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A display apparatus is constituted by a display device
including a plurality of pixels and control means for effect-
ing a plurality of displaying operations at each pixel. Each
of the displaying operation includes at least a first operation
for displaying a first image at a first luminance and a second

(JP) operation for displaying a second image substantially iden-
tical to the first image at a second luminance, said first and
(21) Appl. No.: 10/885,614 second luminances being non-zero and different from each
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DISPLAY APPARATUS, LIQUID CRYSTAL
DISPLAY APPARATUS AND DRIVING METHOD
FOR DISPLAY APPARATUS

FIELD OF THE INVENTION AND RELATED
ART

[0001] The present invention relates to a display appara-
tus, particularly by a liquid crystal display apparatus includ-
ing a liquid crystal device for use in light-valves for flat-
panel displays, projection displays, printers, etc., and a
driving method for the (liquid crystal) display apparatus.

[0002] As atype of a nematic liquid crystal display device
used heretofore, there has been known an active matrix-type
liquid crystal device wherein each pixel is provided with an
active element (e.g., a thin film transistor (TFT)).

[0003] As a nematic liquid crystal material used for such
an active matrix-type liquid crystal device using a TFT, there
has been presently widely used a twisted nematic (TN)
liquid crystal as disclosed by M. Schadt and W. Helfrich,
“Applied Physics Letters”, Vol. 18, No. 4 (Feb. 17, 1971),
pp. 127-128.

[0004] In recent years, there has been proposed a liquid
crystal device of In-Plain Switching mode utilizing an
electric field applied in a longitudinal direction of the device,
thus improving a viewing angle characteristic being prob-
lematic in TN-mode liquid crystal displays. Further, a liquid
crystal device of a super twisted nematic (STN) mode
without using the active element (TFT etc.) has also be
known as a representative example of the nematic liquid
crystal display device.

[0005] Accordingly, the nematic liquid crystal display
device includes various display or drive modes. In any mode
however, the resultant nematic liquid crystal display device
has encountered a problem of a slow response speed of
several ten milliseconds or above.

[0006] In order to solve the above-mentioned difficulties
of the conventional types of nematic liquid crystal devices,
a liquid crystal device using a liquid crystal exhibiting
bistability (“SSFLC”, Surface Stabilized FLC), has been
proposed by Clark and Lagerwall (Japanese Laid-Open
Patent Application (JP-A) 56-107216, U.S. Pat. No. 4,367,
924). As the liquid crystal exhibiting bistability, a chiral
smectic liquid crystal or a ferroelectric liquid crystal (FLC)
having chiral smectic C phase (SmC¥) is generally used.
Such a chiral smectic (ferroelectric) liquid crystal has a very
quick response speed because it causes inversion switching
of liquid crystal molecules by the action of an applied
electric field on spontaneous polarizations of their liquid
crystal molecules. In addition, the chiral smectic liquid
crystal develops bistable states showing a memory charac-
teristic and further has an excellent viewing angle charac-
teristic. Accordingly, the chiral smectic liquid crystal is
considered to be suitable for constituting a display device or
a light valve of a high speed, a high resolution and a large
area.

[0007] In recent years, as another liquid crystal material,
an antiferroelectric liquid crystal showing tristability
(tristable states) has caught attention. Similarly as in the
ferroelectric liquid crystal, the antiferroelectric liquid crystal
causes molecular inversion switching due to the action of an
applied electric field on its spontaneous polarization, thus
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providing a very high-speed responsiveness. This type of the
liquid crystal material has a molecular alignment (orienta-
tion) structure wherein liquid crystal molecules cancel or
counterbalance their spontaneous polarizations each other
under no electric field application, thus having no sponta-
neous polarization in the absence of the electric field.

[0008] The above-mentioned ferroelectric and antiferro-
electric liquid crystal causing inversion switching based on
spontaneous polarization are liquid crystal materials assum-
ing smectic phase (chiral smectic liquid crystals). Accord-
ingly, by using these liquid crystal materials capable of
solving the problem of the conventional nematic liquid
crystal materials in terms of response speed, it has been
expected to realize a smectic liquid crystal display device.

[0009] As described above, the (anti-)ferroelectric (or
chiral smectic) liquid crystal having a spontaneous polar-
ization has been expected to be suitable for use in displays
exhibiting a high-speed response performance in the near
future.

[0010] In the case of the above-mentioned device (cell)
using the (anti-)ferroelectric liquid crystal exhibiting bista-
bility or tristability, however, it has been difficult to effect a
gradation display in each pixel based on its display principle.

[0011] In recent years, in order to allow a mode of
controlling various gradation levels, there have been pro-
posed liquid crystal devices using a specific chiral smectic
liquid crystal, such as a ferroelectric liquid crystal of a short
pitch-type, a polymer-stabilized ferroelectric liquid crystal
or an anti-ferroelectric liquid crystal showing no threshold
(voltage) value. However, these devices have not been put
into practical use sufficiently.

[0012] On the other hand, with respect to a liquid crystal
display apparatus, it has been clarified by recent studies that
it is difficult to attain a sufficient human-sensible high-speed
motion picture response characteristic only by simply
increasing a response speed of a liquid crystal portion of a
conventional liquid crystal device (using a nematic TN or
STN) mode)(as described in, ¢.g., “Shingaku Giho” (Tech-
nical Report of IEICD), EID 96-4 (1996-06, p. 19).

[0013] According to results of these studies, it has been
concluded that a scheme wherein a time aperture (opening)
rate is decreased to at most 50% by using a shutter or a
double-rate display scheme is effective in improving motion
picture qualities as a scheme by which a human-sensible
high-speed motion picture responsiveness is provided.

[0014] However, in the conventional nematic (display)
mode, the response speed of a liquid crystal is insufficient,
thus failing to be applied to the above motion picture display
schemes. Further, in order to realize the high-speed motion
picture display as described above by using the convention-
ally proposed high-speed responsive chiral smectic liquid
crystal devices including those using a ferroelectric liquid
crystal of a short pitch-type or a polymer-stabilized type and
a threshold-less antiferroelectric liquid crystal, any (chiral)
smectic mode is accompanied with difficulties, such as
complicated driving method and peripheral circuits, thus
leading to an increase in production cost. Even when a time
aperture rate is completely set to 50% or below, the entire
display device (apparatus) is also correspondingly decreased
in brightness of 50% or below. As a result, it is clear that the
resultant display device causes a lowering in (display)
luminance.
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[0015] In recent years, it has been desired to effect full-
color display using a liquid crystal device. As one of
methods for effecting full-color display, there has been
known a method wherein a liquid crystal device is irradiated
with respective color lights (e.g., red light, green light and
blue light) in succession to effect switching of liquid crystal
molecules under the respective color light irradiations. Even
in such a liquid crystal device, however, if the time aperture
rate is decreased to at most 50% as described above, the
resultant liquid crystal device is similarly accompanied with
a (display) luminance lowering problem.

[0016] More specifically, FIG. 19 is a block diagram of a
conventional liquid crystal apparatus.

[0017] Referring to FIG. 19, the liquid crystal apparatus
includes a liquid crystal device (panel) 80, a color light
source 101 capable of emitting respective color lights (of red
(R), green (G) and blue (B)) and a color light source driving
unit 102 for driving the color light source 101 based on
synchronizing signals.

[0018] The liquid crystal device 80 shown in Figure 19
includes 480 scanning lines supplied with scanning (data)
signals X001 to X480, respectively, through a Y-driver 92.
These X— and Y-drivers 91 and 92 are driven by applying
a drive voltage carrying drive signals. The synchronizing
signals supplied to the color light source driving unit are
separated from the drive signals.

[0019] FIG. 20 is a time chart for illustrating a driving
method of the conventional liquid crystal apparatus shown
in FIG. 19.

[0020] Referring to FIG. 20, when the liquid crystal
apparatus is driven, one frame period F0 is divided into three
field periods F1, F2 and F3. In this instance, when a frame
frequency is set to 60 Hz, one frame period F0 is ca. 16.7
msec. and each of the field period F1, F2 and F2 is ca. 5.5
msec. The liquid crystal device 80 is irradiated successively
with the respective color lights (R, G, B) from the color light
source 101 in the field periods F1, F2 and F3, respectively
(FIGS. 20(a), (b) and (c)). In each of the field periods F1, F2
and F3, with respect to each of scanning lines (S001 to
S048), a black and white (monochromatic) image (for R in
F1, for G in F2 or for B in F3) is successively displayed in
a prescribed display period (RD, GD or BD) as shown in
FIG. 20(d). As a result, these resultant (color) images are
visually color-mixed to be recognized as a desired full-color
image.

[0021] According to such a liquid crystal apparatus, it is
not necessary to provide the liquid crystal device 80 with a
color filter, thus obviating problems due to the formation of
the color filter, such as a lowering in production yield, an
attenuation (lowering in luminance) of illumination light at
the color filter and an increase in quantity of light of a
backlight (light source) for preventing the lowering in
luminance. On the other hand, however, the image display
period (Rd, GD or BD) is half of the corresponding field
period (F1, F2 or F3), thus resulting in an about half
utilization of the color light source 101. Accordingly, the
resultant luminance is lowered in spite of no attenuation of
the illumination light by the use of the color filter, so that the
color light source 101 is required to provide a higher
luminance in order to prevent the lowering in luminance of
the liquid crystal device 80.
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[0022] 1In the case where such a liquid crystal device 80
uses a ferroelectric liquid crystal (e.g., a liquid crystal
assuming chiral smectic C phase), it is necessary to apply a
reset pulse (voltage) in combination with a writing pulse.
Even when the reset pulse is set to have a negative polarity
and the writing pulse is set to have a positive polarity, the
resultant writing pulse becomes smaller depending on dis-
playing gradation levels in some cases, thus resulting in DC
voltage component applied to the liquid crystal to cause an
occurrence of so-called burning or sticking.

SUMMARY OF THE INVENTION

[0023] In view of the above-mentioned problems, an
object of the present invention is to provide a display
apparatus, particularly a liquid crystal display apparatus,
capable of effecting gradation control with high-speed
responsiveness while ensuring a practical brightness to
improve motion picture image qualities without using a
complicated circuit.

[0024] Another object of the present invention is to pro-
vide a driving method for the (liquid crystal) display appa-
ratus.

[0025] According to the present invention, there is pro-
vided a display apparatus, comprising:

[0026] a display device including a plurality of pix-
els, and

[0027] control means for effecting a plurality of dis-
playing operations at each pixel, each displaying
operation including at least a first operation for
displaying a first image at a first luminance and a
second operation for displaying a second image
substantially identical to the first image at a second
luminance, said first and second luminances being
non-zero and different from each other.

[0028] According to the present invention, there is also
provided a liquid crystal display apparatus, comprising:

[0029] a liquid crystal device including a layer of
liquid crystal, a pair of substrates disposed to sand-
wich the liquid crystal, and a polarizer disposed on
at least one of the substrates, at least one of the
substrates being provided with an alignment film for
aligning the liquid crystal in contact therewith, the
pair of substrates respectively having thereon mutu-
ally intersecting electrodes for applying a voltage to
the liquid crystal thereby forming a matrix of pixels
each at an intersection of the electrodes on the pair
of substrate, and

[0030] control means for effecting a plurality of dis-
playing operations at each pixel, each displaying
operation including at least a first operation for
displaying a first image at a first luminance and a
second operation for displaying a second image
substantially identical to the first image at a second
luminance, said first and second luminances being
non-zero and different from each other.

[0031] According to the present invention, there is further
provided a liquid crystal apparatus, comprising:

[0032] a liquid crystal device including a layer of
liquid crystal, a pair of substrates disposed to sand-
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wich the liquid crystal, and a polarizer disposed on
at least one of the substrates, at least one of the
substrates being provided with an alignment film for
aligning the liquid crystal in contact therewith, the
pair of substrates respectively having thereon mutu-
ally intersecting electrodes for applying a voltage to
the liquid crystal thereby forming a matrix of pixels
each at an intersection of the electrodes on the pair
of substrate,

[0033] a light source provided to one of the substrates
for emitting light to be optically modulated by the
liquid crystal device, and

[0034] control means for effecting a plurality of illu-
minating operations including at least a first opera-
tion for displaying a first image by turning the light
source on at a first illuminance and a second opera-
tion for displaying a second image substantially
identical to the first image by turning the light source
on at a second illuminance, said first and second
illuminances being non-zero and different from each
other.

[0035] The present invention provides a liquid crystal
apparatus, comprising:

[0036] a liquid crystal device including a layer of
liquid crystal, a pair of substrates disposed to sand-
wich the liquid crystal, and a polarizer disposed on
at least one of the substrates, at least one of the
substrates being provided with an alignment film for
aligning the liquid crystal in contact therewith, the
pair of substrates respectively having thereon mutu-
ally intersecting electrodes for applying a voltage to
the liquid crystal thereby forming a matrix of pixels
each at an intersection of the electrodes on the pair
of substrate, and

[0037] voltage application means for applying a volt-
age to the liquid crystal through the electrodes,
wherein

[0038] the liquid crystal has an alignment character-
istic such that the liquid crystal is aligned to provide
an average molecular axis to be placed in a
monostable alignment state under no voltage appli-
cation, is tilted from the monostable alignment state
in one direction when supplied with a voltage of a
first polarity at a tilting angle which varies depending
on magnitude of the supplied voltage, and is tilted
from the monostable alignment state in the other
direction when supplied with a voltage of a second
polarity opposite to the first polarity at a tilting angle,
said tilting angles providing maximum tilting angles
formed under application of the voltages of the first
and second polarities, respectively, different from
each other.

[0039] The present invention also provides a liquid crystal
apparatus, comprising:

[0040] a liquid crystal device including a layer of
liquid crystal, a pair of substrates disposed to sand-
wich the liquid crystal, and a polarizer disposed on
at least one of the substrates, the pair of substrates
respectively having thereon mutually intersecting
electrodes for applying a voltage to the liquid crystal
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thereby forming a matrix of pixels each at an inter-
section of the electrodes on the pair of substrate, and

[0041] a drive circuit for driving the liquid crystal
device to effect desired gradational display based on
change in emitting light quantity for each pixel,
wherein each pixel is supplied with a driving signal
from said drive circuit, said driving signal including
in a first period a voltage of a first polarity for
providing a prescribed light quantity equal to or
larger than a light quantity for providing a prescribed
gradational image and in a second period a voltage of
a second polarity opposite to the first polarity for
providing a second light quantity smaller than the
prescribed light quantity but larger than zero, thereby
to effect desired gradational display through the first
and second period.

[0042] The present invention further provides a driving
method for a display apparatus wherein a plurality of color
lights are successively emitted from a color light source and
in synchronism with the respective light emissions, switch-
ing of the respective lights is effected by a display device to
visually color-mixing the respective lights to provide a
full-color image, said driving method comprising:

[0043] dividing one frame period into a plurality of
field periods and further dividing each field period
into a plurality of sub-field periods,

[0044] changing a color of a light emitted from the
color light source for each field period, and

[0045] displaying a higher luminance image in at
least one sub-field period in each field period and a
lower luminance image in at least one another sub-
field period in each field period.

[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
embodiments of the present invention taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] FIGS. 1A an 1B are illustrations of liquid crystal
molecules and a smectic layer structure formed thereby in
C1 alignment and C2 alignment, respectively, in an SSFLC-
type device.

[0048] FIGS. 2A and 2B are illustrations of positions of
C-directors in the C1 alignment shown in FIG. 1A and the
(2 alignment shown in FIG. 1B, respectively.

[0049] FIGS. 3A and 3B are illustrations of courses of
smectic layer formation of liquid crystal molecules exhib-
iting a phase transition series of Ch (cholesteric phase)-SmA
(smectic A phase)-SmC* (chiral smectic C phase) in an
SSFLC-type device and a phase transition series of Ch-
SmC* in an embodiment of a liquid crystal device used in
the present invention, respectively.

[0050] FIGS. 4A, 4BA, 4BB, 4CA and 4CB are illustra-
tions of alignment states of liquid crystal molecules in an
embodiment of a liquid crystal device used in the present
invention, wherein FIG. 4A shows a course of smectic layer
formation of liquid crystal molecules exhibiting a phase
transition series of Ch-SmC¥ in a chevron structure or an
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oblique bookshelf structure, FIGS. 4BA and 4CA are plan
views showing alignment states of liquid crystal molecules
having a chevron structure in a C1 alignment and a C2
alignment, respectively, and FIGS. 4BB and 4CB are cor-
responding positions of liquid crystal molecules and C-di-
rectors in the alignment states shown in FIGS. 4BA and
4CA, respectively.

[0051] FIG. 5 is a schematic view showing an alignment
state of liquid crystal molecules in chiral smectic C phase.

