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VERTICAL ALIGNMENT TYPE LIQUID
CRYSTAL DISPLAY APPARATUS HAVING

IMPROVED DISPLAY UNIFORMITY

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s based on and claims priority of Japa-
nese Patent Application No. 2007-125596 filed on May 10,

2007, the entire contents of which are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

A) Field of the Invention

The present invention relates to a liquid crystal display
apparatus, and more particularly to a liquid crystal display
apparatus having a vertical alignment type liquid crystal
cell.

B) Description of the Related Art

A “vertical alignment type” liquid crystal display (LCD)
device, whose liquid crystal molecules 1 a liquid crystal
layer of a liquid crystal cell are aligned vertical to a
substrate, shows a very good black level during no voltage
application. Very good view angle characteristics are
obtained when an optical compensation plate having nega-
tive optical anisotropy with proper parameters 1s disposed
between the liquid crystal cell and at least one of the upper
and lower polarization plates.

One type of the vertical alignment type liqud crystal
display device 1s a mono domain vertical alignment type
liquad crystal device. Alignment of the mono domain verti-
cal alignment type liquid crystal device 1s controlled to have
a uniform alignment state in the liqguid crystal layer, inde-
pendently from whether a voltage 1s applied or not. In order
to prevent alignment defects during voltage application, 1t 1s
necessary to set a pretilt angle so that liquid crystal mol-
ecules slightly tilt from the vertical to the substrate even
during no voltage application.

An alignment control method of this type includes a
“metal oxide oblique vapor deposition method” of vapor-
depositing an S10_ film along an oblique direction to the
substrate, on an alignment film disposed on 1nner surfaces of
the upper and lower substrates, a method of coating a
polymer alignment film such as polyimide on a substrate and
then performing a rubbing process, and other methods. The
rubbing process 1s advantageous in terms of production.
However, a rubbing process similar to that in manufacture
processes for a twisted nematic (ITN) type liquid crystal
display device, may often form stripe tlaws along a rubbing
direction, posing a fear of degrading considerably a display
quality.

The present inventor and his colleagues have proposed
alignment process techniques suppressing flaws during rub-
bing i JP-A-2005-234254, the entire contents of which are
incorporated herein by reference. A method disclosed 1n this
Publication can realize a mono domain vertical alignment
type liquid crystal display device capable of suppressing
flaws and having a pretilt angle of, e.g., 88.5° to 89.5°.

10

15

20

25

30

35

40

45

50

55

60

65

2

Another type of the vertical alignment type liquid crystal
display device 1s a multi domain vertical alignment type
liqguad crystal display device. The multi domain vertical
alignment type device has a plurality of liquid crystal
molecule orientations in one pixel so that the view angle
characteristics of the display device can be improved during
voltage application.

As a multi domamn alignment control method, {for

example, JP-A-HEI-3-259121 and Japanese Patent Publica-
tion No. 3834304, the entire contents of both documents are
incorporated herein by reference, propose an “oblique elec-
tric field alignment control method” of forming rectangular
openings through partial areas of electrodes formed on 1nner
surfaces of upper and lower substrates, constituting pixels
and controlling alignment orientations of liquid crystal mol-
ecules by oblique electric fields formed near the openings
during voltage application.

One of a driving method for a vertical alignment type
liquid crystal display device 1s a multiplex driving method
The summary of main specific features of a present (direct)
multiplex driving method 1s explained, for example, in a
document “An Flectrical Driving Method for LCD”, written

by Takashi SUGIYAMA and Shunsuke KOBAYASH, in
Magazine: Display and Imaging, pp. 117 to 131, Vol. 3, 1994
published by Science/Communications/International.

