According to this modified embodiment, by using
the color filter of color, such as magenta, which is comple-
mentary to green, it is possible to represent gradation of the
color complementary to green, so that the number of dis-
playable colors can be remarkably increased.

[0114] Further, the magenta color filter permits transmis-
sion of both of red and blue, so that it is possible to effect
bright display compared with the conventional method using
the red color filter and the blue color filter in combination.
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Modified Embodiment 3

Method (3) Adding Pixel Provided with Either One
of Color Filters for Red and Blue

[0115] FIG. 5(e) shows a pixel constitution this modified
embodiment, wherein a third sub-pixel 55 provided with a
blue color filter B and a fourth sub-pixel 56 provided with
a red color filter R are added to the G pixel 51 described in
Modified Embodiment 2 and magenta pixels 52, 53 and 54
(arranged at an areal ratio of 4:2:1).

[0116] The display actions at the G pixel and magenta
pixels are the same as in the above described embodiments.
At the G pixel, the brightness of green is continuously
displayed by performing the modulation in the low retarda-
tion range. At the magenta pixels, continuous modulation is
performed in the same retardation range or the colors of red,
blue and halftones therebetween are displayed in the layer
retardation range of chromatic color.

[0117] At the third and fourth sub-pixels 55 and 56,
similarly as in the G pixel, modulation is performed in the
retardation range of 0-250 nm, whereby the brightnesses of
blue and red are continuously changed. This function will be
described below.

[0118] FIG. 10 shows displayable colors in RGB additive
process, wherein an arbitrary point in a cube represents a
color mixture state of red, green, or blue corresponding to an
associated coordinate, and a vertex represented by “Bk”
shows a state of a minimum brightness. When image infor-
mation signals of red (R), green (G) and blue (B) are
supplied, a display color corresponding to a position (point)
of the sum of independent vectors of R, G and B each
extended from the vertex “BK”. Vertexes “R”, “G” and “B”
represent maximum brightness states of red, green and blue,
respectively. A vertex “W” represents a white display state
at a maximum brightness. A length of one side of the cube
is 255 in this embodiment.

[0119] Inthe color display device of the present invention,
with respect to green (G), the continuous gradation display
is effected by the color filter, so that display color may be
located at any point in a green direction. For this reason, in
the following description with respect to the display color,
the display color in a plane constituted by red and blue
vectors (hereinafter referred to as a “RB plane”™).

[0120] First of all, the case where a pixel utilizing the
coloring phenomenon based on the ECB effect is one (the
case of no pixel division) will be described with reference to
FIG. 11. FIG. 11 shows a RB plane. During red display and
blue display, the coloring phenomenon based on the ECB
effect is utilized, so that available states as bright and dark
states are two values of “ON” and “OFF”. Accordingly,
available points on each of R-axis and a B-axis are two
points representing a maximum value and a minimum value.
On the other hand, in the case of the constitution described
in Modified Embodiment 2, i.e., the case where the color
filter of magenta complementary to green is provided, it is
possible to change the brightness of magenta by changing
the retardation at the magenta pixel in the range of 0-250 nm.
Accordingly, the display color in this range corresponds to
that a continuous change in brightness is achieved on an axis
indication of a synthetic vector of red and blue. More
specifically, in FIG. 11 in Modified Embodiment 2, any
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point selected from the point “Bk”, the points “R” and “B”,
and those on the arrow can be utilized as the display color.

[0121] Next, the case where the pixel utilizing the coloring
phenomenon based on the ECB effect is divided into two
sub-pixels in an areal ratio of 1:2 will be described with
reference to the RB plane shown in FIG. 12. In this case,
similarly as in the case of no pixel division, the coloring
phenomenon based on the ECB effect is utilized during the
red display and the blue display, so that available dark and
bright display states are two values of “ON” and “OFF” for
each of the divided pixels. Further, one pixel is divided into
two sub-pixels at the areal ratio of 1:2, so that four points
indicated by circles are available on each of the axis-R and
the axis-B.

[0122] In FIG. 12, at the points R3 and B3, the corre-
sponding two sub-pixels are placed in the red display state
and the blue display state, respectively. At each of the points
R1 and B1, the corresponding sub-pixel which is a smaller
sub-pixel of the divided two sub-pixels is placed in a blue
display state or a red display state, and the remaining larger
sub-pixel is placed in a black display state. The large
sub-pixel can assume continuous gradation color for
magenta, so that it can be located at any point on each of the
arrows extending from the points R1 and Bl in the RB
synthetic vector direction. On a similar principle, it can also
be located at any point on each of the arrows extending from
the points R2 and B2 in the RB synthetic vector direction.