[0052] FIGS. 6AA, 6AB, 6BA, 6BB, 6CA, 6CB and 6D
are schematic views showing a liquid crystal inversion
behavior in chiral smectic C phase under voltage application
in an embodiment of a liquid crystal device used in the
present invention, wherein FIGS. 6AA, 6BA and 6CA are
plan views showing alignment states of liquid crystal mol-
ecules in C2 alignment; FIGS. 6AB, 6BB and 6CB are
corresponding positions of liquid crystal molecules and
C-directions in the alignment states shown in FIGS. 6AA,
6BA and 6CA, respectively; and FIG. 6D illustrates an
arrangement of a pair of polarizers.

[0053] FIG. 7 is a graph showing an example of a V-T
(voltage-transmittance) characteristic of a liquid crystal
device used in the present invention.

[0054] FIGS. 8A and 8B are illustrations of states of
energy potentials of an SSFLC in C1 alignment and C2
alignment, respectively.

[0055] FIGS. 9A and 9B are illustrations of states of
energy potentials of a liquid crystal materials in a liquid
crystal device used in the present invention in C1 alignment
and C2 alignment, respectively.

[0056] FIG. 10 is a schematic sectional view of an
embodiment of a liquid crystal device used in the present
invention.

[0057] FIG. 11 is a schematic plan view of an embodiment
of an active matrix-type liquid crystal device applicable to
the present invention in combination with drive circuits
therefor.

[0058] FIG. 12 is an enlarged sectional view showing
each pixel portion of the liquid crystal device shown in FIG.

[0059] FIG. 13 shows an equivalent circuit of each pixel
portion shown in FIG. 12.

[0060] FIG. 14 shows drive waveform diagrams (at (a),
(b) and (c)) for driving the active matrix-type liquid crystal
device shown in FIG. 11 and a corresponding transmitted
light quantity (at (d)).

[0061] FIGS. 15 and 19 are block diagrams of embodi-
ments of the liquid crystal apparatus according to the present
invention and a conventional liquid crystal apparatus,
respectively.

[0062] FIGS. 16, 17 and 21 are time charts for illustrating
embodiments of the driving method for a liquid crystal
display apparatus according to the present invention, respec-
tively.

[0063] FIG. 18 shows a circuit diagram of an embodiment
of a backlight (color light source) used in the present
invention.
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[0064] FIG. 20 is a time chart for illustrating an embodi-
ment of a conventional driving method for a liquid crystal
apparatus.

[0065] FIG. 22 is a graph showing another embodiment of
a V-T characteristic of a liquid crystal device used in the
present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0066] Hereinbelow, some preferred embodiments of the
(liquid crystal) display apparatus and the driving method
therefor according to the present invention will be described
specifically with reference to the drawings.

First Embodiment

[0067] In the display device used in the present invention
according to this embodiment, a plurality of displaying
operations per second at each pixel for the display device are
effected by a control means constituting a display apparatus
of the present invention in combination with the display
device.

[0068] The plurality of displaying operations includes at
least a first operation for displaying a first image at a
(non-zero) higher luminance (first luminance) and a second
operation for displaying a second image substantially iden-
tical to the first image at a (non-zero) lower luminance
(second luminance), thus providing a human-sensible high-
speed motion picture image without largely impairing a
luminance or brightness of the resultant display device.

[0069] The display device used in the present invention
may include a display device of a type wherein an image
display is performed by optical modulation of external light
and a self-emission type display device, such as an EL
(electroluminescent) display device or a plasma display
device.

[0070] In the present invention, the display device may
particularly preferably be a liquid crystal (display) device
including a pair of oppositely disposed substrates each
provided with an electrode for applying a voltage to a liquid
crystal and at least one of which is subjected to a uniaxial
aligning treatment at its opposing (inner) surface and is
provided with a polarizer and including a liquid crystal
disposed between the opposing surfaces of the pair of
substrates.

[0071] TIn this embodiment, in the (liquid crystal) display
device, the lower (second) luminance in the second opera-
tion may preferably be at most ¥ of the higher (first)
luminance in the first operation. Particularly, in the liquid
crystal device, the plurality of displaying operations (optical
modulation operations) may preferably be performed such
that a first optical modulation operation is performed to
provide a first transmittance (passing through the device)
corresponding to the first luminance for displaying the first
image in a first display (sub-)field period and a second
optical modulation operation is performed to provide a
second transmittance which is non-zero and at most %5 of the
first transmittance in a second display (sub-)field period.

[0072] In this embodiment, the (liquid crystal) display
apparatus using the liquid crystal device may further include
an external light source as a backlight (e.g., a white light
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source or a color light source) disposed outside one of the
pair of substrates of the liquid crystal device. In this display
apparatus, the liquid crystal device is illuminated with the
light source at a first illuminance in at least one display
(sub-)field period constituting one frame period and at a
second illuminance which is non-zero and smaller than the
first illuminance in at least one another (different) display
((sub-)field) period, thus effecting the above-mentioned plu-
rality of displaying operations.

[0073] The second illuminance may preferably be at most
Y5 of the first illuminance.

[0074] Another driving method for such a display appa-
ratus based on illuminance control of a color light source
will be described with reference to FIGS. 15 and 21 in
combination with FIGS. 11 and 12.

[0075] FIG. 15 is a block diagram of a liquid crystal
display apparatus 100 including a color light source 101
according to the present invention. The display apparatus
has a structure identical to that of the conventional display
apparatus shown in FIG. 19.

[0076] The display apparatus 100 of the present invention
is driven by a driving method based on illuminance control
as shown in FIG. 21.

[0077] More specifically, referring to FIG. 21, when light
source lights issued from the color light source 101 are lights
of red (R), green (G) and blue (B), one frame period FO is
divided into three (first to third) field periods F1, F2 and F3
for emitting lights of R, G and B, respectively. Each of the
field periods F1, F2 and F3 is further divided into three (firsts
to third) sub-field periods 1F, 2F and 3F. In the first sub-field
period 1F (of each of the field periods F1, F2 and F3), the
color light source 101 is turned off. Then, the color light
source 101 is turned on in the second sub-field period 2F at
a first illuminance so as to provide a prescribed color light
(e.g., red (R) in FIG. 21) (R1 illumination) and in the third
sub-field period 3F at a second illuminance, which is non-
zero and smaller than the first illuminance, so as to provide
the same color light (R2 illumination), thus displaying a
higher luminance (red) image in the second sub-field period
2F and a lower luminance (red) image in the third sub-field
period 3F.

[0078] The thus-displayed color images different in color
in the three field periods F1, F2 and F3, respectively are
visually color-mixed to be recognized as a full-color image
in each frame period F0.

[0079] The number of the field periods may be changed
depending on the number of light-source lights issued from
the color light source 101. For example, when four colors (of
red (R), green (G), blue (B) and white (W)) are employed as
the light-source light, one frame period FO may b divided
into four field periods F1, F2, F3 and F4.

[0080] In the above driving method, the order of light
illumination is set to B, R and G. However, the light
illumination order may be appropriately changed in any
order (e.g. the order of R, G and B) within one frame period.

[0081] In the above driving method, the liquid crystal

device 80 is of an active matrix-type as shown in FIGS. 11
and 12.

[0082] The driving method will be described more spe-
cifically based on FIG. 21 in combination with FIGS. 11
and 12.
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[0083] Referring to these figures, in the first sub-field
period 1F of the second field period F2, any one of gate lines
G1,G2,. .. Gn(e.g., i-th gate line Gi) is supplied with a gate
voltage Vg in a prescribed period (selection period Ton). In
synchronism with the gate voltage application, any one of
source lines S1, S2, . . ., Sn (e.g., j-th source line Sj) is
supplied with a source voltage Vs (=Vx) in the selection
period Ton relative to a potential Ve (not shown) of a
common electrode 42 taken as a reference potential. In this
instance, a TFT (thin film transistor) 94 on a pixel concerned
along with the gate and source lines Gi and Sj is turned on
by the application of the gate voltage Vg and the pixel is
electrically charged by the application of the source voltage
Vx via the TFT 94 and a pixel electrode 95 at a liquid crystal
capacitor Clc and a holding (supplementary) capacitor Cs.

[0084] In a non-selection period Toff (other than Ton) in
the first sub-field period 1F of the second field period F2, the
gate voltage Vg is not applied to the gate line Gi but is
applied to other gate lines G1, G2, . . ., Gn (other than Gi),
thus turning the TFT 94 off. As a result, the liquid crystal
capacitor Clc and the holding capacitor Cs retains the
charges (stored in the selection period Ton) through the
non-selection period Toff, whereby a liquid crystal 49 is
continuously supplied with a pixel voltage Vpix (=Vx)
through the entire second field period F2, thus continuously
retaining liquid crystal molecules in a substantially identical
position (through the entire second field period F2).

[0085] Similarly, scanning (selection of the gate lines) is
continued to the last gate line Gn in the first sub-field period
1F (of the second field period F2) wherein all the liquid
crystal molecules are maintained in a prescribed alignment
state. In the first sub-field period 1F, the color light source
101 is turned off, thus resulting in a transmitted light
quantity (T) of zero. If the color light source 101 is con-
tinuously turned on, a resultant transmitted light quantity (T)
is changed as shown at M of FIG. 21 depending on
respective color light transmittances.

[0086] Then, the color light source 101 is turned on at a
first illuminance in a subsequent second sub-field period 2F
and at a second illuminance lower than the first illuminance
but larger than zero in a third sub-field period 3F subsequent
to the second sub-field period 2F, thus attaining a transmitted
light quantity Tx in the second sub-field period 2F and a
transmitted light quantity Ty in the third sub-field period 3F,
respectively. As a result, in the entire second field period F2,
an average transmitted light quantity of zero, Tx and Ty is
obtained.

[0087] In this instance, in the second field period F2, the
liquid crystal device 80 is illuminated with the color light
source 101 emitting red light, whereby a black-and-white
(monochrome) image displayed on the liquid crystal device
is recognized as a red image. Similarly, in the previous (first)
field period F1, a black-and-white image is recognized as a
blue image by blue light illumination. In the subsequent
(third) field period F3, a black-and-white image is recog-
nized as a green image by green light illumination. As a
result, these color images are visually color-mixed to be
recognized as a full-color image in the entire (one) frame
period consisting of the three field periods F1, F2 and F3.

[0088] In this embodiment, the source voltage applied to
the source line Sj may preferably be changed in its polarity
frame by frame (frame inversion driving scheme), whereby
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the liquid crystal 49 is supplied with a positive-polarity
source voltage Vx and a negative-polarity source voltage
-Vx in an alternating manner, thus suppressing a deteriora-
tion of the liquid crystal 49.

[0089] In the case where such a frame inversion driving
scheme is adopted in combination with the illuminance
control of the color light source as shown in FIG. 21, the
liquid crystal 49 used may be not only one exhibiting
voltage-transmittance (V-T) characteristic as shown in FIG.
7 but also one exhibiting a V-T characteristic as shown in
FIG. 22, thus allowing a more latitude in selection of a
liquid crystal material.

[0090] As the liquid crystal device 80 more suitable for
this embodiment effecting display based on the setting of the
first and second luminances (illuminances) as described
above, a liquid crystal device using a chiral smectic liquid
crystal assuming a monostable state under no voltage appli-
cation, particularly as described in JP-A 10-177145 is used.

[0091] Hereinbelow, a liquid crystal assuming chiral
smectic phase suitably used as the liquid crystal 49 of the
liquid crystal device 80 used in the present invention will be
described in terms of an alignment state in chiral smectic
phase and a switching behavior of its liquid crystal mol-
ecules by contrast with the above-mentioned conventional
SSFLC with reference to FIGS. 1-8.

[0092] In FIGS. 1-8, the alignment state and switching
behavior are explained based on typical molecular models
representing relationships between liquid crystal molecules
and virtual cone (defining a position of liquid crystal mol-
ecules), a normal to a smectic (molecular) layer and an
average uniaxial aligning treatment axis. The liquid crystal
molecules are present between a pair of substrates and
twisted in a direction of a normal to the substrates. The
behavior of the liquid crystal molecules is optically observed
(e.g., through a polarizing microscope) as that of an average
molecular axis. Accordingly, the average molecular axis
defined in the present invention corresponds to a single
liquid crystal molecule.

[0093] In the conventional SSFLC-type device using a
liquid crystal assuming chiral smectic C phase (SmC¥),
liquid crystal molecules are stabilized in (either one of) two
(optically) stable states, thus developing a bistability or a
memory characteristic. First, this memory state will be
described with reference to FIGS. 1 and 2.

[0094] FIGS. 1A and 1B are schematic illustrations of
liquid crystal molecules and a smectic (molecular) layer
structure formed thereby in the SSFLC-type device.

[0095] Referring to FIGS. 1A and 1B, a liquid crystal 13
sandwiched between a pair of parallel substrates 11 and 12
includes a plurality of liquid crystal molecules 14. The liquid
crystal molecules 14 in the vicinity of boundaries with the
substrates form a pretilt angle «, the direction of which is
such that the liquid crystal molecules 14 raise a forward end
up (i.e., spaced from the substrate surface) in the directions
of uniaxial aligning treatment indicated by arrows A, respec-
tively. I these figures, the uniaxial aligning treatment axis
directions A of the pair of substrates 11 and 12 are parallel
to each other and in an identical direction. Between the pair
of substrates 11 and 12, the liquid crystal molecules 14 form
each smectic (molecular) layer 16 having a chevron struc-
ture where the smectic layer 16 is bent at a mid point
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between the substrates (hereinbelow, referred to as a “bend-
ing point”) and provides a layer inclination angle & with
respect to a normal to the substrates. These liquid crystal
molecules 14 cause switching between two stable states
under electric field application and under no electric field
application, are stably present at a wall surface of a virtual

cone 15 having an apex angle 2 (B((@: a cone angle
intrinsic to the liquid crystal material used).

[0096] As shown in FIGS. 1A an 1B, the liquid crystal 13
between the substrates 11 and 12 can assume different two
alignment states depending on the pretilt directions of the
liquid crystal molecules 14 in the vicinity of the substrate
surface and the bending directions of the chevron structures
of the smectic layers 16 between the substrates 11 and 12.
Herein, the alignment state shown in FIG. 1A is referred to
as a “C1 alignment (state)” and the alignment state shown in
FIG. 1B is referred to a a “C2 alignment (state)”, respec-
tively.

[0097] In both the C1 and C2 alignment states, all the
liquid crystal molecules 14 can assume two (optically) stable
states within the cone 15 in a thickness direction between the
substrates of the device including the bending points under
no electric field application by generally satisfying a rela-

tionship of (B>, thus realizing bistable states.

[0098] FIGS. 2A and 2B are views for illustrating posi-
tions of C-directors (projections of the liquid crystal mol-
ecules on a circular base 17 of the virtual cone 15) in the C1
alignment shown in FIG. 1A and the C2 alignment shown
in FIG. 1B, respectively.

[0099] Referring to FIGS. 2A and 2B, each of the liquid
crystal molecules may assume bistable states 14a and 14b
(projections 18 and 18b) at any position between the
substrates 11 and 12.

[0100] In the above (SSFLC-type) device wherein the
liquid crystal assumes a bistability (bistable alignment
states), a pair of polarizers-are disposed so that one of the
polarizers is aligned with one of two average molecular axes
(molecular positions) providing the two (optically) stable
states, thus effecting a switching between the two stable
states (bistable states) to allow a black (dark) and white
(bright) display. In this case, the switching (between the two
stable states) is performed through formation of a domain of
one of the two stable states from the other stable state, i.c.,
is accompanied with formation and extinction of domain
walls.

[0101] In the case of effecting display based on such a
switching mechanism, the display is basically a two-value
display providing a black display state and a white display
state. Accordingly, it is difficult to effect a gradation (half-
tone) display between the black and white display state.

[0102] On the other hand, in the liquid crystal device used
in the present invention, a liquid crystal material used is
selected so that it does not exhibit the memory characteristic
(bistability) as illustrated in FIGS. 1 and 2 and can con-
tinuously change its molecular position depending on a
voltage applied thereto, in order to realize gradational dis-
play by the liquid crystal device using a liquid crystal
material assuming chiral smectic phase. For this reason, in
the present invention, the liquid crystal material used may
preferably be a liquid crystal material exhibiting a phase
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transition series of Iso. (isotropic liquid phase)-Ch (choles-
teric phase)-SmC* (chiral smectic C phase) or of Iso.-SmC*
on temperature decrease.

[0103] FIG. 3A shows a course (process) of formation of
smectic layer structure of a liquid crystal material exhibiting
a phase transition series on temperature decrease of at least
Ch-SmA (smectic A phase)-SmC* and FIG. 3B shows a
course of smectic layer structure formation of a liquid
crystal material exhibiting at Ch-SmC* phase transition.
series on temperature decrease.

[0104] In these figures, an arrow R represents a direction
of an average uniaxial aligning treatment axis and an arrow
LN represents a direction of a normal to smectic layer (layer
normal direction). Further, the liquid crystal molecules 14
can effect switching along with the wall surface of the virtual
cone 15 at the time of voltage application thereto.