The most general driving method 1s an “optimum biasing,
method”. An electro-optic response of a liquid crystal dis-
play 1s determined by an eflective voltage value, and an
alternate current drive (an average voltage 1s 0) 1s funda-
mental because deterioration of the device performance can
be prevented. Driving wavetorms realizing this include:
“intra-iframe reversal driving (or one line reversal driving)”
of reversing a polarity during one line selection as shown 1n
FIG. 9A (hereinafter this driving waveform 1s called wave-
form A); “frame reversal driving” of reversing a polarity at
cach frame as shown 1n FIG. 9B (heremafter this driving
wavelorm 1s called waveform B); and “N-line reversal
driving” which 1s based on waveform B and reverses a
polarity at N-lines to reduce crosstalks (in the above-
described explanatory document, the second kind crosstalks)
in high duty driving as shown 1n FIG. 9C (hereinaiter this
driving wavetorm 1s called waveform C).

FIGS. 9A to 9C show driving waveforms applied across
upper and lower electrodes of one pixel. Wavetorm B having
the lowest consumption power during driving 1s widely used
for the present multiplex driving LCD.

A method of suppressing a phenomenon “frame response™
which occurs when a response speed of a liqud crystal
display device 1s high includes: an active addressing method
by which a plurality of select times are assigned to one
frame; and *“‘a mult1 line simultaneous select method™ (here-
mafter this driving waveform 1s called waveiorm MLS) of
selecting N lines 1n one frame at the same time as shown 1n
FIG. 12, disclosed, for example, in Japanese Patent Publi-
cation No. 311973°7. The latter method 1s often used for
driving a high speed response STN-LCD having a duty ratio
under 1/16 (a duty number 1s larger than 16).

FIG. 12 shows an example of 2 lines simultaneous select
drive (2-line MLS) wavetorm at 1/16 duty ratio drive. This
wavelorm corresponds to the case that both 2 lines are
on-state. There are 2 levels for segment voltage VL0 and
VL1 when 2 lines are simultaneously selected. The voltage

VL0 1s OV.

SUMMARY OF THE INVENTION

In order to suppress alignment flaws and obtain a good
display state of a mono domain vertical alignment type
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liquid crystal display device, 1t 1s necessary to set a pretilt
angle smaller than 90°. As shown 1n FIG. 10A, 1f a pretilt
angle 1s larger than 89.5°, particularly larger than 89.7°,
there 1s a tendency that the maximum transmissivity Tmax
of the electro-optic characteristics lowers as the pretilt angle
becomes larger toward 90°.

As shown 1n FIG. 10B, there 1s a tendency 1n multiplex
driving that a device contrast CR becomes high as the pretilt
angle becomes as near 90° as possible. This may be ascribed
to 1mproved steepness near the threshold value of the
clectro-optic characteristics. Data shown in FIGS. 10A and
10B 1s disclosed 1n JP-A-2005-234254.

From the viewpoint of contrast improvement, a pretilt
angle 1s preferably set near 90°. However, as the pretilt angle
1s set near 90°, a transmissivity during bright display lowers
and the display quality degrades.

FIG. 11 shows a display example of a vertical alignment
type liquid crystal device of a segment display type setting
a tilt angle of 89.6°. A rubbing direction of an upper
substrate 1s a downward direction of the drawing sheet, and
a rubbing direction of a lower substrate 1s a upward direction
of the drawing sheet. Wavelorm B was used as a drniving
wavelorm, and the device was operated at a frame frequency
of 80 Hz under the driving conditions of a duty ratio of 1/8
and a bias ratio of 1/4. There were areas having a partially
dark state in the eflective display area, and 1t confirmed that
the display uniformity was considerably degraded. This
phenomenon can be considered to cause the above-described
lowered transmissivity of the electro-optic characteristics.

Also 1n the vertical alignment type display device using
the oblique electric field alignment control method disclosed
in Japanese Patent Publication No. 3834304, display uni-
formity lowers and a transmissivity lowers in some cases,
similar to the mono domain type.

An object of this invention 1s to provide a mono domain
vertical alignment type liquid crystal display device to be
multiplex-driven, having improved display uniformity at a
large (near 90°) pretilt angle.

Another object of this invention i1s to provide a multi
domain vertical alignment type liquid crystal display device
to be multiplex-driven, having improved display uniformity.