[0123] More specifically, the first sub-pixel provided with
the magenta color filter is divided into two sub-pixels having
different areas. At one of the divided two sub-pixels, the
chromatic color of red or blue is displayed and at the other
sub-pixel, a digital halftone magenta is displayed by effect-
ing display for changing the brightness. At the green pixel,
it is possible to continuously change the brightness. As a
result of this display method, it is possible to effect color
display.

[0124] Further, on a similar principle, in the case where
the pixel utilizing the coloring phenomenon based on ECB
effect is divided into sub-pixels at an areal ratio of 1:2:4,
available display colors are indicated by arrows in FIG. 13.

[0125] Generally, the first sub-pixel (utilizing the ECB
effect-based coloring phenomenon) is provided with the
magenta color filter and is divided into a plurality of
sub-pixels having different areas. At a part of the sub-pixels,
chromatic color of red or blue is displayed, and a remaining
part of the sub-pixels, a digital halftone magenta is displayed
by effecting display for changing the brightness.

[0126] As described above, as the number of divided
sub-pixels is increased, the number of displayable colors in
the RB plane is also increased. However, this method is
based on the digital gradation, not the analog full-color
display method. Accordingly, in order to realize the analog
gradation, pixels (55 and 56 in FIG. 5(e)) provided with
color filters of red and blue may be added. At each of these
pixels, a continuous change in brightness of blue or red is
achieved, so that the displayable color is represented by a
variable magnitude vector in the axis-B direction or the
axis-R direction in FIGS. 12 and 13. As a result, it is
possible to display continuous gradation levels of red and
blue. Accordingly, it becomes possible to complement por-
tions other than the arrows shown in FIGS. 12 and 13, so
that it is possible to represent all the points in the RB plane.
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[0127] More specifically, the second sub-pixel (for only
the brightness modulation) is divided into a plurality of
sub-pixels including a part thereof provided with a green
color filter and a remaining part provided with red and green
color filters. At each of the divided sub-pixels the second
sub-pixel, a change in brightness is achieved by performing
modulation in the brightness change range, whereby con-
tinuous gradation is added to the above described display of
the digital halftone magenta to effect display of arbitrary
halftone in the RB plane. By combining this with continuous
gradation of green, it is possible to effect full-color display.

[0128] The pixels, of the second sub-pixels, provided with
the red and blue color filters are used to compensate the
colors other than those of digital gradation of magenta
displayed at the first sub-pixel, so that modulation may be
performed so that the maximum brightness is substantially
identical to a brightness at the minimum sub-pixel of the
sub-pixels constituting the first sub-pixel described above.
In this case, a size of each of the added pixels 55 and 56
provided with the color filters of red and blue, respectively
is sufficient so long as it has an area comparable to that of
a minimum-sized sub-pixel 54 of the above described
divided sub-pixels 52, 53 and 54. More specifically, e.g., in
FIG. 13, the displayable points indicated by circles extend-
ing from the point “Bk” to the point “R7” and from the point
“Bk” to the point “B7” are located at the same spacing.
Further, it is possible to utilize any point on the arrows
extending from the respective circle points in the RB syn-
thetic vectors. To such a color displayable constitution, the
pixels 55 and 56, provided with the color filters of red and
blue, each having the same area as the associated minimum-
sized sub-pixel of the pixel-divided sub-pixels are added,
whereby it is possible to effect the additive process at any
point in a direction of each of arrows R-CF and B-CF shown
in FIG. 14. As a result, it is possible to represent all the
points in the RB plane, so that it becomes possible to effect
complete analog full-color display.

[0129] Further, as described above, the size of the added
pixels provided with the red color filter and the blue color
filter is sufficient so long as it has the same area as the
minimum-sized sub-pixel of the pixel-divided sub-pixels.
For this reason, as the pixel division number is increased, it
is possible to effectively alleviate the influence of a lowering
in light utilization efficiency due to the use of the red and
blue color filters. In other words, as the number of division
of pixel utilizing the coloring phenomenon based on the
ECB effect is increased, it becomes possible to realize a
higher light utilization efficiency.