[0105] Herein, a direction of the “average uniaxial align-
ing treatment axis” means a direction of a uniaxial aligning
treatment axis direction in the case where only one of the
pair of substrates is subjected to a uniaxial aligning treat-
ment or a direction of two parallel uniaxial aligning treat-
ment axes in the case where both of the pair of substrates are
subjected to a uniaxial aligning treatment so that their
uniaxial aligning treatment axes are parallel to each other
and in the same direction or opposite directions (parallel
relationship or anti-parallel relationship). Further, in the case
where both of the substrates are subjected to a uniaxial
aligning treatment so that their uniaxial aligning treatment
axes intersect each other at a crossing angle, the “average
uniaxial aligning treatment axis” direction means a direction
of a bisector of the uniaxial aligning treatment axes (a half
of the crossing angle).

[0106] Referring to FIG. 3A, in the case of the liquid
crystal material having the phase transition series including
SmA (smectic A phase), the liquid crystal molecules 14 are
oriented in SmA so that the (smectic) layer normal direction
LN is aligned with the uniaxial aligning treatment direction
R, thus forming a smectic layer structure. In SmC*, the
liquid crystal molecules 14 are tilted from the layer normal
direction LN and stabilized at a position in the vicinity of or
slightly inside an edge of the virtual cone 15.

[0107] On the other hand, in the case of the liquid crystal
material having the SmA-less phase transition series suitably
used in the present invention, as shown in FIG. 3B, the
liquid crystal molecules 14 are oriented in the phase tran-
sition from Ch to SmC* so that they are tilted from the layer
normal direction LN and also slightly tilted from the average
uniaxial aligning treatment axis direction, thus forming a
smectic layer structure.

[0108] In, the present invention, the liquid crystal material
used is controlled so that the liquid crystal molecules 14 are
stabilized at a position (slightly) inside the edge of the
virtual cone 15 in an operation temperature range in SmC*
to form a smectic layer structure having a chevron structure
or an oblique bookshelf structure (where smectic layers are
uniformly tilted from a direction of a normal to the sub-
strates) providing a prescribed layer inclination angle.

[0109] In the case of a smectic layer structure having a
complete bookshelf structure, the liquid crystal molecules
14 an also be stabilized inside the virtual cone edge in some
cases including a case of a high pretilt angle or a case where
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liquid crystal molecules in a bulk state are twisted due to a
strong polar interaction at a boundary with a substrate.

[0110] In the case where a liquid crystal material has a
remarkable electroclinic effect, the liquid crystal molecules
are tilted outside the virtual cone edge under application of
an electric field. Such a liquid crystal material having the
electroclinic effect is also applicable to the present invention
since in the liquid crystal device used in the present inven-
tion, a deviation angle between the (liquid crystal) molecular
orientation direction and the layer normal direction under
electric field application is larger than a deviation angle
therebetween under no electric field application. Specifi-
cally, when one of polarizing axes of cross-nicol polarizers
is aligned with the liquid crystal molecular direction under
no electric field application to provide a darkest state, an
optical axis of the liquid crystal material used is deviated
from the polarizing axis in either case of a positive-polarity
voltage application and a negative-polarity voltage applica-
tion, thus realizing birefringence.

[0111] Next, as an example of the liquid crystal material
usable in the present invention, a liquid crystal material
having a chevron or oblique bookshelf structure providing a
layer inclination angle will be described with reference to
FIG. 4.

[0112] FIG. 4A shows a course of smectic layer structure
formation of liquid crystal molecules assuming a phase
transition series free from SmA similarly as in FIG. 3B.

[0113] Referring to FIG. 4A, the smectic layer structure is
formed in the course of phase transition from Ch to SmC*
(particularly, at a temperature immediately below a phase
transition temperature from Ch to SmC*) wherein the liquid
crystal molecules 14 are oriented or aligned so that they are
tilted from the smectic layer normal direction LN.

[0114]

ever the cone angle (B (half of an apex angle of the virtual
cone 15) is different, e.g., between a higher-temperature
state (T1) and a lower-temperature state (T2) within SmC*-
temperature range.

In such a smectic layer structure formation, how-

[0115] When a cone angle (B 1 in the higher-temperature

state (T1) and a cone angle (B2 in the lower-temperature
state (T2) of a liquid crystal material used is set so as to
satisfy a relationship: (B 1<(B) 2, in an ordinary case, a layer

spacing d1 in T1 and a layer spacing d2 in T2 hold a
relationship: d1>d2.

[0116] Accordingly, if the liquid crystal material has a
bookshelf structure in T1, the liquid crystal material in T2
provides a layer inclination angle 9 at least satisfying an
equation: d=cos™ (d2/d1). As a result, in T2, the liquid
crystal molecules of the liquid crystal material form a
chevron or oblique bookshelf structure. Of these structures,
the chevron structure will be described.

[0117] Layer structures and positions of C-directors of a
liquid crystal material having a chevron structure are shown
in FIGS. 4BA-4CB, wherein FIG. 4BA is a plan view
showing a layer structure of liquid crystal molecules 14 in
C1 alignment and FIG. 4BB is a corresponding sectional
view showing the layer structure and positions of C-direc-
tions of the liquid crystal molecules 14 in C1 alignment and
FIGS. 4CA and 4CB are those in C2 alignment, respectively.
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[0118] In these figures, the identical reference numerals
and symbols have the same meanings as in FIGS. 1 and 2.

[0119] As shown in these figures, the liquid crystal mate-
rial having the chevron structure is controlled so that the
liquid crystal molecules 14 are stabilized inside the edge of
the virtual cone 15 based on the above-described relation-
ships.

[0120] In all the cases shown in FIGS. 3A, 3B and 4A, the
liquid crystal molecules 14, e.g., as shown in FIGS. 1A to
2B may be considered to be stabilized in a bistable align-
ment state in the chevron (layer) structure, i.¢., in two stable
states where the liquid crystal molecules are substantially
parallel to the substrates 11 and 12. However, in the cases
shown in FIGS. 3B and 4A, a constraint force becomes
larger due to the uniaxial aligning treatment. As a result,
only one of these two stable states is stabilized, whereby a
memory characteristic (bistability) of the liquid crystal
material is lost.

[0121] Further, it may be assumed that the liquid crystal
molecules 14 form two smectic layer structures providing
different layer normal directions LN1 and I.N2 as shown in
FIG. 5 at the time of the phase transition from Ch to SmC*,
i.e., at a temperature immediately below the phase transition
temperature from Ch to SmC*, as shown in FIGS. 3B and
4A. In this instance, if the pair of substrates between which
the (chiral smectic) liquid crystal material is disposed are
subjected to a completely symmetrical uniaxial aligning
treatment, i.¢., a uniaxial aligning treatment under identical
conditions in terms of a treating direction, an alignment film
material, etc., the two (different) smectic layer structures
shown in FIG. § are formed in an equivalent proportion.

[0122] In the liquid crystal device used in the present
invention, the layer structure formation of the liquid crystal
material used is performed so as to preferentially form only
one of the above two smectic layer structures, ie., is
performed so that a direction of deviation of the layer normal
direction (LN1 or LN2, ordinarily LN1) from the average
uniaxial aligning treatment axis direction R is kept in a
certain direction, whereby the liquid crystal molecules 14
are stabilized inside one of two edges of the virtual cone 15
under no voltage application as shown in FIGS. 4BA-4CA,
thus attaining a memory-less SmC* alignment state.

[0123] Then, an inversion behavior (to an electric field) of
liquid crystal molecules placed in such an alignment state
that one of the two smectic layer structures shown in FIG.
5 is preferentially formed in a liquid crystal device used in
the present invention will be described with reference to
FIGS. 6AA to 6D.

[0124] In these figures, the liquid crystal device employs
a parallel rubbing cell (a pair of substrates subjected to a
rubbing treatment (as a uniaxial aligning treatment) so that
two rubbing directions are parallel and identical to each
other) and the inversion behavior is explained with respect
to the liquid crystal molecules in C2 alignment. However,
inversion behaviors in the cases of, e.g., Cl1 alignment,
oblique bookshelf structure and anti-parallel rubbing cell
can be discussed similarly as in the case shown in FIGS.
6AA-6D as specifically described below.

[0125] FIGS. 6AA, 6BA and 6CA are plan views showing
molecular behaviors (I) under application of a positive-
polarity electric field (E) (E>0), under no electric field
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application (E=0) and under application of a negative-
polarity electric field (E<0), respectively. FIGS. 6AB, 6BB
and 6CB are sectional views showing molecular behaviors
(1) corresponding to the molecular behaviors (I) shown in
FIGS. 6AA, 6BA and 6CA, respectively, and also showing
positions of corresponding C-directions (protections onto a
circular base of a virtual cone), respectively.

[0126] InFIGS.6AA, 6BA and 6CA showing the molecu-
lar behaviors (I), the liquid crystal molecules 14 are illus-
trated as an average molecular axis thereof in a direction
perpendicular to the substrates.

[0127] Under no electric field (voltage) application (E=0),
s shown in FIG. 6BB, a C-director (projection) 18 on a
circular base 17 (of a virtual cone 15) of a liquid crystal
molecule 14 is somewhat deviated from an average uniaxial
aligning treatment axis direction R, and spontaneous polar-
izations 18' of the liquid crystal molecules 14 are directed
substantially in the same direction between a pair of sub-
strates 11 and 12.

[0128] In this instance, when a cell (liquid crystal device)
including a pair of polarizers arranged in cross-nicol rela-
tionship is disposed so that one of polarizing axes A and P
(c.g., polarizing axis P) is aligned with the liquid crystal
molecular position (molecular axis) under no voltage appli-
cation (FIGS. 6BA, 6BB and 6D), a resultant transmitted
light quantity passing through the liquid crystal layer is
minimized to provide a darkest state (black display state at
a first emitting light quantity).

[0129] When the liquid crystal molecules 14 placed in the
alignment state shown in FIGS. 6BA and 6BB (E=0) are
supplied with an electric field (voltage) E, the liquid crystal
molecules 14 ar tilted (switched) to positions depending on
the polarity of the applied voltage E as shown in FIGS. 6AA,
6AB, 6CA and 6CB while having spontaneous polarizations
18 (substantially uniformly directed to a direction of the
applied voltage E. An angle of tilting based on the molecular
position 14 under no voltage application (E=0) (hereinbe-
low, referred to as “tilting angle”) is increased depending on
a magnitude (absolute value) of the applied voltage E.
However, as apparent from FIGS. 6AA (E<0) and 6CA
(E>0) when compared with FIG. 6BA (E=0), the tilting
angle (based on the molecular position under E=0) in the
case of application of the positive-polarity (one polarity)
voltage (E>0, FIG. 6CA) is largely different from that in the
case of application of the negative-polarity (the other polar-
ity) voltage (E<0, FIG. 6AA) even if absolute values of
these (positive-polarity and negative-polarity) voltages are
identical to each other.

[0130] In the case of no voltage application (E=0) as
shown in FIG. 6BA, the liquid crystal molecules 14 are
(mono-)stabilized in a position which is tilted from the
(smectic) layer normal direction. In this instance, when
sufficiently larger voltages of positive and negative polari-
ties each having an absolute value further larger than that o
the voltage E are applied to the liquid crystal molecules 14,
respectively, the respective liquid crystal molecules 14 are
further changed in their positions from those shown in FIGS.
6AA and 6CA, respectively, so that the directions of spon-
taneous polarization of the liquid crystal molecules even in
the vicinities of boundaries with the substrates 11 and 12 are
also aligned with the directions of electric fields E (E<O0,
E>0), respectively, similarly as in those of the liquid crystal
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molecules 14 in a bulk state. As a result, almost all the liquid
crystal molecules 14 within the cell are present at the
(virtual) cone angles, thus providing (two) maximum tilt
states depending on the polarity of the applied voltage based
on the molecular position under no voltage application (E=0,
FIG. 6BA). As a result, the liquid crystal molecules 14 are
placed in a uniform alignment state substantially free from
twisting thereof at two extreme molecular positions (on the
virtual cone 15) a bisector of which (corr. to the layer normal
direction) is a symmetric axis thereof.

[0131] Inthe presentinvention, as described above, one of
the maximum tilt states of the liquid crystal molecules 14 is
controlled to be different from the other maximum tilt state,
whereby a tilting angle (based on the monostabilized
molecular position under E=0) in one maximum tilt state
under the positive-polarity voltage application (E>0, FIG.
6CA) becomes larger than that in the other maximum tilt
state under the negative-polarity voltage application (E<0,
FIG. 6AA).

[0132] Inthe case where And (AN: refractive index anisot-
ropy; d: cell thickness or thickness of liquid crystal layer) is
set to be a value corresponding to ca. % of a wavelength of
visible light, a positive-polarity voltage application (E>0) as
shown in FIG. 6CA provides a prescribed emitting light
quantity from the liquid crystal device, i.e., a prescribed tilt
state, with an increase in magnitude (absolute value) of the
applied voltage E, thus providing a second emitting light
quantity most different from the first emitting light quantity
under no voltage application (E=0) (within a range of the
positive-polarity voltage application), ie., a maximum
transmitted light quantity (in the case of E>0).

[0133] On the other hand, as shown in FIG. 6A, a nega-
tive-polarity voltage application (E<0) provides an
increased transmitted light quantity passing through the
liquid crystal device but a degree of optical response cor-
responding to the transmitted light quantity is considerably
lower than the case of E>0 and provides a third emitling
light quantity most different from the first emitting light
quantity (E=0) (within a range of the negative-polarity
voltage application), i.¢., a maximum transmitted light quan-
tity (in the case of E<0) when the liquid crystal molecules
are placed in a prescribed tilt state under application of a
prescribed (negative-polarity) voltage (having an absolute
value identical to that of the positive voltage providing the
second emitting light quantity).

[0134] However, a difference in maximum transmitted
light quantity between the negative-polarity voltage appli-
cation (E<0, FIG. 6AA) and no voltage application (E=0,
FIG. 6BA) is smaller than a difference in maximum trans-
mitted light quantity between the positive-polarity voltage
application (E>0, FIG. 6CA) and no voltage application
(E=0, FIG. 6BA), thus attaining a maximum transmitting
light quantity of the liquid crystal device used in the present
invention under the positive-polarity voltage application.

[0135] In the case where a pair of polarizers having
polarizing axes A and P as shown in FIG. 6D is used, if a
tilting angle (based on the monostabilized molecular posi-
tion under E=0) of the liquid crystal molecules 14 in the
maximum tilt state under E>0 is at most 45 degrees, the
liquid crystal molecules 14 located on the virtual cone 15
edge (i.e., in the maximum tilt state) provide the maximum
transmitted light quantity under E>0 (i.c., the second emit-
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ting light quantity). If the tilting angle of the liquid crystal
molecules 14 is above 45 degrees, the liquid crystal mol-
ecules 14 located inside the virtual cone edge provide the
maximum transmitted light quantity under E>0 (the second
emitting light quantity). On the other hand, in the case of
applying the negative-polarity voltage (E<0), the liquid
crystal molecules 14 can provide the maximum transmitted
light quantity under E<0 (i.c., the third emitting light quan-
tity) in the maximum tilt state irrespective of the tilting angle
thereof (based on the molecular position under E=0).

[0136] The liquid crystal device using the liquid crystal
material exhibiting the above-described switching (inver-
sion) behavior of liquid crystal molecules may, e.g., exhibit
a voltage-transmittance (V-T) characteristic, particularly in
the case where liquid crystal molecules are placed in a
maximum (largest) tilt state under positive-polarity voltage
application, as shown in FIG. 7.

[0137] Referring to FIG. 7, when a voltage (V) of a
positive-polarity is applied, a resultant transmittance (T) is
continuously increased with a magnitude (absolute value) of
the applied (positive-polarity) voltage (V) due to tilting of
the liquid crystal molecules and shows a maximum trans-
mittance T1 under application of a voltage Vi or above. On
the other hand, a negative-polarity voltage is applied, the
transmittance (T) is somewhat continuously increased with
an increasing magnitude of the applied (negative-polarity)
voltage (V) but is saturated at T2, which is considerably
lower than T1, under application of a voltage —V2 or above
(as an absolute value).

[0138] In the present invention, when the above-men-
tioned liquid crystal device allowing the switching behavior
as shown in FIGS. 6AA to 6D and exhibiting the V-T
characteristic as shown in FIG. 7 is used as an ordinary
liquid crystal panel of an active matrix type (equipped with
TFTs) functioning as an optical shutter and is supplied with
an AC (alternating current) driving waveform including a
combination of one (positive)-polarity voltage application
period (allowing the optical response on the positive-polar-
ity side shown in FIG. 7) and the other (negative)-polarity
voltage application period (allowing the optical response on
the negative-polarity side shown in FIG. 7), it is possible to
attain an effect similar to that obtained in the above-de-
scribed motion picture display scheme utilizing a time
aperture rate of at most 50%. Thus, it becomes possible to
provide (liquid crystal) display apparatus including the
liquid crystal device improved in motion picture image
qualities without using complicated peripheral circuits etc.