According to one aspect of the present invention, there 1s
provided a liquid crystal display apparatus comprising: a
liquad crystal cell of a mono domain vertical alignment type;
and a driver apparatus for applying a driving waveform to
the liquid crystal cell, wherein the liquid crystal cell of the
mono domain vertical alignment type comprises: first and
second substrates disposed facing each other; a liquid crystal
layer sandwiched between the first and second substrates;
and first and second vertical alignment films formed above
the first substrate on a side of the liquid crystal layer and
above the second substrate on a side of the liquid crystal
layer, and subjected to antiparallel rubbing to give liqud
crystal molecules 1n the liquid crystal layer with a pretilt
angle Op 1n a range between 18.5° and 89.9° and with mono
domain alignment; the driver apparatus applies the liqud
crystal cell with waveform A having a duty not lower than
4 and a frame frequency of {; and the frame frequency {1 1s
determined from the pretilt angle Op, and 1s a frequency not
lower than 60 Hz at a pretilt angle of 88.5°<0p<89.6° or a
frequency not lower than [ 120x(0p-89.6)+60] Hz at a pretilt
angle of 89.6°<0p=89.9°.

According to another aspect of the present invention,
there 1s provided a liquid crystal display apparatus compris-
ing: a liquid crystal cell of an oblique electric field alignment
control mult1 domain vertical alignment type; and a driver
apparatus for applying a driving waveform to the liquid
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4

crystal cell, wherein the liquid crystal cell of the oblique
clectric field alignment control multi domain vertical align-
ment type comprises: first and second substrates disposed
facing each other; a liquid crystal layer sandwiched between
the first and second substrates; and first and second electrode
layers formed above the first substrate on a side of the liquid
crystal layer and above the second substrate on a side of the
liguid crystal layer, a plurality of openings being formed
through the first and second electrode layer, openings
formed 1n the first electrode layer and openings formed 1n
the second electrode layer being alternately disposed side by
side along one direction 1n a display plane; and the driver
apparatus applies the liquid crystal cell with waveform A
having a frame frequency not lower than 60 Hz.

The mono domain vertical alignment type liquid crystal
display cell 1s applied with, e.g., waveform A at a frame
frequency suiliciently high for a pretilt angle. Since forma-
tion of a dark area 1s suppressed, the display uniformity can
be 1mproved.

The multi domain vertical alignment type liquid crystal
display cell by the oblique electric field alignment control 1s
applied with, e.g., wavelorm A at a sufliciently high frame
frequency. Since formation of a dark area 1s suppressed, the
display uniformity can be improved.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s a schematic cross sectional view showing a
typical example of the structure of a mono domain vertical
alignment type liquid crystal display apparatus.

FIG. 2 shows microscopic photographs indicating first
experiment results.

FIG. 3 shows microscopic photographs indicating second
experiment results.

FIG. 4 shows microscopic photographs indicating third
experiment results.

FIG. 5 1s a graph collectively mdicating the conditions
capable of stable display at each dniving waveform.

FIG. 6 1s a schematic cross sectional view showing a
typical example of the structure of a multi domain vertical
alignment type liquid crystal display apparatus by the
oblique electric field alignment control.

FIG. 7 1s a plan view showing an example of the layout
of openings in upper and lower electrodes as viewed along
a display device surface normal direction.

FIG. 8 shows microscopic photographs indicating fourth
experiment results.

FIGS. 9A to 9C are graphs indicating waveform A,
wavelorm B and wavetorm C.

FIG. 10A 1s a graph showing the relation between a
maximum transmissivity Tmax and a pretilt angle, and FIG.
10B 1s a graph showing the relation between a contrast CR
and a pretilt angle.

FIG. 11 1s a photograph showing an example of a lowered
display uniformity of a vertical alignment type liquid crystal
display device of a segment display type.

FIG. 12 1s a graph indicating waveform MLS.