[0130] Incidentally, in the above embodiment, it is pos-
sible to achieve an effective result even when both of the red
color filter and the blue color filter are not necessarily added.
FIG. 5(f) shows such an embodiment in which only the pixel
56 provided with the red color filter is added. In FIG. 15, a
displayable color range is indicated by dotted area when
only the red color filter is added. In FIG. 15, in the red
direction, all the colors are displayable but in the blue
direction, there are colors which are not displayable. How-
ever, with respect to a human luminosity characteristic, blue
is least sensitive, so that the number of necessary gradation
levels is considered to be smallest. Accordingly, it is pos-
sible to obtain the display colors substantially comparable to
full-color levels by adding only the red color filter.
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[0131] A constitution which is the same as that shown in
FIG. 15 except that the referential point “Bk” is shifted to
the position of the point “R1” in FIG. 14 may be used. As
a result, it is possible to represent all the display colors.
Incidentally, in this embodiment, the black display state
provides a slightly reddish display color but such a method
is applicable to the uses in which a contrast of the resultant
display device e.g., as in the reflection-type display device
is not severely required compared with the transmission-
type display device.

[0132] By the above described methods, it becomes pos-
sible to display the display colors identical or comparable to
the full color levels while retaining the high light utilization
efficiency.

[0133] As described above, the color display used in the
present invention can be used as both the transmission mode
and the reflection mode and can realize the display device
having high light utilization efficiency and less temperature
dependency.

[0134]

[0135] Incidentally, the liquid crystal display device of the
present invention can be driven by any of a direct drive
method, a simple matrix drive method, and an active matrix
drive method.

[0136] Inthe present invention, the substrate used may be
formed of glass or plastics. In the case of the transmission-
type display device, both the pair of substrates are required
to be light transmissive. On the other hand, in the case of the
reflection-type display device, as a supporting substrate, it is
also possible to use a substrate through which light does not
pass.

[0137]

[0138] In the case of using the reflection-type display
device, it is possible to employ various reflection plates,
such as so-called front scattering plate comprising a scat-
tering plate which is provided with a mirror reflection plate
as a reflection plate and disposed outside the liquid crystal
layer, or a so-called directional pixel plate having directivity
by appropriately shaping a reflection surface.

[0139] Hereinbelow, the present invention will be
described more specifically based on Examples.

[0140]

[0141] In the following Comparative Examples and
Examples, a common device structure is as follows.

[0142] A basis constitution of a liquid crystal layer struc-
ture was the same as that shown in FIG. 6. More specifically,
two (upper and lower) glass substrates 3 and 7 subjected to
homeotropic (vertical) alignment treatment were applied to
each other with a spacing to prepare a cell. At that time, the
upper and lower substrates were subjected to rubbing treat-
ment so as to provide a rubbing axes which were parallel
with each other but different in their directions (anti-parallel
relationship). A pretilt angle was adjusted to 1 degree from
a direction perpendicular to the substrate (89 degrees from
a horizontal direction) Into the spacing of the cell, a liquid
crystal material (Model: “MLC-6882”, mfd. by Merck &
Co., Inc)) having a negative dielectronic anisotropy (-AE€)
was injected so that a cell thickness was changed to provide

(Other Constitution Factors)

Further, the substrate used may have flexibility.

(Common Device Constitution)
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an optimum retardation in each example. Further, a consti-
tutional ratio of the liquid crystal material was adjusted
depending on the examples.

[0143] As the substrate structure used, one of the sub-
strates (substrate 7) was an active matrix substrate provided
with thin film transistors (TFTs) and the other substrate 3
was a color filter substrate provided with color filters, as
desired depending on the examples.

[0144] A shape of pixels and a color filter constitution
were changed appropriately depending on each example.

[0145] The color filter substrate 3 was provided with a
transparent electrode as an electrode 4.

[0146] As a pixel electrode 6 on the TFT side, an alumi-
num electrode was used to provide a reflection-type consti-
tution.

[0147] Between an upper substrate 3 (color filter substrate)
and a polarization plate 1, a wide-band A/4 plate 2 (phase-
compensation plate capable of substantially satisfying %
wavelength condition in visible light region) was disposed,
thereby to provide such a normally black constitution that a
dark state is given under no voltage application and a bright
state is given under voltage application when reflection-type
display is effected.