[0139] In this case, in order to further enhance the motion
picture image qualities, it is preferred that a ratio of a tilting
angle of liquid crystal molecules (average molecular axis) in
a maximum tilt state (i.., maximum tilting angle) under
application of a voltage of a first polarity (positive polarity
in the case of FIG. 6CA) to a maximum tilting angle under
application of a voltage of a second polarity (negative
polarity in the case of FIG. 6AA) is sct to be at least 5. It
is also preferred that a ratio of a maximum emitting light
quantity (e.g., the transmittance T1 in FIG. 7) of liquid
crystal molecules in a prescribed tilt state under the first
(positive-)polarity voltage application to a maximum emit-
ting light quantity (e.g., the transmittance T2 in FIG. 7) of
liquid crystal molecules in a maximum tilt state under the
second (negative-)polarity voltage application is set to be at
least 5.
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[0140] Hereinbelow, an inversion (switching) mechanism
of liquid crystal molecules placed in some alignment states
of a liquid crystal material used in the liquid crystal device
according to the present invention by contrast with the
SSFLC device.

[0141] When liquid crystal molecules of the SSFLC are
placed in the C1 and C2 alignment states shown in FIGS.
1A, 1B, 2A and 2C, the liquid crystal molecules are required
to cross or overcome an energy barrier of a certain potential
level in order to effect switching between bistable states
thereof in each of the C1 and C2 alignment states. The
presence of the energy barrier is the origin of bistability of
a chiral smectic liquid crystal.

[0142] On the other hand, in the liquid crystal device used
in the present invention, when liquid crystal molecules are,
e.g., placed in an alignment state as shown in FIG. 5, the
liquid crystal molecules 14 are extremely stabilized at a
position closer to a position at one of bistable potentials of
the SSFLC, thus resulting in only one stable state. As a result
in the present invention, an analog-like stable state is present
depending on a magnitude of an applied voltage, and the
applied provide one-to-one (corresponding) relationship,
thus realizing inversion switching in a continuous manner
without forming a domain (domain wall).

[0143] Examples of the energy barrier (potential level) are
shown in FIGS. 8A, 8B, 9A and 9B.

[0144] FIGS. 8A and 8B show potential curves of the
SSFLC in C1 alignment and C2 alignment, respectively.

[0145] Referring to FIGS. 8A and 8B, Al represents a
potential in one stable state and A2 represents a potential in
the other stable state.

[0146] As apparent from these figures, the SSFLC exhibits
a potential state somewhat different in (potential) level
between Cl alignment and C2 alignment.

[0147] Inthe case of C1 alignment of the SSFLC, an angle
formed between average molecular axes in bistable states is
larger than that in the case of C2 alignment (of the SSFLC)
(FIGS. 2A and 2B), thus resulting in a higher energy barrier.

[0148] On the other hand, FIGS. 9A and 9B show poten-
tial curves of a liquid crystal material in C1 alignment and
(2 alignment, respectively, used in the liquid crystal device
constituting the (liquid crystal) display apparatus of the
present invention.

[0149] Referring to FIGS. 9A and 9B, B1 represents a
potential under no voltage application (in the case of E=0
shown in FIGS. 6BA an 6BB), B2 represents a potential (of
liquid crystal molecules in a maximum tilt state) under
positive-polarity voltage application (in the case of E>0
shown in FIGS. 6CA and 6CB), and B3 represents a poten-
tial (of liquid crystal molecules in a maximum tilt state)
under negative-polarity voltage application (in the case of
E<0 shown in FIGS. 6AA and 6AB).

[0150] As shown in these figures, the potential curves in
C1 alignment and C2 alignment are quite different from
those of the SSFLC, respectively, thus resulting in a different
driving characteristic.

[0151] Particularly, in C1 alignment providing higher
energy barrier, as shown in FIG. 9A, even when the liquid
crystal molecules are extremely stabilized at a position at the
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potential B1, a position at the potential B2 can provide the
liquid erystal molecules with a stable state or metastable
state (wherein the potential B2 is relatively higher but is
stable when compared with other positions). As a result,
when the voltage application for optical response of the
liquid crystal molecules in C1 alignment is performed, as
analog-like stable state depending on a magnitude of the
applied voltage is present and the applied voltage and the
resultant stable molecular position provide one-to-one rela-
tionship, thus realizing a continuous inversion switching
with no domain wall formation. However, in some cases, a
discontinuous alignment state is formed, i.e., a discontinu-
ous inversion behavior with domain wall formation is
effected, when the potential exceeds a certain level.

[0152] On the other hand, in C2 alignment as shown in
FIG. 9B, the energy barrier in the case of the SSFLC is
lower. Accordingly, even when a position at the potential B1
is extremely stabilized, it is possible to realize a continuous
inversion switching with no domain wall formation to a
position at the potential B2.

[0153] As is also understood from FIGS. 9A and 9B, a
driving voltage is liable to become higher in the case of C1
alignment.

[0154] As described above, with respect to an alignment
state of liquid crystal molecules in the present invention, C2
alignment-may preferably be adopted in a parallel rubbing
cell in view of an analog-like gradational display perfor-
mance and a lower driving voltage. Further, in the case
where the alignment state of liquid crystal molecules is one
wherein C1 alignment and C2 alignment are co-present, a
lower pretilt angle and/or an anti-parallel rubbing may
desirably be adopted in order to minimize fluctuations in
analog-like gradational display performance and driving
voltage.

[0155] In the display apparatus of the present invention,
the above-described liquid crystal device exhibiting the
inversion switching behavior such that the liquid crystal
molecules 14 are (mono-)stabilized inside one of the edges
of the virtual cone 15 under no voltage application to lose a
memory characteristic (bistability) in SmC* and are
switched depending on the applied voltage value as shown
in FIGS. 6AA, 6AB, 6BA, 6BB, 6CA, 6CC, 9A and 9B and
the V-T (optical response) characteristic as shown in FIG. 7
may, e.g., be prepared by using an appropriate liquid crystal
material, controlling appropriately a cell design and effect-
ing such a treatment that an internal potential within a cell
in the course f the phase transition from Ch to SmC* is
localized In the present invention, as the liquid crystal
material, a chiral smectic liquid crystal material (or compo-
sition) may preferably be used.

[0156] Examples of the chiral smectic liquid crystal mate-
rial may include those of hydrocarbon-type containing a
phenyl-pyrimidine skeleton, a biphenyl skeleton and/or a
phenyl-cyclohexane ester skeleton. In the case where these
materials have a layer spacing (d)-changing characteristic in
a chiral smectic phase temperature range such that a layer
spacing (d,.) at the upper limit temperature of the chiral
smectic phase is a maximum value (d<d,;) and a chevron
(layer) structure within a cell, these materials may appro-
priately be blended to prepare a chiral smectic liquid crystal
composition providing a layer inclination angle d (degrees)
satisfying: 3 (deg.)<d<(B (8: an inclination angle of smectic
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layer from a normal to substrate within the cell; (B} : the
above-mentioned cone angle which is half of the apex angle
of the virtual cone).

[0157] It is also possible to use at least one species of
liquid crystal materials of hydrocarbon-type containing a
naphthalene skeleton or fluorine-containing liquid crystal
materials. These materials may generally exhibit a substan-
tially certain layer spacing (d) within a chiral smectic phase
temperature range and 0=3 (deg.) within a cell. In this
instance, these material may preferably be blended so as to
prepare a chiral smectic liquid crystal composition exhibit-

ing a cone angle (B -changing characteristic such that a cone

angle (B at a temperature immediately below the phase
transition temperature from a higher-order phase to chiral
smectic phase is gradually increased on temperature
decrease within the chiral smectic phase temperature range.

[0158] In the present invention, a cone angle (B of the
liquid crystal material in chiral smectic phase may ideally be
at least 22.5 deg. in order to further enhance a contrast
between two states providing maximum and minimum light
quantities based on switching of liquid crystal materials
(e.g., in order to further increase the maximum transmittance
Ti (E>0) in the V-T characteristic shown in FIG. 7). On the
other hand, when the cone angle (I} is very large, a tilting
angle from the monostabilized state under the other polarity-
voltage application (i.¢., 4 tilting angle toward the alignment
state shown in FIG. 6AA (E<0)) also becomes larger. As a
result, e.g., the maximum transmittance T2 (E<0) in the V-T
characteristic shown in FIG. 7 becomes larger, thus being
liable to provide a time aperture rate of 100%. In view of this
phenomenon, the cone angle may preferably be below 30

deg. Further, if the cone angle (B is larger changed with
temperature, a darkest state within a cell provided with a pair
of cross-nicol polarizers is liable not to be maintained. For
this reason, the cone angle (B may preferably be controlled
so that its value within a driving temperature range for the
liquid crystal device is fluctuated within +3 deg.

[0159] In the case where the liquid crystal material has a
layer spacing-changing characteristic such that a layer spac-
ing is decreased by tilting of liquid crystal molecules from
a (smectic) layer normal direction similarly as in an ordinary
liquid crystal material assuming SmC* (i.c., in the case of a
liquid crystal material providing an increasing cone angle

(D on temperature decrease), a factor of decreasing the layer
spacing becomes larger. However, when the liquid crystal
material used is, e.g., a fluorine-containing liquid crystal
material which per se spontaneously exhibiting a bookshelf
(layer) structure, the change in layer spacing can be made
very small based on a property intrinsic to the fluorine-
containing liquid crystal material such that the layer spacing
measured in a bulk state becomes larger on temperature
decrease. This may be considered to be the reason why the
fluorine-containing liquid crystal material is not readily
formed. In this instance, liquid crystal molecules at a bound-
ary with a substrate ar aligned with a rubbing (uniaxial
aligning treatment) direction due to a uniaxial aligning
control force and bulk liquid erystal molecules are oriented
in a direction deviated from the rubbing direction depending
on the temperature characteristic of the cone angle (B in
some cases. At that time, if an electric field is applied to the
liquid crystal material, the boundary liquid crystal molecules
are also oriented in a direction deviated from the rubbing
direction similarly as in the bulk liquid crystal molecules.

[0160] Incidentally, in order to provide an internal poten-
tial localization within the liquid crystal device for prefer-
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entially forming one of two (smectic) layer structures as
shown in FIG. §, i.e., for making constant a deviation
direction of a smectic layer normal from an average uniaxial
aligning treatment axis, for example, the following methods
(1)-(4) may be adopted.

[0161] (1) During a phase transition from Ch to SmC* or
from Iso. to SmC*, a DC (direct current) voltage of a
positive or negative polarity is applied between a pair of
substrates.

[0162] (2) A pair of substrates is provided with alignment
films different in material, respectively.

[0163] (3) A pair of substrates each provided with an
alignment film is subjected to different treating methods in
terms of, e.g., film-forming conditions, rubbing strength,
and UV irradiation conditions.

[0164] (4) A pair of substrates each provided with an
alignment film is further provided with a layer underlying
the alignment film and the underlying layer is changed in
material or thickness for each substrate.

[0165] In the above method (1), in order to avoid an
occurrence of short circuit between the pair of substrates
constituting the liquid crystal device due to a DC voltage
application for a long period of time, the DC voltage
application time may preferably be as short as possible if it
is sufficient to provide a uniform layer formation direction.
Specifically, the applied DC voltage may preferably be 100
mV to 10 V.

[0166] Tons (impurities) within the above-mentioned lig-
uid crystal materials and the alignment films as used in the
above methods (2), (3) and (4) may desirably be as little as
possible so as not to adversely affect TFT-driving scheme.

[0167] In order to monostabilize liquid crystal molecules
(average molecular axis) under no voltage application within
the liquid crystal device used in the present invention, a
uniaxial aligning control force is required to be large.

[0168] With respect to this aligning control force, an
evaluation method using a cholesteric liquid crystal has been
proposed by Uchida et al. (“Liquid Crystals”, vol. 5, p. 1127
(1989)). More specifically, according to this method, it is
possible to evaluate the aligning control force by determin-
ing an “effective twisting angle” based on a torque balance
between a helical pitch in cholesteric phase and the aligning
control force.

[0169] In the present invention, based on this method, the
uniaxial aligning control force may be evaluated as follow.

[0170] In the case where the liquid crystal material used in
the liquid crystal device has cholesteric phase, when there is
no aligning control force, the following relationship is
fulfilled:

dglp=/2a,
[0171] wherein dg represents a cell thickness, p represents

a cholesteric (helical) pitch and ¢ represents a twisting angle
within a cell.

[0172] On the other hand, in the case where a pair of
substrates is subjected to uniaxial aligning treatment so that
their uniaxial aligning treatment axes are parallel to each
other to provide an infinite (extremely larger) aligning
control force, the resultant twisting angle ¢ becomes zero.
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The twisting angle ¢ may be readily determined by measur-
ing optical rotation through a polarizing microscope simi-
larly as in the above Uchida et al. method. More specifically,
with the cell, the cholesteric liquid crystal has a virtual
helical pitch p* (=2mxdg/¢) larger than the original helical
pitch p due to the aligning control force. In other words, the
aligning control force may be defined as zero when p*=p and
infinite when p* is infinite.

[0173] In the present invention, it is preferred to at least
satisfy p*=22xp, more preferably p*=10xp in order to
ensure the monostabilization.

[0174] Inview of the above circumferences, in the present
invention, it is preferred to appropriately set uniaxial align-
ing treatment (e.g., rubbing) conditions, aligning film thick-
ness, alignment film material, curing conditions for the
aligning film, etc. according to the above-mentioned meth-
ods (2)-(4).

[0175] In the present invention, when a V-T characteristic
is determined under application of a triangular wave, a
hysteresis phenomenon is observed in some cases.

[0176] However, when the liquid crystal device is driven
by applying an AC waveform as in an actual TFT-type liquid
crystal device, the hysteresis phenomenon is of substantially
no problem since a continuous optical modulation form a
white state to a halftone state as in the case of the triangular
wave application is not effected. More specifically, in the
case of the AC waveform application, an optical modulation
is performed while always effecting inversion between white
and black (alignment) states depending on a polarity of an
applied voltage. For example, when an optical modulation
from a white state to a halftone state, the white to halftone
optical modulation is performed from the white state to the
halftone state via, the white to halftone optical modulation
is performed from the white state to the halftone state via a
black state, so that the AC waveform application allows such
a driving operation that a display state is written after always
resetting in a black state on the side of one of two polarities.
As a result, an adverse affect of a previous state (display
history) can be considerably suppressed.

[0177] Hereinbelow, an embodiment of the liquid crystal
device used in the present invention will be described with
reference to FIG. 10.

[0178] FIG. 10 shows a schematic sectional view of a
liquid crystal device 80 constituting a (liquid crystal) display
apparatus according to the present invention.

[0179] The liquid crystal device 80 includes a pair of
substrates 81a and 81b; electrodes 82a and 82b disposed on
the substrates 81a and 81b, respectively; insulating films
83¢ and 83b disposed on the electrodes 82¢ and 825,
respectively; alignment control films 844 and 84b disposed
on the insulating films 83« and 83b, respectively; a liquid
crystal 85 disposed between the alignment control films 844
and 84b; a spacer 86 disposed together with the liquid crystal
85 between the alignment control films 84a and 84b; and a
pair of polarizers (not shown) sandwiching the pair of
substrates 81a and 81b with polarizing axes arranged per-
pendicular to each other (cross-nicol relationship).

[0180] The liquid crystal 85 may preferably assume chiral
smectic phase.
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[0181] Each of the substrates 81z and 815 comprises a
transparent material, such as glass or plastics, and is coated
with, e.g., a plurality of stripe electrodes 82a (82b) of In, 0,
or ITO (indium tin oxide) for applying a voltage to the liquid
crystal 85. These electrodes 82b and 825 intersect each other
to form a matrix electrode structure, thus providing a simple
matrix-type liquid crystal device. As a modification of the
electrode structure, one of the substrates 81a and 81b may
be provided with a matrix electrode structure wherein dot-
shaped transparent electrodes are disposed in a matrix form
and each of the transparent electrodes is connected to a
switching element, such as a TFT (thin film transistor) or
MIM (metal-insulator-metal), and the other substrate may be
provided with a counter (common) electrode on its entire
surface or in an prescribed pattern, thus constituting an
active matrix-type liquid crystal device.

[0182] On the electrodes 82z and 82b, the insulating films
83a and 83b, e.g., of SiO,, TiO, or Ta, 04 having a function
of preventing an occurrence of short circuit may be dis-
posed, respectively, as desired.