FIG. 13 1s a graph showing the relation between the duty
and the gradient of frame Irequency increase relative to
pretilt angle increase.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First, description will be made on first to third experi-
ments studying the display states of mono domain vertical
alignment type liquid crystal display apparatus.
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FIG. 1 1s a schematic cross sectional view showing a
typical example of the structure of a mono domain vertical
alignment type liquid crystal display apparatus. Transparent
clectrodes 4 and 14 formed with desired patterns, insulating
films § and 15 and upper and lower vertical alignment films
6 and 16 are formed on the inner surfaces of upper and lower
glass substrate 3 and 13 respectively, in this order from the
substrate side. A liquid crystal layer 7 made of liquid crystal
material having a dielectric constant anisotropy Ae<0 1s
sandwiched between the upper and lower vertical alignment
films 6 and 16. When necessary, the structure omitting one
or both of the upper and lower insulating films 5 and 15 may
also be adopted.

The upper and lower vertical alignment films 6 and 16 are
subjected to a rubbing process in such a manner that a
rubbing direction 8 of the upper vertical alignment film 6 1s
antiparallel to a rubbing direction 18 of the lower vertical
alignment film 16 The rubbing process controls a pretilt
angle Op of a liquid crystal molecule inclination angle at
interfaces between the liquid crystal layer 7 and the align-
ment films 6 and 16. The pretilt angle Op 1s defined by an
inclination from the alignment film surface. If pretilt 1s not
given, the pretilt angle Op 1s 90°. A desired pretilt angle Op
1s given 1n a range from 88.5° to 89.9° by the rubbing
process to form a mono domain vertical alignment type
liquid crystal display cell. Mono domain alignment may be
realized by the rubbing process for only one of the upper and
lower alignment films.

The vertical alignment films 6 and 16 are preferably made
of polymer having a surface free energy of 35 mN/m to 39
mN/m. By using such material for the vertical alignment
film, rubbing flaws on the alignment film surface can be
suppressed. This rubbing method is disclosed in the column
“Description of the Preferred Embodiments™ of JP-A-2005-
234254,

Polarizer plates 1 and 11 are bonded to the outsides of the
upper and lower glass substrates 3 and 13, respectively, via
view angle compensation plates 2 and 12. The polarizer
plates 1 and 11 are disposed 1n a cross Nichol state so that
the absorption axes have an angle of about 45° relative to the
rubbing directions 1n the display plane. When necessary, one
of the upper and lower view angle compensation plates 2 and
12 may be omitted.

A liquid crystal cell 21 1s constituted of the glass sub-
strates 3 and 13, transparent electrodes 4 and 14, vertical
alignment films 6 and 16, liquid crystal layer 7, and when
necessary, msulating films 5 and 15. A driver apparatus 31
applies a driving wavelorm across the transparent electrodes
4 and 14 of the liqud crystal cell 21 to control the display
state.

Next, description will be made on the specific structure of
an apparatus used for the first to third experiments. A
segment display type was used as a display device. A
structure was used which does not dispose the insulating
film between the transparent electrode and vertical align-
ment film. A vertical alignment film A manufactured by
Chisso Petrochemical Corporation was used to form the
vertical alignment film by flexography. A cotton rubbing
cloth was used for the rubbing process. By properly chang-
ing the rubbing conditions and adjusting a rubbing strength,
a pretilt angle Op of 88.5° to 89.9° was set. The rubbing
directions of the upper and lower substrates were set anti-
parallel when the upper and lower substrates are bonded.

An empty cell was manufactured by adjusting a liquid
crystal layer thickness to 4 um and bonding the upper and
lower substrates. Material having a dielectric constant
anisotrotpy Ae<t0 and a refractive index anisotropy An=0.15
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manufactured by Merck Ltd., Japan was vacuum-injected
into the empty cell. Thereafter, an 1njection port was sealed,
and heat treatment was performed for about one hour at a
temperature not lower than an 1sotropic phase temperatur of
liquid crystal material. The absorption axes of the upper and
lower polarizer plates were disposed at an angle of about 45°
relative to the liqud crystal molecule alignment orientation
in the central area along a liquid crystal layer thickness
direction.