[0148] (Material Characteristic)

[0149] By using a Berek-type compensator under a polar-
izing microscope, a voltage dependence of An, g referred to
herein was measured while changing a temperature in the
range of 0-40° C. At that time, no chiral agent (dopant) was
added to the liquid crystal material (ML.C-6882).

[0150] Aresult is shown in FIG. 7, wherein a relationship
between an applied voltage and An, . at each of temperatures
of 0° C.,, 10° C., 20° C., 30° C. and 40° C.

[0151] From the result of FIG. 7, it is found that there is
no temperature dependence in the An_g range from 0 to
about 0.03. Incidentally, the measurement was performed by
using a liquid crystal cell having a cell thickness of 5
microns. Even when the cell thickness was changed, there
was substantially no change in voltage dependence of An_.

COMPARATIVE EXAMPLE 1

[0152] For comparison, an active matrix liquid crystal
display device (panel) having a diagonal length of 12 inches
and pixels of 600x800x3 (RGB) was used. Each of the
pixels had a size of about 100 microns (row)xabout 300
microns (column) and was not provided with a color filter.
A liquid crystal layer was controlled to have a thickness of
10 microns.

[0153] The thus prepared liquid crystal display device was
subjected to image formation while variously changing a
voltage at an environmental temperature of 25° C. As a
result, under no voltage application, a black display state
was obtained. Further, a white display state providing a
maximum reflectance was obtained at about 2.55 V, and a
red display state was obtained at 2.85 V with a somewhat
poor color purity, and a blue display state was obtained at 3
V.

[0154] Further, when the environmental temperature was
changed variously from 0° C. to 35° C., there was no change
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in display state. As a result, it was possible to obtain a stable
characteristic with respect to a change in temperature.

[0155] However, when a motion picture image or a scroll-
ing image was displayed at a temperature of about 25° C.,
image blur occurred considerably, thus adversely affecting
practical use of the display device.

COMPARATIVE EXAMPLE 2

[0156] Aliquid crystal display device was prepared in the
same manner as in Comparative Example 1 except that the
cell thickness was adjusted to 5 microns.

[0157] The thus prepared liquid crystal display device was
subjected to image formation while variously changing a
voltage at an environmental temperature of 25° C. As a
result, under no voltage application, a black display state
was obtained. Further, a white display state providing a
maximum reflectance was obtained at about 3.0V, and a red
display state was obtained at 3.9 V with a somewhat poor
color purity, and a blue display state was obtained at 5 V.

[0158] Further, when the environmental temperature was
changed variously from 0° C. to 35° C., there was no change
at all in white display state, black display state, and their
halftone display state. As a result, it was possible to obtain
a stable characteristic with respect to a change in tempera-
ture. However, with respect to the blue and red display
states, they were somewhat changed with the change in
temperature, so that the resultant color image was not stable
against temperature.

[0159] However, when a motion picture image or a scroll-
ing image was displayed at a temperature of about 25° C,,
display was effected with no problem, thus being practically
of no problem.

EXAMPLE 1

[0160] A liquid crystal display device was prepared in the
same manner as in Comparative Example 2 except that the
liquid crystal material was changed.

[0161] As the liquid crystal material in this example, a
liquid crystal material prepared by adding 0.2 wt. % of a
chiral agent (dopant) (“S-811”, mfd. by Merck & Co., Ltd.)
to the liquid crystal material (MLC-6882), as a base liquid
crystal, used in Comparative Examples 1 and 2 was used.
The chiral agent (S-811) has a helical structure in a coun-
terclockwise direction, and a helical patch was such that it
was increased with temperature rise.

[0162] The thus prepared liquid crystal display device was
subjected to image formation while variously changing a
voltage at an environmental temperature of 25° C. As a
result, desired display states were obtained under the sub-
stantially same condition as in Comparative Example 2.
More specifically, under no voltage application, a black
display state was obtained. Further, a white display state
providing a maximum reflectance was obtained at about 3.0
V, and a red display state was obtained at 3.9 V with a
somewhat poor color purity, and a blue display state was
obtained at 5 V.

[0163] Further, when the environmental temperature was
changed variously from 0° C. to 35° C., there was no change
at all in white display state, black display state, and their
halftone display state. As a result, it was possible to obtain
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a stable characteristic with respect to a change in tempera-
ture. Further, different from Comparative Example 2, also
with respect to the blue and red display states, they were
stable against the temperature change, thus providing a good
temperature dependency.