[0183] On the insulating films 83a and 83b, the alignment
control films 84 and 84b are disposed so as to control the
alignment state of the liquid crystal 85 contacting the
alignment control films 84a and 84b. At least one of (pref-
erably both of) the alignment control films 84a and 84b is
subjected to a uniaxial aligning treatment (e.g., rubbing).
Such an alignment control film 84a (84b) may be prepared
by forming a film Of an organic material (such as polyimide,
polyimideamide, polyamide or polyvinyl alcohol through
wet coating with a solvent, followed by drying and rubbing
in a prescribed direction or by forming a deposited film of
an inorganic material through an oblique vapor deposition
such that an oxide (¢.g., Si0) or a nitride is vapor-deposited
onto a substrate in an oblique direction with a prescribed
angle to the substrate.

[0184] The alignment control films 84a and 84b may
appropriately be controlled to provide liquid crystal mol-
ecules of the liquid crystal 85 with a prescribed pretilt angle
a (an angle formed between the liquid crystal molecule and
the alignment control film surface at the boundaries with the
alignment control films) by changing the material and treat-
ing conditions (of the uniaxial aligning treatment).

[0185] In the case where both of the alignment control
films 84a and 84b arc subjected to the uniaxial aligning
treatment (rubbing), the respective uniaxial aligning treat-
ment (rubbing) directions may appropriately be set in a
parallel relationship, an anti-parallel relationship or a
crossed relationship providing a crossing angle of at most 45
degrees, depending on the liquid crystal material used.

[0186] The substrates 81a and 81b are disposed opposite
to each other via the spacer 86 comprising e.g., silica beads
for determining a distance (i.c., cell gap) therebetween,
preferably in the range of 0.3-10 um, in order to provide a
uniform uniaxial aligning performance and such an align-
ment state that an average molecular axis of the liquid
crystal molecules under no electric field application is
substantially aligned with an average uniaxial aligning treat-
ment axis (a bisector of two uniaxial aligning treatment
axes) although the cell gap varies its optimum range and its
upper limit depending on the liquid crystal material used.

[0187] In addition to the spacer 86, it is also possible to
disperse adhesive particles of a resin (e.g., epoxy resin) (not
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shown) between the substrates 81la and 816 in order to
improve adhesiveness therebetween and an impact (shock)
resistance of the liquid crystal having chiral smectic C phase
(SmC*).

[0188] A liquid crystal device 80 having the above cell
structure and a specific alignment state as shown in FIGS.
6AA to 6CB can be prepared by using a liquid crystal
material 85 exhibiting a chiral smectic phase, while adjust-
ing the composition thereof, and further by appropriate
adjustment of the liquid crystal material treatment, the
device structure including a material, and a treatment con-
dition for alignment control films 84a and 84b. More spe-
cifically, the alignment state of FIGS. 6AA to 6CB is
realized by a liquid crystal device wherein the liquid crystal
molecules are aligned to provide an average molecular axis
to be mono-stabilized in the absence of an electric field
applied thereto and, under application of voltages of one
polarity (a first polarity), are realigned to provide a tilting
angle which varies continuously from the average molecular
axis of the monostabilized position depending on the mag-
nitude of the applied voltage. On the other hand, under
application of voltages of the other polarity (i.c., a second
polarity opposite to the first polarity), the liquid crystal
molecules are tilted from the average molecular axis under
no electric field depending on the magnitude of the applied
voltages, but the maximum tilting angle obtained under
application of the second polarity voltages is substantially
smaller than the maximum tilting angle formed under appli-
cation of the first polarity voltages. The liquid crystal
material showing a chiral smectic phase may preferably
exhibit a phase transition series on temperature decrease of
Iso. (isotropic phase)-Ch (cholesteric phase)-SmC* (chiral
smectic C phase) or Iso. phase-SmC* and be placed in a
non-memory state in the SmC* by using the above-men-
tioned methods (1)-(4).

[0189] The liquid crystal material 85 showing chiral smec-
tic phase may preferably have a helical pitch which is at least
twice a cell gap in a bulk state thereof.

[0190] The liquid crystal material 85 showing chiral smec-
tic phase may preferably be a composition prepared by
appropriately blending a plurality of liquid crystal materials
exhibiting, e.g., the above-described characteristics (in

terms of a cone angle (B, a (smectic) layer spacing d and a
layer inclination angle d) selected from hydrocarbon-type
liquid crystal materials containing a biphenyl, phenyl-cy-
clohexane ester or phenyl-pyrimidine skeleton, naphthalene-
type liquid crystal materials and fluorine-containing liquid
crystal materials.

[0191] When the liquid crystal device 80 as described
above has such a cell structure that at least one of the
substrates 81a and 815 is provided with a polarizer and the
cell is disposed to provide a darkest state under no voltage
application, a tilting angle of liquid crystal molecules (of the
liquid crystal material 85) varies continuously under voltage
application as described above to provide a V-T character-
istic as shown in FIG. 7. As a result, a resultant transmitted
light quantity of the device (emitting light quantity from the
device) can be controlled in an analog-like manner with a
change in applied voltage.

[0192] The liquid crystal device used in the present inven-
tion may be formed in a color liquid crystal device by
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providing one of the substrates 81a and 81b with a color
filter comprising color filter segments of at least red (R),
green (G) and blue (B).

[0193] In the present invention, the liquid crystal device
may be applicable to various liquid crystal devices includ-
ing: a liquid crystal device of a transmission-type herein a
pair of transparent substrates 81a and 8156 is sandwiched
between a pair of polarizers to optically modulate incident
light (e.g., from an eternal light source) through one of the
substrate 81a and 81b to be passed through the other
substrate, and a liquid crystal device of a reflection-type
wherein at least one of a pair of substrates 81a and 815 is
provided with a polarizer to optically modulate incident light
and reflected light and pass the light through the substrate on
the light incident side. The reflection-type liquid crystal
device may, ¢.g., be prepared by providing a reflection plate
to either one of the substrates 81a and 815 or forming of a
reflective material one of the substrates or a reflecting
member provided thereto.

[0194] In the present invention, by using the above-men-
tioned liquid crystal device in combination with a drive
circuit for supplying gradation signals to the liquid crystal
device, it is possible to provide a liquid crystal display
apparatus capable of effecting a gradational display based on
the above-mentioned alignment and V-T characteristics such
that under voltage application, a resultant tilting angle varies
continuously from the monostabilized position of the aver-
age molecular axis (of liquid crystal molecules) and a
corresponding emitting light quantity continuously changes.

[0195] Forexample, it is possible to use, as one of the pair
of substrates, an active matrix substrate provided with a
plurality of switching elements (e.g., TFT (thin film tran-
sistor) or MIM (metal-insulator-metal)) in combination with
a drive circuit (drive means), thus effecting an active matrix
drive based on amplitude modulation to allow a gradational
display in an analog-like gradation manner.

[0196] Hereinbelow, an embodiment of a liquid crystal
display apparatus of the present invention including a liquid
crystal device provided with such an active matrix substrate
will be explained with reference to FIGS. 11-13.

[0197] FIG. 11 shows a schematic plan view of such a
display apparatus including a liquid crystal device and a
drive circuit (means) and principally illustrates a structure
on the active matrix substrate side.

[0198] Referring to FIG. 11, a liquid crystal device (panel)
90 includes a structure such that gate lines (G1, G2, G3, G4,
GS, . . . ) corresponding to scanning lines connected to a
scanning signal driver 91 (drive means) and source lines (S1,
S2, 83, S4, S5, . . . ) corresponding to data signal lines
connected to a data signal driver 92 (drive means) are
disposed to intersect each other at right angles in an elec-
trically isolated state, thus forming a plurality of pixels (5x5
in FIG. 11) each at intersection thereof. Each pixel is
provided with a thin film transistor (TFT) 94 as a switching
element and a pixel electrode 95 (as an effective drive
region). The switching element may be a metal-insulator-
metal (MIM) element. The gate lines (G1, G2, . . . ) are
connected with gate electrodes (not shown) of the TFT 94,
respectively, and the source lines (S1,S2, . . . ) are connected
with source electrodes (not shown) of the TFT 94, respec-
tively. The pixel electrodes 95 are connected with drain
electrodes (not shown) of the TFT 94, respectively.
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[0199] A gate voltage is supplied to the gate lines (G1, G2,
... ) from the scanning signal driver 91 by effecting
scanning selection in, e.g., a line-sequential manner. In
synchronism with this scanning selection on the gate lines,
the source lines (51, S2, . . .) are supplied with a data signal
voltage depending on writing data for each pixel from the
data signal driver 92. The thus-supplied gate and data signal
voltages are applied to each pixel electrode 95 via the TFT
94.

[0200] FIG. 12 shows a sectional structure of each pixel
portion (corr. to 1 bit) in the panel structure shown in FIG.
11.

[0201] Referring to FIG. 12, a layer of a liquid crystal
material 49 having a spontaneous polarization are sand-
wiched between an active matrix substrate or plate 20
provided with a TFT 94 and a pixel electrode 95 and an
opposing substrate or plate 40 provided with a common
electrode 42, thus providing a liquid crystal capacitor (Clc)
31 of the liquid crystal layer 49.

[0202] In this embodiment, the active matrix substrate 20
includes an amorphous silicon (a-Si) TFT as the TFT 94. The
TFT may be of a poly crystalline-Si type, ie., (p-Si) TFT.

[0203] The TFT 94 is formed on a substrate 21 of, e.g,,
glass and includes: a gate electrode 22 connected with the
gate lines (G1, G2, . . . shown in FIG. 11); an insulating film
(gate insulating film) 23 of, e.g., silicon nitride (SiNx)
formed on the gate electrode 22; an a-Si layer 24 formed on
the insulating film 23; n* a-Si layers 25 and 26 formed on the
a-Si layer 24 and spaced apart from each other; a source
electrode 27 formed on the n* a-Si layer 25; a drain electrode
28 formed on the n* a-Si layer 26 and spaced apart from the
source electrode 27; a channel protective film 29 partially
covering the a-Si layer 24 and the source and drain elec-
trodes 27 and 28. The source electrode 27 is connected with
the source lines (81, S2, . . . shown in FIG. 11) and the drain
electrode 28 is connected with the pixel electrode 95 (FIG.
11) of a transparent conductor film (e.g., ITO film). The TFT
94 is placed in an “ON” state by applying a gate pulse to the
gate electrode 22 during a scanning selection period of the
corresponding gate line.

[0204] Further, on the active matrix substrate 20, a struc-
ture constituting a holding or supplementary capacitor (Cs)
32 is formed by the pixel electrode 95, a holding capacitor
electrode 30 disposed on the substrate 21, and a portion of
the insulating film 23 sandwiched therebetween. The struc-
ture (holding capacitor) (Cs) 32 is disposed in parallel with
the liquid crystal capacitor (Clc) 31. In the case where the
holding capacitor electrode 30 has a large area, a resultant
aperture or opening rate is decreased. In such a case, the
holding capacitor electrode 30 is formed of a transparent
conductor film (e.g., ITO film).

[0205] On the TFT 94 and the pixel electrode 95 of the
active matrix substrate 20, an alignment film 43a for con-
trolling an alignment state of the liquid crystal 49. The
alignment film 43¢ is subjected to a uniaxial aligning
treatment (e.g., rubbing).

[0206] On the other hand, the opposing substrate 40
includes a substrate (e.g., glass substrate) 41; a common
electrode 42 having a uniform thickness disposed on the
entire substrate 41; and an alignment film 435 having a
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uniform thickness, disposed on the common electrode 42,
for controlling an alignment state of the liquid crystal 49.

[0207] The above panel (cell) structure (liquid crystal
device) including a plurality of the pixels each having the
structure shown in FIG. 12 is sandwiched between a pair of
polarizers (not shown) with polarizing axes intersecting each
other at right angles.

[0208] The liquid crystal material constituting the liquid
crystal layer 49 may preferably be a chiral smectic liquid
crystal (composition) which has a spontaneous polarization
and exhibits the above-mentioned alignment state (or
switching behavior) shown in FIGS. 6AA-6D and V-T
(optical response) characteristic shown in FIG. 7.

[0209] Next, an example of an ordinary active matrix
driving method according to the present invention utilizing
the liquid crystal device using the active matrix substrate
(plate) and a chiral smectic liquid crystal having the char-
acteristics as described above will be described with refer-
ence to FIGS. 13 and 14 in combination with FIGS. 11 and
12.

[0210] FIG. 13 shows an example of an equivalent circuit
for each pixel portion of such a liquid crystal device shown
in FIG. 12.

[0211] In the active matrix driving method according to
the present invention described below, the liquid crystal
material used for the liquid crystal layer 49 comprises a
chiral smectic liquid crystal (composition) providing a V-T
characteristic as shown in FIG. 7 and, as shown in FIG. 14,
one frame period FO for displaying a prescribed information
(e.g., a full-color image) is divided into a plurality of field
periods F1, F2, . . ., each for a prescribed image (e.g., any
one of color images of R, G and B), and each of the field
periods (e.g., the field period F1) is further divided into a
plurality of sub-field periods (1F and 2F in this embodi-
ment).

[0212] In each of the sub-field periods 1F and 2F, a
prescribed emitting liquid quantity depending on a pre-
scribed image information for each sub-field period is
obtained. Further, in each field period (e.g., F1), an average
of the emitting light quantities in the sub-field periods 1F
and 2F is obtained to provide a prescribed image (e.g., red
image). As a result, in one frame period F0, a desired display
information (e.g., a full-color image) can be provided based
on plural images displayed in the plurality of field periods
F1,F2, ...

[0213] FIG. 14 shows at (a) a voltage waveform applied
to one gate line (¢.g., G1 shown in FIG. 11) (as a scanning
line) connected with each pixel.

[0214] In the liquid crystal device driven by the active
matrix driving method, the gate lines G1, G2, . . . shown in
FIG. 20 are selected in a line-sequential manner in each of
the sub-field periods 1F and 2F. At this time, each gate
electrode 22 connected with a corresponding gate line is
supplied with a prescribed gate voltage Vg in a selection
period Ton of each sub-field period (e.g., 1F), thus placing
the TFT 94 in an “ON” state. In a non-selection period Toff
(of, e.g., the sub-field period 1F) corresponding to a period
in which other gate lines are selected, the gate electrode 22
is not supplied with the gate voltage Vg, thus placing the
TFT 94 in an “OFF” state (high-resistance state). In every
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non-selection period Toff, a prescribed and same gate line is
selected and a corresponding gate electrode 22 is supplied
with the gate voltage Vg.

[0215] FIG. 14 shows at (b) a voltage waveform applied
to one source line (e.g., S1 shown in FIG. 11) (as a data
signal line) connected to the pixel concerned.

[0216] When the gate electrode 22 is supplied with the
gate voltage Vg in the selection period Ton of each sub-field
period 1F or 2F as shown at (a) of FIG. 14, in synchronism
with this voltage application, a prescribed source voltage
(data signal voltage) Vs having a prescribed potential pro-
viding a writing data (pulse) to the pixel concerned is
applied to a source electrode 27 through the source line
connected with the pixel based on a potential Vc of a
common electrode 42 as a reference potential.

[0217] More specifically, in the first sub-field period 1F
constituting the first field period F1, a positive-polarity
source voltage Vs having a potential Vx (=V) (based on a
reference potential Vc) providing a desired optical state or
display data (transmittance) based on the V-T characteristic
as shown in FIG. 7 is applied to the source electrode 27
concerned.

[0218] At this time, the TFT 94 is in an “ON” state,
whereby the positive-polarity source voltage Vx applied to
the source electrode 27 is supplied to a pixel electrode 95 via
a drain electrode 28, thus charging a liquid crystal capacitor
(Clc) 31 and a holding capacitor (Cs) 32. As a result, the
potential of the pixel electrode 95 becomes a level equal to
that of the positive-polarity source (data signal) voltage Vx.

[0219] Then, in a subsequent non-selection period Toff,
for the gate line on the pixel concerned, the TFT 94 is in an
“OFF” (high-resistance) state. At this time (in T, of 1F), in
the liquid crystal cell, the liquid crystal capacitor (Clc) 31
and the holding capacitor (Cs) 32 retain the electric charges
therein, respectively, charged in the selection period T, to
keep the (positive-polarity) voltage Vx. As a result, the
liquid crystal layer 49 of the pixel concerned is supplied with
the voltage Vx through the first field period 1F to provide
thereat a desired optical state (transmitted light quantity) by
depending on the voltage Vx.

[0220] Thereafter, in the second (subsequent) sub-field
period 2F constituting the first field period F1, a negative-
polarity source voltage Vs (=-Vx) having an identical
potential (absolute value) to but a polarity opposite to the
source voltage Vs (=Vx) applied in the first sub-field period
1F is applied to the source electrode 27 concerned.