In the first to third experiments, studies were made on
how dependency of a display state upon a frame frequency
changes with a duty ratio, a dnving waveform, and a pretilt
angle. A driving waveform was applied across the upper and
lower electrodes by using an amplifier manufactured by FLLC
Electronics Inc. and an arbitrary waveform generator Bio-
mation 2202A. The driving wavetform allowed all segments
to be applied with an on-waveform. About an upper half of
an S-character shaped segment was observed with a micro-
scope. For a pretilt angle, a measured value by a crystal
rotation method was used.

First, the first experiments will be described changing a
duty ratio. In the first experiments, waveform B was applied
to a liquid crystal cell having a pretilt angle of 89.6°, by
changing the duty ratio. A bias ratio was also changed 1n
accordance with a duty ratio.

FIG. 2 shows the first experiment results. Microscopic
photographs of approximately upper halves of the S-char-
acter shaped segments are shown side by side. In the
photograph, the S-character 1s reversed because the liquid
crystal display device was observed from the rear.

In the row direction, frame frequencies of 30 Hz, 60 Hz,
100 Hz, 150 Hz, 200 Hz and 300 Hz are juxtaposed in this
order from the left side. In the column direction, duty ratios
and bias ratios of 1/4 duty ratio and 1/3 bias ratio, 1/8 duty
ratio and 1/4 bias ratio, 1/16 duty ratio and 1/5 bias ratio,
1/32 duty ratio and 1/6 bias ratio, 1/64 duty ratio and 1/9 bias
ratio, and 1/120 ratio duty and 1/11 bias ratio are juxtaposed
in this order from the upper side. The denominator of a duty
ratio 1s called duty or duty number.

At the frame frequency of 30 Hz, a flowing dark area (the
phenomenon that although not observed in the photographs,
a shade 1n a segment display area tlows) was observed at a
high duty not smaller than 16, whereas a fixed dark area was
observed at duties of 4 and 8. In the observation at the frame
frequency of 30 Hz, an area of the dark area 1s broadest at
a duty of 4, and 1t was observed that the area of the dark area
becomes narrow as the duty becomes higher. However,
every dark area causes display irregularity in terms of visual
observation.

At a frame frequency of 60 Hz, the dark area was fixed 1n
all duty conditions. There was also a tendency that the area
of the dark area becomes narrow as the duty becomes higher.

As the frame frequency 1s raised, 1t has been found that the
dark area can be removed at a frequency not lower than 100
Hz at a duty of 120, at a frequency not lower than 150 Hz
at a duty of 32 and at a duty of 64, and at a frequency not
lower than 200 Hz at a duty of 4 to 16.

It has been found that the dark area 1s removed and a good
stable display state can be obtained at any duty ratio by
setting the frame frequency sufliciently high.

Next, the second experiments will be described changing
the dnving waveform. In the second experiments, waveform
A, wavelorm B, wavelorm C with drniving conditions of a
duty ratio of 1/16 and a bias ratio of 1/5 and wavetform MLS
with a duty ratio condition of 1/16 were applied to a liquad
crystal cell having a pretilt angle of 89.6°. A polarity was
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reversed at a polarity reversal line number M=7 for wave-
form C, and a simultaneous select line N=2 was used for
wavelorm MLS.

The reason why the duty ratio of 1/16 was selected 1s as
follows. Since the dark area causing the display irregularity
1s broadest 1n the first experiments at the duty ratio of 1/4 to
1/16, the duty ratio of 1/16 was selected representing the
duty ratio of 1/4 to 1/16.