[0164] On the other hand, when a motion picture image or
a scrolling image was displayed at a temperature of about
25° C., display was effected with no problem, thus being
practically of no problem.

[0165] With respect to the chiral liquid crystal (agent) used
in this example (and the following examples), it is difficult
to measure the voltage dependence of An_g as shown in FIG.
7 due to the presence of the chiral component in some cases.
For this reason, in the examples using the chiral liquid
crystal (agent), only hue was evaluated.

EXAMPLE 2

[0166] Aliquid crystal display device was prepared in the
same manner as Example 1 except that the liquid crystal
material was changed.

[0167] As the liquid crystal material in this example, a
liquid crystal material prepared by adding 0.2 wt. % of a
chiral agent (dopant) (“R-811”, mfd. by Merck & Co., Ltd.)
to the liquid erystal material (MLC-6882), as a base liquid
crystal, used in Comparative Examples 1 and 2 was used.
The chiral agent (R-811) has a helical structure in a clock-
wise direction, and a helical patch was such that it was
increased with temperature rise.

[0168] The thus prepared liquid crystal display device was
subjected to image formation while variously changing a
voltage at an environmental temperature of 25° C. As a
result, desired display states were obtained under the sub-
stantially same condition as in Comparative Example 2.
More specifically, under no voltage application, a black
display state was obtained. Further, a white display state
providing a maximum reflectance was obtained at about 3.0
V, and a red display state was obtained at 3.9 V with a
somewhat poor color purity, and a blue display state was
obtained at 5 V.

[0169] Further, when the environmental temperature was
changed variously from 0° C. to 35° C., there was no change
at all in white display state, black display state, and their
halftone display state. As a result, it was possible to obtain
a stable characteristic with respect to a change in tempera-
ture. Further, different from Comparative Example 2, also
with respect to the blue and red display states, they were
stable against the temperature change, thus providing a good
temperature dependency.

[0170] On the other hand, when a motion picture image or
a scrolling image was displayed at a temperature of about
25° C., display was effected with no problem, thus being
practically of no problem.

[0171] As a result, it was confirmed that good results were
attained irrespective of the direction of helical structure.

COMPARATIVE EXAMPLE 3

[0172] Aliquid crystal display device was prepared in the
same manner as Example 1 except that the liquid crystal
material was changed.
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[0173] As the liquid crystal material in this example, a
liquid crystal material prepared by adding 1 wt. % of a chiral
agent (dopant), having a chemical structure shown below, as
described in JP-A No. Hei 05-093923 to the liquid crystal
material (MLC-6882), as a base liquid crystal, used in
Comparative Examples 1 and 2 was used. The chiral agent
(S-811) has a helical patch which was decreased with
temperature rise.

CIGHZIOOOCO@OCH(CH3)C9H7

[0174] The thus prepared liquid crystal display device was
subjected to image formation while variously changing a
voltage at an environmental temperature of 25° C. As a
result, desired display states were obtained under the sub-
stantially same condition as in Comparative Example 2.
More specifically, under no voltage application, a black
display state was obtained. Further, a white display state
providing a maximum reflectance was obtained at about 3.0
V, and a red display state was obtained at 3.9 V with a
somewhat poor color purity, and a blue display state was
obtained at 5 V.

[0175] Further, when the environmental temperature was
changed variously from 0° C. to 35° C., with respect to the
blue and red display states, they were somewhat changed
with the change in temperature, so that the resultant color
image was not stable against temperature. Further, the
brightness in the white display state and the halftone display
characteristic were also changed somewhat, thus resulting in
unstable display characteristics with respect to temperature.

[0176] As a result, it was found that the temperature
dependence was adversely affected in the case where the
chiral agent used had such a helical pitch that a temperature
dependence thereof was opposite to those in Examples 1 and
2, ie., that it was decreased with temperature rise.

EXAMPLE 3

[0177] Aliquid crystal display device was prepared in the
same manner as in Example 1 except that the pixel structure
was changed.

[0178] More specifically, one pixel unit was constituted by
three pixels including one pixel provided with a green color
filter and other two pixels which were not provided with a
color filter and were disposed at an areal ratio of 1:2.

[0179] As a result, it was possible to effect gradation
display of continuous gradation colors of green and mono-
chromatic color and 4 gradation-level display of red and
blue, thus effecting a natural picture image although there
was slight granuality. Further, the natural picture image was
displayed with no problem even when the environmental
temperature was changed.