[0221] FIG. 14 shows at (¢) a waveform of a pixel voltage
Vpix actually held by the liquid crystal capacitor (Clc) 31
and the holding capacitor (Cs) 32 of the pixel concerned and
applied to the liquid crystal layer 49, and FIG. 14 shows at
(d) an example of an actual optical response (in the case of
a liquid crystal device of a transmission-type) at the pixel
concerned.

[0222] As shown at (c) of FIG. 14, an applied voltage
through two sub-field periods 1F and 2F comprises the
positive-polarity voltage Vx in the first sub-field period 1F
and the negative-polarity voltage —Vx (having the same
amplitude (absolute value) as Vx). In the first sub-field
period 1F, as shown at (d) of FIG. 14, a gradational display
state is obtained depending on Vx, and in the second

Dec. 2, 2004

sub-field period 2F, depending on -Vx, another gradational
display state is obtained. For example, when these voltage
Vx and -Vx are set to voltages V1 and =V1, respectively, as
shown in FIG. 7, a higher luminance or transmitted light
quantity Tx (transmittance Ti in FIG. 7) is obtained in the
first sub-field period 1F. On the other hand, in the second
sub-field period 2F, a lower luminance or transmitted liquid
quantity 1F. On the other hand, in the second sub-field
period 2F, a lower luminance or transmitted light quantity Ty
(transmittance T2 in FIG. 7) which is closer to zero but a
non-zero value.

[0223] At this time, the TFT 94 is in an “ON” state,
whereby the negative-polarity source voltage -Vx applied to
the source electrode 27 is supplied to a pixel electrode 95,
thus charging a liquid crystal capacitor (Clc) 31 and a
holding capacitor (Cs) 32. As a result, the potential of the
pixel electrode 95 becomes a level equal to that of the
negative-polarity source (data signal) voltage —Vx.

[0224] Then, in a subsequent non-selection period Toff,
for the gate line on the pixel concerned, the TFT 94 is in an
“OFF” (high-resistance) state. At this time (in T, of 2F), in
the liquid crystal cell, the liquid crystal capacitor (Clc) 31
and the holding capacitor (Cs) 32 retain the electric charges
therein, respectively, charged in the selection period Ton to
keep the (negative-polarity) voltage Vx. As a result, the
liquid crystal layer 49 of the pixel concerned is supplied with
the voltage Vx through the second field period 2F to provide
thereat a desired optical state (transmitted light quantity) by
depending on the voltage Vx.

[0225] As described above, by using the chiral smectic
liquid crystal as the liquid crystal material providing the V-T
characteristic as shown in FIG. 7 in the active matrix driving
method, it becomes possible to effect a good gradational
display based on a high-speed responsiveness of the chiral
smectic liquid crystal. [n addition, a gradational display of a
prescribed level at each pixel is continuously performed by
dividing one field pixel (e.g., F1) into a first sub-field pixel
1F providing a higher transmitted light quantity and a
second sub-field period 2F providing a lower transmitted
light quantity, thus resulting in a time aperture rate of at most
50% to improve a human-sensible high-speed responsive-
ness with respect to motion picture display. Further, in the
second sub-field period 2F providing the lower transmitted
light quantity, the resultant transmitted light quantity is not
zero due to a slight switching (inversion) performance of
liquid crystal molecules, thus ensuring a certain human-
sensible luminance through the entire field period (and also
through the entire frame period).

[0226] In the present invention, the above-described
higher luminance display at the transmitted light quantity Tx
(performed in the first sub-field period 1F in the above
embodiment) may be performed in the second sub-field
period 2F and the lower luminances display at the transmit-
ted light quantity Ty (performed in the second sub-field
period 2F may be performed in the first sub-field period 1F.
Thus, the order of higher and lower luminance displays may
appropriately be changed to any order as desired.

[0227] 1In the above embodiment, the polarity of the volt-
age (Vx or -Vx) is changed alternately for every sub-field
period (1F or 2F) (i.e., polarity-inversion for each sub-field
period), whereby the voltage actually applied to the liquid
crystal layer 49 is continuously changed in an alternating
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manner to suppress a deterioration of the liquid crystal
material used even in a continuous display operation for a
long period.

[0228] As described above, in the above active matrix
driving method, in each field period (e.g., F1) consisting of
two sub-field periods 1F and 2F, a resultant transmitted light
quantity corresponds to an average of Tx and Ty. Accord-
ingly, in order to obtain a further higher transmitted light
quantity in each field period, it is preferred to apply a source
(data signal) voltage Vs providing a transmitted light quan-
tity higher than Tx in the first sub-field substrate 1F by a
prescribed level based on the V-T characteristic as shown in
FIG. 7.

Second Embodiment

[0229] FIG. 15 shows an example of a liquid crystal
display apparatus 100 of the present invention according to
this embodiment.

[0230] Referring to FIG. 15, the liquid crystal display
apparatus 100 incudes a color light source 101 emitting a
plurality of color lights and a display device 80 effecting
switching of the color lights in synchronism with emission
of the respective color lights.

[0231] The display device 80 in this embodiment is a
liquid crystal device having a cell structure as shown in FIG.
10.

[0232] As shown in FIG. 10, the liquid crystal device 80
has such a cell structure that a liquid crystal 85 is disposed
between a pair of substrates 81a and 81b each provided with
a plurality of electrodes 82a or 82b so as to form a plurality
of pixels each at an intersection of the electrodes 82a and
82b.

[0233] The liquid crystal device 80 in this embodiment
may be of a simple matrix-type (FIG. 10) or active matrix-
type (FIGS. 11 and 12) and also may be of a transmission-
type or reflection-type, similarly as in the above-mentioned
First Embodiment.

[0234] The liquid crystal device 80 may be prepared in the
same manner as in First Embodiment described above.

[0235] The liquid crystal 85 (liquid crystal material) may
be one having a spontancous polarization, e.g., a chiral
smectic liquid crystal (composition). The liquid crystal 85
may preferably assume an alignment (or switching) charac-
teristic as shown in FIGS. 6AA-6D and an optical (V-T)
characteristic as shown in FIG. 7.

[0236] More specifically, the liquid crystal 85 used in the
liquid crystal device 80 may preferably have alignment and
V-T characteristics such that an average molecular axis of
liquid crystal molecules is monostabilized under no voltage
application and, under application of voltages of one polar-
ity is tilted from the monostabilized position in one direction
and, under application position in one direction and, under
application of voltages of the other polarity (opposite to the
above one polarity), is tilted from the monostabilized posi-
tion in the other direction (opposite to the above one
direction).

[0237] When the voltages of one polarity and the other
polarity are applied to the (chiral smectic) liquid crystal 85,
a tilting angle based on the monostabilized position of the
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average molecular axis of liquid crystal molecules varies
continuously depending on the magnitude of the voltage
applied to the liquid crystal 85. As a result a light quantity
emitted from the liquid crystal device 80 also changes its
value depending on the magnitude of the applied voltage,
thus allowing a gradational display in combination with a
drive circuit (means) for supplying gradation signals to the
liquid crystal device 80 connected thereto.

[0238] In this instance, a maximum value of the tilting
angle (maximum tilting angle) in the case of one polarity-
voltage application may preferably be different from that in
the case of the other polarity-voltage application. As a result,
a corresponding maximum emitting light quantity (first light
quantity) in the case of polarity-voltage application is also
different from that (second light-quantity) in the case of the
other polarity-voltage application.

[0239] The maximum tilting angle under one polarity-
voltage application may preferably be larger than, more
preferably at least five times as large as, that under the other
polarity-voltage application. As a result, a corresponding
first light quantity is larger than, preferably at least five times
as large as, a corresponding second light quantity.

[0240] Further, it is also preferred to provide a tilting angle
of substantially zero in the case of the other polarity-voltage
application.

[0241] Tt is also possible to provide an emitting light
quantity (third light quantity) in the absence of voltage
application by appropriately arranging a pair of polarizers.

[0242] The chiral smectic liquid crystal 85 exhibiting the
above-mentioned characteristics may be prepared by using a
liquid crystal material which assumes a phase transition
series of Iso.-Ch-SmC* or Iso.-SmC* on temperature
decrease and has a smectic layer normal direction substan-
tially aligned with one direction and loses its memory
characteristic in SmC*.

[0243] Inorder to realize a non-memory state of the liquid
crystal 85, it is possible to adopt the following methods (1)
to (iv):

[0244] (i) a method wherein the liquid crystal 85
disposed between a pair of substrates is supplied
with a DC voltage of a positive polarity or negative
polarity,

[0245] (ii) a method wherein oppositely disposed two
alignment control films contacting the liquid crystal
85 are formed of different materials,

[0246] (iii) a method wherein oppositely disposed
two alignment control films contacting the liquid
crystal 85 are subjected to different treatments in
terms of film-forming conditions, rubbing conditions
(e.g., rubbing strength), curing conditions (e.g., UV
irradiation strength and time), etc., and

[0247] (iv) a method wherein the undercoating layers
different in material and/or thickness are formed
under oppositely disposed two alignment control
films contacting the liquid crystal 85, respectively.

[0248] Specific examples of the (chiral smectic) liquid
crystal 85 used in this example may include those used in
First Embodiment described above.
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[0249] Further, also in this embodiment, it is possible to
used the liquid crystal device 80 in combination with
polarizer(s) similarly as in the above-mentioned First
Embodiment.

[0250] Next, a driving method for the display apparatus
100 according to this embodiment will be described with
reference to FIGS. 16 and 17.

[0251] Referring to FIG. 16, according to the driving
method in this embodiment, one frame period FO is divided
into three field periods F1, F2 and F3 and each of the field
periods F1, F2 and F3 is further divided into two sub-field
periods 1F and 2F (as shown at (a)).

[0252] The (liquid crystal) display device 80 is illuminated
with a plurality of light source colors issued from the color
light source 101 while changing its color for F1, F2 and F3,
respectively. In this embodiment, the field periods corre-
sponding to a red (R) display period, a green (G) display
period and a blue (B) display period, respectively (as shown
at (a) and (g)).

[0253] In synchronism with the respective color light
emissions, switching of the color light concerned is per-
formed. In this instance, in one (each) field period (e.g., F1),
a higher luminance (red) image is displayed in the first
sub-field period 1F and a lower luminance (red) image is
displayed in the second sub-field period 2F by applying
voltages Vg and Vs (as shown at (b), (c) and (d)).

[0254] The thus-displayed three color images (R, G and B
images) in the three field periods F1, F2 and F3, respec-
tively, are visually color-mixed in one frame period F0 to be
recognized as a full-color image.

[0255] Each of the field periods F1, F2 and F2 may be
divided into three sub-field periods 1F, 2F and 3F as shown
in FIG. 17.

[0256] Referring to FIG. 17, in ¢ach field period (e.g., F1
corr. to red (R) image display period), image display for one
color (e.g., red image) is performed in such a manner that a
higher luminance (red) image is displayed at a transmitted
light quantity Tx (R) in the first sub-field period 1F, a lower
luminance (red) image is displayed at a transmitted light
quantity Ty (R) in the second sub-field period 2F and a
substantially no luminance (red) image is displayed at a
transmitted light quantity Tz (R) in the third sub-field period
3F (as shown at (a)-(d) in FIG. 17).

[0257] The number of the field periods constituting one
frame period FO may be determined, e.g., depending on that
of light source colors. In the case of the driving method
shown in FIG. 17, one frame period FO is constituted by
three field periods F1, F2 and F3 corresponding to R display
period, G display period and B display period, respectively.
If four light source colors of R, G, B and W (white) are
employed, one frame period FO may be divided into four
field periods F1 for R, F2 for G, F3 for B and F4 for W,
respectively.

[0258] In this embodiment, in each field period (F1, F2 or
F3 (or F4)), the higher and lower luminance (color) images
displayed in the first and second sub-field periods 1F and 2F,
respectively. These images may be identical to each other
except for their luminance levels. Further, the order of
display of these images may appropriately be changed, as

Dec. 2, 2004

desired, within each field period so long as each of these
images are displayed in one sub-field period (1F, 2F or 3F).

[0259] One color image displayed in each field period (F1,
F2 or F3) may appropriately be controlled depending on the
corresponding light source color, thus improving a color
reproducibility of a resultant full-color image displayed in
one frame period.

[0260] With respect to the luminance of the higher and
lower luminance images, the lower luminance image may
preferably be controlled to provide a luminance which is
non-zero and at most %5 of a luminance given by the higher
luminance image. Such a luminance control may, e.g., be
performed by adjusting a light transmittance of the liquid
crystal (display) device 80 through voltage application to the
liquid crystal 85 disposed between the pair of electrodes 82a
and 82b. More specifically, when the liquid crystal 85
provides a V-T characteristic as shown in FIG. 7, a positive-
polarity voltage (+V1) is applied for displaying the higher
luminance image and a negative-polarity voltage (-V1) is
applied for displaying the lower luminance image.

[0261] The image display operation in the display device
80 may be performed, e.g., in a line-sequential manner.

[0262] In this embodiment, in the case where the display
device 80 is an active matrix-type liquid crystal device as
shown in FIGS. 11 and 12, the liquid crystal apparatus 100
may be driven according to the above-mentioned driving
method shown in FIG. 14.

[0263] Referring to FIG. 14, at (a) is shown a waveform
of gate voltage Vg applied to one gate line Gi; at (b) is
shown a waveform of source voltage Vs applied to one
source line Sj; at (c) is shown a waveform of voltage Vpix
applied to the liquid crystal 49 at a pixel formed at an
intersection of these gate and source line Gi an Sj; and at (d)
is shown a change in transmitted light quantity T at the pixel.

[0264] According to this driving method (FIG. 14), one
frame period F0 is divided into three field periods F1, F2 and
F2 cach of which is further divided into two sub-field
periods 1F and 2F.

[0265] In this instance, when a frame frequency is 60 Hz,
one frame period is ca. 16.7 msec. Each of the field periods
F1, F2 and F2 is ca 5.6 msec (16.7 msec/3) and each of the
sub-field periods 1F and 2F is ca. 2.8 msec (= 5.6 msec/2).

[0266] The liquid crystal 49 used in this case exhibits a
V-T characteristic shown i FIG. 7.

[0267] Referring again to FIG. 14, in one sub-field period
(c.g., 1F of F1), one gate line Gi is supplied with a gate
voltage Vg in a prescribed (selection) period Ton (as shown
at (a)) and in synchronism with the gate voltage application,
one source line Sj is supplied in the selection period Ton
with a source voltage Vs (=V=Vx) based on a potential V¢
(reference potential) of a common electrode 12 (FIG. 12) (as
shown at (b)) At this time, a TFT 94 at the pixel concerned
is turned on by the application of gate voltage g and the
source voltage Vx is applied to the liquid crystal 49 via the
TFT 94 and a pixel electrode 95, thus charging a liquid
crystal capacitor Clc and a holding capacitor Cs.

[0268] In a non-selection period Toff other than the selec-
tion period Ton in the sub-field period 1F, the gate voltage
Vg is applied to gate lines G1, G2, . . ., other than the gate
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line Gi. As a result, the gate line Gi is not supplied with the
gate voltage V in the non-selection period Toff, whereby the
TFT 94 is turned off. Accordingly, the liquid crystal capaci-
tor Clc and holding capacitor Cs hold the electric charges
charged therein, respectively, to provide the voltage Vx
(=Vpix) through the sub-field period 1F 8as shown at (c)).
The liquid crystal 49 supplied with the voltage Vx through
the sub-field period 1F provides a transmitted light quantity
Tx substantially constant in the sub-field period 1F (as
shown at (d)).

[0269] In the subsequent sub-field period 2F (of F1), the
above-described gate line Gi is again supplied with the gate
voltage Vg (in Ton) (as shown at (a)) and in synchronism
therewith, the source line Sj is supplied with a source
voltage - Vs (== V=-Vx) (of a polarity opposite to that of the
source voltage Vs in 1F) (as shown at (b)), whereby the
source voltage —Vx is charged in the liquid crystal capacitor
Clc and holding capacitor Cs in Ton and kept in Toff (as
shown at (c)).

[0270] As described above, the liquid crystal 49 shows the
V-T characteristic shown in FIG. 7, so that the resultant
transmitted light quantity T1 in the sub-field period 1F under
application of the positive-polarity source voltage Vx
becomes large and the transmitted light quantity T2 in the
sub-field period 2F under application of the negative-polar-
ity source voltage —Vx becomes lower and close to zero. As
aresult, in the entire field period F1, the resultant transmitted
light quantity becomes an average of Tx (=T1) and Ty (=T2).
HOwever, bright (Tx) and dark (Ty) display operation can be
alternately performed for each sub-field period, thus improv-
ing resultant image qualities in the case of effecting motion
picture display. Further, the liquid crystal 49 is supplied with
the positive-polarity voltage Vx and the negative-polarity
voltage -Vx sub-field period by sub-field period in an
alternating manner, whereby a deterioration of the liquid
crystal 49 in continuous display is prevented.