FIG. 3 shows the second experiment results. Microscopic
photographs of approximately upper halves of the S-char-
acter shaped segments are shown 1n a matrix shape for frame
frequencies and driving waveforms. In the row direction,
frame frequencies of 30 Hz, 60 Hz, 100 Hz, 150 Hz, 200 Hz
and 300 Hz are juxtaposed in this order from the left side.
In the column direction, driving wavetorms of waveiform A,
wavetorm B, wavelorm C and waveform MLS are juxta-
posed 1n this order from the upper side.

At a frame frequency of 30 Hz, a flowing dark area was
observed for all waveforms, and a continuous change 1n
dark/bright was observed.

At a frame frequency of 60 Hz, a distinct change was
observed for each driving wavetorm. Although a fixed dark
area was observed for wavetorm B, wavetorm C and wave-
form MLS, a fixed dark area was observed not at all for
wavelorm A. The position of the dark area i1s different for
each of wavetorm B, wavetorm C and waveform MLS, and
a distribution of dark areas 1s broadest for wavelorm B, and
becomes narrow 1n the order of wavetform C and waveform
MLS.

At a frame frequency of 100 Hz, the dark area was rarely
observed for waveform C and waveform MLS, and at a
frame frequency of 200 Hz, a dark area was able to be
removed for wavelorm B.

In a frequency range not lower than the frame frequency
at which the dark area 1s removed, display umiformity can be
obtained. Namely, the state without observation of the dark
area can be maintained at a frame frequency not lower than
60 Hz for wavelorm A, at a frame frequency not lower than
100 Hz for wavetorm C and wavetorm MLS, and at a frame
frequency not lower than 200 Hz for wavelorm B.

Similar experiments were conducted also for duty condi-
tions of 4 and 8, and a tendency almost the same as that for
a duty of 16 was confirmed, except that a fixed dark area 1s
formed at a frame frequency of 30 Hz.

It can be considered that the dark area 1s formed because
a liquid crystal molecule alignment orientation 1n the liqud
crystal layer shifts from the orientation defined by the
rubbing direction. It has been found that a good display state
without observation of the dark area can be obtained for
every driving waveform, by setting the frame Ifrequency
sufliciently high. The frame frequency necessary for not
forming the dark area changes with the driving wavetorm,
and 1s lowest for waveform A, next lowest for waveform C
and wavetorm MLS, and highest for waveform B.

Studies similar to the first experiments changing the duty
ratio were made also for wavelorm A, wavetform C (polarity
reversal line number M=7) and waveform MLS (simultane-
ous select line number N=2, although N=4 at a high duty not
smaller than 64). It has been found that wavetform B has the
highest frame frequency necessary for display uniformaity,
also 1n the case that the duty ratio 1s changed. The frame
frequency necessary for display uniformity can be lowered
in the order of wavetorm C, wavetorm MLS and waveform
A, which 1s similar to the second embodiment results.

It can be considered from the above-described first and
second experiment results that there 1s a tendency that the
dark area reduces as high frequency components of the
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driving waveform increase. Even at the low frame ire-
quency, the display state can be made uniform by using the
driving waveform having high frequency components as
much as possible. Wavetorms, particularly waveform A,
wavelorm C and waveform MLS are preferable.

Next, description will be made on the third experiments
changing a pretilt angle of an antiparallel alignment liquid
crystal display device. In the third experiments, wavetorm B
under the 1/16 duty ratio and 1/5 bias ratio driving condi-
tions was applied to each liquid crystal cell having a
different pretilt angle.

FIG. 4 shows the third experiment results. Similar to the
first and second experiments, microscopic photographs of
approximately upper halves of the S-character shaped seg-
ments are shown side by side, for frame frequencies and
pretilt angles. In the row direction, frame frequencies of 30
Hz, 60 Hz, 100 Hz, 150 Hz, 200 Hz and 300 Hz are
juxtaposed 1n this order from the left side. In the column
direction, pretilt angles of 89.9°, 89.6°, 89.3°, 89.0° and
88.5° are juxtaposed 1n this order from the upper side.