EXAMPLE 4

[0180] Aliquid crystal display device was prepared in the
same manner as in Example 3 except that the pixel structure
was changed.

[0181] More specifically, one pixel unit was constituted by
three pixels including one pixel provided with a green color
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filter and other two pixels which were provided with a
magenta color filter and were disposed at an areal ratio of
1:2.

[0182] As a result, it was possible to effect gradation
display of continuous gradation colors of green, magenta
and monochromatic color and 4 gradation-level display of
red and blue with high color purity, thus effecting a natural
picture image although there was slight granuality. Further,
the natural picture image was displayed with no problem
even when the environmental temperature was changed.

EXAMPLE 5

[0183] Aliquid crystal display device was prepared in the
same manner as in Example 1 except that the pixel structure
was changed.

[0184] More specifically, one pixel unit was constituted by
three pixels including one pixel provided with a green color
filter, one pixel provided with a red color filter, and pixel
provided with a blue color filter, and other three pixels which
were provided with a magenta color filter and were disposed
at an areal ratio of 1:2:4.

[0185] As a result, it was possible to effect gradation
display of continuous gradation colors with respect to all the
display colors, thus effecting a natural picture image of
complete full colors. Further, the natural picture image was
displayed with no problem even when the environmental
temperature was changed.

[0186] As described hereinabove, according to Examples
of the present invention, it becomes possible to realize a
color liquid crystal display device with loss temperature
dependence.

[0187] Inthe above described Examples, the active matrix
substrate (provided with TFT) is used as a drive substrate.
However, in the present invention, the TFT may be replaced
with MIM (metal-insulator-metal), and the substrate may be
changed to a semiconductor substrate on which a switching
element is formed. Further, the active-matrix driving method
may be changed to a simple-matrix driving method or a
plasma-addressing driving method.

[0188] Further, in the above described Examples, the
liquid crystal display device of the reflection type is used.
However, the liquid crystal display device may also be
applicable to those of a transmission-type or a transflective
(semitransmission)-type.

[0189] While the invention has been described with ref-
erence to the structures disclosed herein, it is not confined to
the details set forth and this application is intended to cover
such modifications or changes as may come within the
purpose of the improvements or the scope of the following
claims.

[0190] This application claims priority from Japanese
Patent Application No. 137505/2004 filed May 6, 2004,
which is hereby incorporated by reference.

What is claimed is:
1. A color liquid crystal display device, comprising:

a pair of oppositely disposed substrates each of which is
provided with an electrode and has been subjected to
homeotropic alignment treatment, and

chiral nematic liquid crystal disposed between said pair of
oppositely disposed substrates,
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wherein said chiral nematic liquid crystal is capable of
causing birefringence leading to a change in brightness
and a change in hue depending on a voltage applied
between the electrodes.

2. A device according to claim 1, wherein said chiral
nematic liquid crystal is substantially homeotropically
aligned with respect to the substrates in a state in which a
voltage is not applied between the electrodes.

3. A device according to claim 1, wherein said chiral
nematic liquid crystal has a temperature range in which a
helical pitch thereof is increased with temperature rise.

4. A device according to claim 1, wherein said device
effects black display in no voltage application state.

5. A device according to claim 1, wherein said device
further comprises a circular polarization plate.

6. A device according to claim 1, wherein a unit pixel
comprises a plurality of sub-pixels which includes a first
sub-pixel capable of displaying chromatic color by birefrin-
gence of said liquid crystal under voltage application and a
second sub-pixel having a color filter capable of displaying
color of the color filter in a brightness change range of said
liquid crystal under voltage application.
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7. A color liquid crystal display device, comprising:

a pair of oppositely disposed substrates each of which is
provided with an electrode, and

liquid crystal disposed between said pair of oppositely
disposed substrates,

wherein said liquid crystal is capable of causing birefrin-
gence leading to a change in brightness and a change in
hue depending on a voltage applied between the elec-
trodes, and

wherein said liquid crystal is homeotropically aligned
with respect to the substrates in a state in which a
voltage is not applied between the electrodes and is
twistedly aligned in a voltage application state.

8. A device according to claim 7, wherein said liquid
crystal which is twistedly aligned in the voltage application
state has a twist pitch which is increased with temperature
rise.
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