[0271] In this case, the value (magnitude) of the positive-
polarity source voltage may be determined based on the V-T
characteristic (FIG. 7) of the liquid crystal 49 used and
writing information for the pixel concerned (i.¢., an optical
state or display information at the pixel). In this regard, the
transmitted light quantity obtained through the entire field
period F1 becomes an average of Tx and Ty as described
above, so that when the liquid crystal 49 provides a remark-
ably low T2, the corresponding T1 (or V1 (=Vx) defining the
T1 value) may be set to be a larger value in order to obtain
a desired transmitted light quantity (average of Tx and Ty)
in the entire field period F1.

[0272] The above-mentioned driving method for the dis-
play apparatus 100 using the active matrix-type liquid
crystal device 80 shown in FIG. 14 may be applicable to a
full-color image display in combination with the color light
source 101 as shown in FIG. 16.

[0273] Referring to FIG. 16, in the (first) field period F1,
the liquid crystal device 80 is illuminated with red (R) light
emitted from the color light source 101, whereby a black-
and-white (monochrome) image on the liquid crystal device
80 is recognized as a red image. Similarly, a monochrome
image in the (second) field period F2 is recognized as a
green image by green (G) light emission from the color light
source 101 and in the (third) field period F3, a monochrome
image is recognized as a blue image on the liquid crystal
device 80 by blue (B) light emission.
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[0274] These (three) color images in the field periods F1,
F2 and F3 are visually color-mixed in one frame period FO
to be recognized as a full-color image.

[0275] Such a full-color image display may also be per-
formed by using the driving method shown in FIG. 17. As
described above, in the driving method of FIG. 17, each of
the field periods F1, F2 and F3 is divided into three sub-field
periods 1F, 2F and 3F.

[0276] Referring to FIG. 17, at (a) is shown a timing of
emission of respective color lights from the color light
source 101; at (b) is shown a waveform of gate voltage Vg
applied to one gate line (e.g., first gate line) G1; at (¢) is
shown a waveform of source voltage Vs applied to one
source line Si; at (d) is shown a waveform of voltage Vpix
applied to the liquid crystal 49 at a pixel formed at an
intersection of these gate and source line G1 an Si; at (e) is
shown a change in transmitted light quantity T at the pixel;
at (f) is shown a waveform of gate voltage Vg applied to
another gate line Gn; at (g) is shown a waveform of source
voltage Vs applied to another source line Sj; at (h) is shown
a waveform of voltage Vpix applied to the liquid crystal 49
at a pixel formed at an intersection of these gate and source
line Gn an Sj; and at (i) is shown a change in transmitted
light quantity T at the pixel.

[0277] According to this driving method (FIG. 17), the
liquid crystal device 80 is driven in the same manner as in
the driving method shown in FIG. 14 except that a voltage
application operation in the third sub-field period 3F is
performed in the following manner.

[0278] In the third sub-field period 3F, the gate line G1 is
supplied with the gate voltage Vg while keeping a potential
on the corresponding source line Si at zero volt (as shown at
(b) and (c) of FIG. 17), whereby the charges held in the
liquid crystal and holding capacitors Clc and Cs are
removed to place the liquid crystal 49 in a non-voltage
application state, thus resulting in a transmitted light quan-
tity Tz (R) of zero (as shown at (d) and (e)).

[0279] In this case, if the gate line Gn is the last gate line
and scanned in the above-mentioned manner as in the gate
line G1 (as shown at (f), (g), (h) and (i), a resultant
transmitted light quantity through the entire one field period
F1 becomes an average of Tx (=T1), Ty (=T2) and Tz (=0).

[0280] In the subsequent field period F2, the green (G)
light emission may preferably be performed in such a
manner that the G emission operation is not effected imme-
diately after the gate voltage Vg application to the last gate
line Gn in the third sub-field period 3F of the field period F1
but effected after completely resetting the liquid crystal 49
at the pixel along with the last gate line Gn in a black (dark)
state. Consequently, a better color reproducibility can be
attained.

[0281] According to this embodiment, both of the higher
luminance image and the lower luminance image are dis-
played in each of the field periods F1, F2 and F2, so that the
entire one field period (F1 or F2 or F3), a color image having
a luminance of an average of those of the higher and lower
luminance images is displayed as described above with
reference to FIGS. 14 and 16, thus enhancing the resultant
luminance for each field period when compared with the
conventional driving method as shown in FIG. 20 including
non-image display period in each field period. Accordingly,
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the color light source 101 is not required to provide a higher
luminance, thus reducing power consumption.

[0282] In the case where the above-described driving
method for image display is performed in a line-sequential
manner, it is difficult to ensure a scanning timing in syn-
chronism with a light emission timing of the color light
source 101 with respect to all the scanning (gate) lines, thus
resulting in a deviation between these timings. For this
reason, as shown at (g) of FIG. 16 and at (i) of FIG.17, e.g,,
when the liquid crystal device 80 is illuminated with a red
(R) light emitted from the color light source 101 in the field
period F1, with respect to the last gate line, a monochrome
image for the preceding blue image is displayed at a trans-
mitted light quantity Ty (B) (as shown at (g) of FIG. 16) or
Tz (B) (as shown at (i) of FIG. 17).

[0283] Insuch a case, if the luminance of the monochrome
image for the blue image is larger, the resultant color
reproducibility is adversely affected by the luminance to be
lowered.

[0284] Inthe present invention, however, the luminance of
the lower luminance image (i.¢., Ty) is set to be non-zero and
at most ¥ of that (Tx) of the higher luminance image (as in
the case of the driving method of FIG. 16), thus minimizing
the lowering in color reproducibility.

[0285] Particularly, in the case of the driving method of
FIG. 17, the luminance (Tz (B)) is set to be zero, thus further
effectively suppressing the lowering in color reproducibility.

[0286] Hereinbelow, the present invention will be
described more specifically based on Examples.

EXAMPLE 1
(Blank Cell A)
A blank cell A was prepared in the following

[0287]
[0288]

manner.

[0289] A pair of 1.1 mm-thick glass substrates cach pro-
vided with a 700 A-thick transparent electrode of ITO film
was provided.

[0290] On each of the transparent electrodes (of the pair of
glass substrates), a polyimide precursor for forming a poly-
imide having a recurring unit (PI-a) shown below was
applied by spin coating and pre-dried at 80° C. for 5 min.,
followed by hot-baking at 200° C. for 1 hour to obtain a 200
A-thick polyimide film.
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(PI-a)

O=—0
O=0

N—¢CHy N

—ie]
=0~

o

[0291] Each of the thus-obtained polyimide film was sub-
jected to rubbing treatment (as a uniaxial aligning treatment)
with a nylon cloth under the following conditions to provide
an alignment control film.

[0292] Rubbing roller: a 10 cm-dia. roller about which a
nylon cloth (“NF-77”, mfd. by Teijin K. K.) was wound.

[0293] Pressing depth: 0.3 mm

[0294] Substrate feed rate: 10 cm/sec
[0295] Rotation speed: 1000 rpm
[0296] Substrate feed: 4 times

[0297] Then, on one of the substrates, silica beads (aver-
age particle size=2.0 um) were dispersed and the pair of
substrates were applied to each other so that the rubbing
treating axes were in parallel with each other but oppositely
directed (anti-parallel relationship), thus preparing a blank
cell (single-pixel cell) A with a uniform cell gap.

[0298] (Black Cell B)

[0299] Ablank cell B was prepared in the same manner as
in the case of the blank cell A except that one of the pair of
glass substrate was formed in an active matrix substrate
provided with a plurality of a-Si TFTs and a silicone nitride
(gate insulating) film and the other glass substrate was
provided with a color filter including color filter segments of
red (R), green (G) and blue (B).

[0300] The thus prepared blank cell (active matrix cell) B
having a structure as shown in FIG. 10 had a picture area
size of 10.4 inches including a multiplicity of pixels (800x
600xRGB). (Liquid crystal devices A and B) A liquid crystal
composition LC-1 was prepared by blending the following
mesomorphic (liquid crystal) compounds in the indicated
proportions.
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-continued
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[0301] The thus-prepared liquid crystal composition LC-1
showed the following phase transition series and physical
properties.

Phase transition temperature (° C.)

67.0 50.6 9.3
Iso Ch SmC* — Gy

[0302] (Iso: isotropic phase, Ch: cholesteric phase,
SmC*: chiral smectic phase)

[0303] Spontaneous polarization (Ps): 1.2 nC/cm?
(30° C.) Cone angle (B: 23.7 degrees (30° C.)

[0304] Helical pitch (SmC*): at least 20 um (30° C.)

[0305] The liquid crystal composition LC-1 was injected
into each of the above-prepared blank cells A and B in its
isotropic liquid state and gradually cooled to a temperature
providing chiral smectic C phase to prepare a (single-pixel)
liquid crystal device A and a (active matrix) liquid crystal
device B, respectively.

[0306] In the above cooling step from Iso to SmC*, cach
of the cells (devices) A and B was subjected to a voltage
application treatment such that a DC (offset) voltage of -5
volts was applied in a temperature range of Te+2° C. (Tc:
Ch-SmC* phase transition temperature) while cooling each
device at a rate of 1° C./min.

[0307] The thus-prepared liquid crystal devices A and B
were evaluated in the following manner in terms of align-
ment state and optical response characteristics for triangular
wave and rectangular wave (for the liquid crystal device A),
and motion picture image display characteristic (for the
liquid crystal device B), respectively.

[0308]

[0309] The alignment state of the liquid crystal composi-
tion LC-1 of the liquid crystal device A was observed
through a polarizing microscope at 30° C. (room tempera-
ture).

<Alignment State>

[0310] As aresult, a substantially uniform alignment state
such that under no voltage application, the darkest (optical)
axis was somewhat deviated from the rubbing direction and
only one layer normal direction was present over the entire
cell (liquid crystal device A).

[0311]

[0312] The liquid crystal device A was set in a polarizing
microscope equipped with a photomultiplier under cross
nicol relationship so that a polarizing axis was disposed to
provide the darkest state under no voltage application.

[0313] When the liquid crystal device A was supplied with
a triangular wave (5 volts, 0.2 Hz) at 30° C., a resultant
transmitted light quantity (transmittance) was gradually
increased with the magnitude (absolute value) of the applied
voltage under application of the positive-polarity voltage.
On the other hand, under application of the negative-polarity
voltage, a resultant transmitted light quantity was changed
with the applied voltage level but a maximum value of the
transmittance was ca. %o of a maximum transmittance in the
case of the positive-polarity voltage application.

[0314]

[0315] The optical response was evaluated in the same
manner as in the above case of using the triangular wave
except for using a rectangular wave (5 volts, 60 Hz) in
place of the triangular wave.

[0316] As a result, under application of the positive-
polarity voltage, the liquid crystal composition LC-1 was

<Optical Response to Triangular Wave>

<Optical Response to Rectangular Wave>
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found to exhibit a sufficient optical response thereto and
provide a stable halftone state independent of a previous
state. Further, also under application of the negative-polarity
voltage, an optical response (in terms of transmittance) was
confirmed similarly as in the case of the positive-polarity
application but the value thereof was ca. %10 of that in the
case of the positive-polarity voltage application when com-
pared at an identical absolute value of the voltages. It was
also confirmed that an average value of the resultant trans-
mittance did not depend on that in their previous states, thus
attaining a good halftone image display.

[0317] Further, under application of the positive-polarity
(rectangular wave) voltage application, when a brightening
response time (RTb) (a time required to cause a transmit-
tance change from the darkest state to a prescribed trans-
mittance (under application of a prescribed voltage) or a
transmittance of 90% based on the maximum transmittance)
and a darkening response time (RTd) (a time required to
cause a transmittance change from a saturated transmittance
state providing a prescribed halftone image to a transmit-
tance of 10% based on the maximum transmittance) was
measured.

[0318] The results are shown below.
(Applied voltage)
ca. 5V ca. 1V
RTb (msec) 0.7 2.0
RTd (msec) 0.3 0.2
[0319] As apparent from the above results, the liquid

crystal composition [L.C-1 shown a good high-speed respon-
siveness when compared with an ordinary nematic liquid
crystal.

[0320]

[0321] The liquid crystal device B was driven according to
the above-mentioned driving method shown in FIG. 14 to
evaluate a motion picture quality in the following manner.

[0322] Three images (flesh-colored chart, sightseeing
information (guide) board, and yacht basin) were selected
from Hi-vision standard images (still images) of BTA
(Broadcasting Technology Association) and respective cen-
tral portions (each corr. to 432x168 pixels) of these images
were used as three sample images.

[0323] These sample images were moved at a speed of 6.8
(deg/sec) corresponding to that of an ordinary TV program
to form motion picture images, which were outputted from
a computer (as an image source) at a picture rate of 60
frames per 1 sec. in a progressive (sequential scanning)
mode, thus evaluating a degree of image blur particularly at
a peripheral portion of the outputted images.

[0324] Specifically, evaluation of the images was per-
formed by 10 amateur viewers in accordance with the
following evaluation standard.

<Motion Picture Image Display>

[0325] 5: Clear and good motion picture image with no
peripheral image blur was observed.

[0326] 4: Slight peripheral image blur was observed but
was practically of no problem.
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[0327] 3: Peripheral image blue was observed and it was
difficult to recognize fine or small characters.

[0328] 2: Remarkable peripheral image blur was observed
and it was difficult to recognize large characters.

[0329] 1: Remarkable image blue was observed over the
entire picture area and the original sample images were little
recognized.

[0330] The drive of the liquid crystal device B was first
performed at a display rate of 60 frames per 1 sec. in a
frame-inversion drive scheme without dividing one frame
period into a plurality of field periods.

[0331] As a result, a slight peripheral image blur of the
motion picture images was observed but was at a practically
fully acceptable level between “3” or “4”.

[0332] Then, the liquid crystal device B was driven
according to the driving method shown in FIG. 14 wherein
one frame period ca. 16.7 msec) was divided into two field
periods (each ca. 8.3 msec) and a positive-polarity voltage
was applied in the first field period (Ton=ca. 13.8 psec) and
a negative-polarity voltage (having a voltage level (absolute
value) identical to that of the positive-polarity voltage) was
applied in the second field period (Ton=ca. 13.8 psec) to
substantially provide a (field) frequency of 120 Hz (=60
Hzx2).

[0333] As a result, excellent motion picture images pro-
viding a practically sufficient luminance and free from
flickering and image blur were observed at a level of “5”.

[0334] In this regard, when the evaluation was performed
with respect to a commercially available CRT monitor, all
the viewer evaluated the resultant images as a level of “5”.
Further, in the case of a commercially available (conven-
tional) TFT liquid crystal panel (generally providing a
response time of several ten mill-seconds), the evaluation
result was a level between “2” and “3”.

EXAMPLE 2

[0335] A (single-pixel) liquid crystal device C and an
(active matrix) liquid crystal device D were prepared in the
same manner as in the liquid crystal devices A and B
prepared in Example 1, respectively, except that each of the
200 A-thick polyimide alignment control film (PI-a) was
changed to a 50 A-thick alignment control film of a poly-
imide having a recurring unit (PI-b) shown below and that
the average particle size (2.0 um) of the silica beads was
changed to 1.4 um.

(PL-b)

O=—0
O=—=0

o=

[0336] When the thus-prepared liquid crystal devices C
and D were evaluated in the same manner as in the liquid
crystal devices A and B (used in Example 1), respectively,



US 2004/0239612 A1l

these liquid crystal devices C and D provided substantially
similar characteristics and performances to those of the
liquid crystal devices A and B, respectively.

[0337] Further, similarly as in Example 1, under applica-
tion of the positive-polarity (rectangular wave) voltage (to
the liquid crystal device C), a brightening response time
(RTb) and a darkening response time (RTd) was measured.

[0338]

The results are shown below.

(Applied voltage)

ca. 4V ca. 1V
RTb (msec) 0.6 1.7
RTd (msec) 02 0.2

[0339] As apparent from the above results, the liquid
crystal composition LC-1 used in the liquid crystal device C
shown a good high-speed responsiveness when compared
with an ordinary nematic liquid crystal.

EXAMPLE 3

[0340] A (single-pixel) liquid crystal device E and an
(active matrix) liquid crystal device F were prepared and
evaluated in the same manner as in the devices A and B used
in Example 1, respectively, except that the anti-parallel
rubbing treatment was changed to a parallel rubbing treat-
ment (so that two rubbing treating axes were directed in an
identical direction and in parallel with each other), whereby
the following results were obtained.

[0341]

[0342] When the alignment state of the liquid crystal
composition LC-1 of the liquid crystal device E was
observed through a polarizing microscope at 30° C., a
substantially uniform alignment state such that under no
voltage application, the darkest (optical) axis was somewhat
deviated from the rubbing direction and only one layer
normal direction was present over the entire cell (liquid
crystal device E). The alignment state was a co-present state
of C1 alignment region and C2 alignment region (1:1).

<Alignment State>

[0343] <Optical Response to Triangular Wave>

[0344] When the liquid crystal device E was supplied with
a triangular wave (+5 volts, 0.2 Hz) at 30° C., aresultant V-T
characteristic over the entire cell was similar to that of the
liquid crystal device A used in Example 1. More specifically,
in the C1 alignment region, a domain-less switching was
observed at a transmittance of at most ca. 50% on voltage
increase but an inverted domain was observed when the
applied voltage was further increased. In the C2 alignment
region, a domain-less switching was observed until the
applied voltage reached the saturation voltage. Further, an
identical transmittance (transmitted light quantity) was
given at a lower applied voltage in the C2 alignment region
than that in the C1 alignment region.

[0345]

[0346] The optical response characteristic of the liquid
crystal device E under the rectangular wave application was
similar to that of the liquid crystal device A used in Example

<Optical Response to Rectangular Wave>
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1. Thus, it is possible to effect an analog-like gradational
display based on amplitude modulation according to an
active matrix driving scheme using TFTs. When the C1 and
C2 alignment regions were observed separately, similarly as
in the case of the triangular wave application, a prescribed
transmittance (transmitted light quantity) in the C2 align-
ment region was given at an applied voltage lower than that
in the case of the C1 alignment region.

[0347] Further, when the liquid crystal device E was
subjected to measurement of a brightening response time
(RTb) and a darkening response time(RTd), the following
results were obtained.

(Applied voltage)

ca.5V ca.1V
RTb (msec) 0.6 1.8
RTd (msec) 0.3 0.2

[0348] As apparent from the above results, the liquid
crystal composition LC-1 used in the liquid crystal device E
showed a good high-speed responsiveness when compared
with an ordinary nematic liquid crystal.

[0349] <Motion Picture Image Display>

[0350] When the liquid crystal device F was evaluated as
to the motion picture image quality (according to the active
matrix driving at 60 Hz and 120 Hz similarly as in Example
1), the resultant motion picture images were displayed at a
practically sufficient luminance with a peripheral image blur
similarly as in Example 1 and the degree of the motion
picture image quality was at a level of “5”.

EXAMPLE 4
[0351] (Blank Cell G)

[0352] A blank cell G was prepared in the following
mannet.

[0353] A pair of 1.1 mm-thick glass substrates each pro-
vided with a 700 A-thick transparent electrode of ITO film
was provided.

[0354] On cach of the transparent electrodes (of the pair of
glass substrates), a commercially available polyimide align-
ment film-forming solution for a TFT liquid crystal device
(“SE-7992”, mfd. by Nissan Kagaku K. K.) was applied by
spin coating and pre-dried at 80° C. for 5 min., followed by
hot-baking at 200° C. for 1 hour to obtain a 50 A-thick
polyimide film.

[0355] Each of the thus-obtained polyimide film was sub-
jected to rubbing treatment (as a uniaxial aligning treatment)
with a nylon cloth under the following conditions to provide
an alignment control film.

[0356] Rubbing roller: a 10 cm-dia. roller about which a
nylon cloth (“NF-77”, mfd. by Teijin K. K.) was wound.

[0357] Pressing depth: 0.3 mm
[0358] Substrate feed rate: 10 cm/sec
[0359] Rotation speed: 1000 rpm
[0360] Substrate feed: 4 times
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[0361] Then, on one of the substrates, silica beads (aver-
age particle size=1.4 um) were dispersed and the pair of
substrates were applied to each other so that the rubbing
treating axes were in parallel with each other and directed in
an identical direction (parallel relationship), thus preparing
a blank cell (single-pixel cell) G with a uniform cell gap.

[0362] (Black Cell H)

[0363] Ablank cell H was prepared in the same manner as
in the case of the blank cell A except that one of the pair of
glass substrate was formed in an active matrix substrate
provided with a plurality of a-Si TFTs and a silicone nitride
(gate insulating) film and the other glass substrate was
provided with a color filter including color filter segments of
red (R), green (G) and blue (B).

[0364] The thus prepared blank cell (active matrix cell) H
having a structure as shown in FIG. 10 had a picture area
size of 10.4 inches including a multiplicity of pixels (800x
600xRGB).

[0365]

[0366] The liquid crystal composition LC-1 prepared in
Example 1 was injected into each of the above-prepared
blank cells G and H in its isotropic liquid state and gradually
cooled to a temperature providing chiral smectic C phase to
prepare a (single-pixel) liquid crystal device G and a (active
matrix) liquid crystal device H, respectively.

(Liquid Crystal Devices G and H)

[0367] In the above cooling step from Iso to SmC*, each
of the cells (devices) G and H was subjected to a voltage
application treatment such that a DC (offset) voltage of -5
volts was applied in a temperature range of Tex2° C. (Tc:
Ch-SmC* phase transition temperature) while cooling each
device at a rate of 1° C./min.

[0368] The thus-prepared liquid crystal devices G and H
were evaluated in the same manner as in Example 1 in terms
of alignment state and optical response characteristics for
triangular wave and rectangular wave (for the liquid crystal
device G), and motion picture image display characteristic
(for the liquid crystal device G), respectively.

[0369]

[0370] When the alignment state of the liquid crystal
composition LC-1 of the liquid crystal device G was
observed, a substantially uniform C2 alignment state such
that under no voltage application, the darkest (optical) axis
was somewhat deviated from the rubbing direction and only
one layer normal direction was present over the entire cell
(liquid crystal device G).

[0371]

[0372] When the liquid crystal device G was supplied with
a triangular wave (+5 volts, 0.2 Hz) at 30° C., aresultant V-T
characteristic was similar to that of the device A used in
Example 1. Further, a domain-less switching was observed
until the applied voltage reached a saturation voltage.

[0373]

[0374] The optical response characteristic of the liquid
crystal device G under the rectangular wave application was
similar to that of the liquid crystal device A used in Example
1. Thus, it is possible to effect an analog-like gradational

<Alignment State>

<Optical Response to Triangular Waves

<Optical Response to Rectangular Wave>
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display based on amplitude modulation according to an
active matrix driving scheme using TFTs.

[0375] Further, when the liquid crystal device G was
subjected to measurement of a brightening response time
(RTb) and a darkening response time(RTd), the following
results were obtained.

(Applied voltage)

ca.3V ca. 0.6 V
RTb (msec) 0.5 1.6
RTd (msec) 0.2 0.2

[0376] As apparent from the above results, the liquid
crystal composition LC-1 used in the liquid crystal device G
showed a good high-speed responsiveness when compared
with an ordinary nematic liquid crystal.

[0377] <Motion Picture Image Display>

[0378] When the liquid crystal device H was evaluated as
to the motion picture image quality (according to the active
matrix driving at 60 Hz and 120 Hz similarly as in Example
1), the resultant motion picture images were displayed at a
practically sufficient luminance with a peripheral image blur
similarly as in Example 1 and the degree of the motion
picture image quality was at a level of “5”.

EXAMPLE 5

[0379] A color liquid crystal display apparatus was pre-
pared by using a (active matrix) liquid crystal device pre-
pared in the same manner as in the device B used in Example
1 except for omitting the color filter and also using a
backlight device 101 (as a color light source) as shown in
FIG. 18 in combination.

[0380] The backlight device 101, as shown in FIG. 18,
included three sets of closed circuits for emitting three
colors of red (R), green (G) and blue (B). Each of the closed
circuits was comprised of a power source 110, a transistor
111 and seven LEDs (light-emitting diodes) 112 and was
electrically connected with a wave generator 113 so as to be
appropriately turned on or off, thus allowing a successive
emission of the respective lights (of R, G and B).

[0381] As materials for the respective light-source lights,
CaAlAs was used for R and GaN was used for G and B.

[0382] For emission of the respective color lights, a volt-
age was set to ca. 14 volts for R and ca. 25. volts for G and
B and a current was set to at most 20 mA.

[0383] The above-prepared liquid crystal display appara-
tus was driven according to a driving method shown in FIG.
16 (driving voltage=+5 volts, frame-frequency=60 Hz,
f,=ca. 16.7 msec, fl=ca. 5.6 msec, 1F=ca. 2.8 msec) to
evaluate a (maximum) panel luminance in a white image
display state and color purities of the respective color lights
(R, G, B).

[0384] As a result, the resultant panel luminance was 110
cd/m®. Further, with respect to the color purities were
gradually somewhat changed in color tint in order of the
scanning lines but were at a level being practically of no
problem.
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[0385] Separately, by using the (single-pixel) liquid crys-
tal device A prepared in Example 1, an optical response to
a rectangular wave was evaluated in the same manner as in
Example 1 except for changing the frequency from 60 Hz to
180 Hz, whereby a resultant optical response characteristic
was similar to that obtained in Example 1.

Comparative Example 1

[0386] A (single-pixel) liquid crystal device I and an
(active matrix) liquid crystal device J were prepared in the
same manner as in Example 1 except that the liquid crystal
composition LC-1 was changed to a liquid crystal compo-
sition LC-2 prepared below and the DC offset voltage (of -5
volts) was changed to a DC offset voltage of +3 volts.

[0387] The liquid crystal composition L.C-2 was prepared
by mixing the following compounds in the indicated pro-
portions.
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axis was substantially aligned with (in parallel with) the
rubbing direction and only one layer normal direction was
present over the entire cell (liquid crystal device I).

[0396] <Optical Response to Triangular Wave>

[0397] The liquid crystal device I was set in a polarizing
microscope equipped with a photomultiplier under cross
nicol relationship so that a polarizing axis was disposed in
alignment with the rubbing direction to provide the darkest
state under no voltage application.

[0398] When the liquid crystal device I was supplied with
a triangular wave (£5 volts, 0.2 Hz) at a temperature (T)
below the Ch-SmC* phase transition temperature (Tc) by
10° C. (Te-T=10° C.), a resultant transmitted light quantity
(transmittance) was gradually increased with the magnitude
(absolute value) of the applied voltage under application of
the positive-polarity voltage. On the other hand, under
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[0388] The thus-prepared liquid crystal composition LC-2
showed the following phase transition series and physical
properties.

Phase transition temperature (° C.)

146.6 68.8 9.7

Iso. —— Ch —— SmC* —/—s Cy

[0389] Spontaneous polarization (Ps): 1.8 nCjem®
30° C)
[0390] Cone angle (B: 23.7 degrees (30° C.)
[0391] Helical pitch (SmC*): at least 20 um (30° C.)
[0392] The thus-prepared liquid crystal device 1 was
evaluated in the same manner as in Example 1 in terms of

alignment state and optical response characteristics for tri-
angular wave and rectangular wave.

[0393]

[0394] The alignment state of the liquid crystal composi-
tion LC-2 of the liquid crystal device I was observed through
a polarizing microscope.

[0395] As aresult, a substantially uniform alignment state
such that under no voltage application, the darkest (optical)

<Alignment State>

application of the negative-polarity voltage, a resultant
transmitted light quantity was substantially not changed
from that in a black state (the darkest state) under no voltage
application. Further, when the applied voltage was removed
in the white (bright) state under the positive-polarity voltage
application, switching from the white state to the black state
was confirmed.

[0399]

[0400] The optical response was evaluated in the same
manner as in the above case of using the triangular wave
except for using a rectangular wave (5 volts, 180 Hz) in
place of the triangular wave.

[0401] As a result, only under application of the positive-
polarity voltage, the liquid crystal composition LC-2 was
found to exhibit a sufficient optical response thereto,
whereby it was possible to change a luminance level
depending on a voltage level of the applied (positive-
polarity) voltage.

<Optical Response to Rectangular Wave>

[0402] Further, under application of the positive-polarity
(rectangular wave) voltage (saturation voltage=ca. 5 volts),
a brightening response time (RTb) (a time required to cause
a transmittance change from the darkest state to a transmit-
tance of 90% based on a prescribed transmittance (under
application of a prescribed voltage) and a darkening
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response time (RTd) (a time required to cause a transmit-
tance change from a saturated transmittance state (maximum
transmittance) to a transmittance of 10% based on the
maximum transmittance) was measured.

[0403] The results are shown below.
(Applied voltage)
ca. 5V
RTb (msec) 0.6-0.9
RTd (msec) 0.2-0.3
[0404] As apparent from the above results, the liquid

crystal composition [L.C-2 shown a good high-speed respon-
siveness and accordingly was confirmed to be applicable to
the serial driving scheme using the color light source of R,
G and B as in Example 5.

[0405] On the other hand, the above-prepared (active
matrix) liquid crystal J was used for preparing a color liquid
crystal display apparatus in combination with the backlight
device 101 (as a color light source) similarly as in Example
5 and was similarly evaluated as in Example 5 according to
the serial driving scheme using the color light source of R,
G and B while applying a driving voltage of £5 volts.

[0406] As a result, the liquid crystal device J provided a
uniform color reproducibility at the entire panel surface but
the resultant panel luminance was 100 cd/m? lower than that
(110 ¢d/m®) of the liquid crystal device B used in Example
5.

EXAMPLE 6

[0407] A color liquid crystal display apparatus was pre-
pared and driven in the same manner as in Example 5 except
that the driving method (FIG. 16) was changed to that
shown in FIG. 17 (driving voltage=+5 volts).

[0408] As a result, the color liquid crystal display appa-
ratus showed a good color reproducibility.

[0409] When the (single-pixel) liquid crystal device A
prepared in Example 1 was evaluated as to an optical
response to a rectangular wave (=5 volts, 270 Hz), the
resultant optical response characteristic was similar to that
obtained in Example 1.

[0410] As described hereinabove, according to the present
invention, it is possible to provide a liquid crystal device
using a chiral smectic liquid crystal capable of allowing a
high-speed responsiveness and control of gradation levels
while retaining excellent motion picture image qualities and
a high luminance.

[0411] Further, in the case where in one sub-field, a higher
luminance image is displayed in at least one sub-field period
and a lower luminance image is displayed in at least one
another sub-field period, the resultant image displayed
through the entire one sub-field corresponding to an image
having a luminance of an average of those of the higher and
lower luminance images, thus improving the luminance
level compared with the conventional driving scheme
including a non-image display period. As a result, it is
unnecessary to employ a color light source providing a
higher luminance, thus reducing power consumption.
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[0412] Further, in the case of effecting image display in a
line-sequential manner, a lowering in color reproducibility
can be effectively suppressed.

1-37. (Cancelled)
38. A display apparatus comprising:

a liquid crystal device including a pair of substrates and
a liquid crystal disposed between the pair of substrates
to form a plurality of pixels;

control means for effecting a plurality of displaying
operations at each pixel, each displaying operation
including a sequence of a first operation and a second
operation,

wherein the liquid crystal exhibits a voltage-transmittance
characteristic of showing a first transmittance in
response to zero voltage, and a second transmittance
and a third transmittance which are different from each
other and both being higher than the first transmittance
in response to positive and negative voltages of an
identical level, and

a first drive voltage waveform and a second drive voltage
waveform which are identical in shape to but are
different in polarity from each other are sequentially
applied to the liquid crystal in the first and second
operations, respectively, the liquid crystal device
thereby displaying an identical image at mutually dif-
ferent levels of non-zero luminances in the first and
second operations, respectively.

39. An apparatus according to claim 38, wherein one of

the first and second luminances is smaller than %5 of the
other luminance.

40. A liquid crystal apparatus comprising:
a liquid crystal device comprising a matrix of pixels; and

a drive circuit for driving the liquid crystal device to effect
desired gradational display,

wherein each pixel is supplied with a driving signal from
the drive circuit, the driving signal including in a first
period a first voltage for providing a prescribed grada-
tional image and in a second period a second voltage
for providing a light quantity smaller than a light
quantity in the first period but larger than zero.

41. An apparatus according to claim 40, wherein the
liquid crystal device includes a pair of substrates to sand-
wich a liquid crystal, and one of the pair of substrates
comprises a substrate provided with active devices each
electrically connected with an electrode portion defining
each of the pixels, and the liquid crystal device is driven by
the drive circuit to effect active matrix drive allowing
analog-like gradational display.

42. A display apparatus comprising:

a liquid crystal device comprising a plurality of pixels;
and

control means for effecting a plurality of displaying
operations within one frame period to the liquid crystal
device, each displaying operation including a sequence
of a first operation and a second operation,
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wherein the liquid crystal device displays an image at a
first luminance in the first operation, and performs a
second luminance in the second operation which level
is non-zero and lower than a level of the first lumi-
nance.

43. A display apparatus comprising:

a liquid crystal device comprising a plurality of pixels;
and

control means for effecting a plurality of displaying
operations within one frame period to the liquid crystal

Dec. 2, 2004

device, each displaying operation including a sequence
of a first operation and a second operation,

wherein the liquid crystal device displays an image at a
first luminance in the first operation, and displays the
image at a second luminance in the second operation
which level is non-zero and lower than a level of the
first luminance, and receives the same display data in
the first and second operation.
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