At a frame frequency of 30 Hz, a flowing dark area was
observed at a pretilt angle of 89.0° to 89.9°, similar to the
observation at the frame frequency of 30 Hz of the first and
second experiments However, at a pretilt angle of 88.5°, a
uniform display state was obtained without observation of
the dark area at all. At a frame frequency of 60 Hz, all the
dark areas were fixed. It has been found that an area of the
dark area 1s broader at a pretilt angle near 90°. At a frame
frequency of 100 Hz, it was observed that the dark area was
removed at a pretilt angle of 89.0°, and that the area of the
dark area became gradually narrow at other pretilt angles.

At a frame frequency of 200 Hz, the dark area was
removed at pretilt angles of 89.3° and 89.6°. However, at a
pretilt angle of 89.9°, the dark area was not able to be
removed even at a frame frequency of 300 Hz.

As described above, 1t has been found that the larger the
pretilt angle 1s, the dark area 1s more likely to be formed and
the frame frequency capable of removing the dark area
becomes higher.

Experiments have also been conducted changing a pretilt
angle for other driving waveforms, and studies were made
on the conditions capable of stable display without obser-
vation ol the dark area, for the mono domain vertical
alignment type liquid crystal display device.

As described already, it has been found that although the
dark area cannot be removed even at the frame frequency of
300 Hz for wavetorm B at a pretilt angle of 89.9°, the dark
area can be removed at the frame frequency not lower than
380 Hz.

FIG. 5 1s a graph collectively showing the conditions of
stable display for each driving wavelorm. This graph shows
the experiment results for wavetorm A, waveform B and
wavelorm C (polarity reversal line number M=7) for a duty
ratio of 1/16 and a bias ratio of 1/5 and for wavetorm MLS
(stmultancous line select number N=2) for a duty ratio of
1/16. The abscissa represents a pretilt angle Op 1n the unit of
degree, and the ordinate represents a frame frequency in the
umt of Hz, The pretilt angle Op on the abscissa 1s shown
reducing toward the right side.

An area upper than each curve (border line) for each of
wavelorm A, wavetorm B, wavetorm C and wavetorm MLS
1s an area capable of stable display while suppressing the
generation of the dark area.

As described earlier, there 1s a tendency that a flowing
dark area 1s likely to be formed at a frame frequency of about
30 Hz, and a dark area 1s fixed at a frame frequency not
lower than 60 Hz. In order to suppress the generation of the
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flowing dark area, it 1s generally considered that the frame
frequency 1s set not lower than 60 Hz. Namely, 1t is
considered that a lower limit of the frame frequency 1s set to
60 Hz for all of wavetorm A, waveform B, wavetorm C and
wavelorm MLS.

In driving a general liquid crystal display device, 1t 1s rare
that the driving frequency 1s set to 50 Hz or lower, and a
frequency 1s set 1n many cases to 60 Hz or higher. It can be
considered proper from these viewpoints that a lower limait
of the frame frequency 1s set to 60 Hz.

As already mentioned, although the dark area will not be
formed 1f the pretilt angle 1s as suiliciently smaller as about
88.5°, the dark area can be observed i the pretilt angle
becomes a certain angle or larger (becomes near 90°). It the
frame frequency 1s set suiliciently high, the dark area can be
removed. However, the frame frequency necessary for
removing the dark area becomes high as the pretilt angle
becomes large.

Therelore, the frame frequency constituting a border of an
areca where good display 1s possible 1s set to 60 Hz 1n a pretilt
angle range 1n which the dark area will not be formed, and
1s raised from 60 Hz in accordance with an increase 1n the
pretilt angle 1n a pretilt angle range 1n which the dark area
1s formed. Each driving waveform has a different critical
pretilt angle at which the dark area appears (a pretilt angle
rising from the frame frequency of 60 Hz in FIG. 5) and a
different gradient along which the frame {frequency 1is
increased.

From the viewpoint that the dark area 1s diflicult to be
formed up to a large pretilt angle and that the frame
frequency at which the dark area can be removed can be
suppressed low, wavelorm A 1s most preferable, and prel-

erable 1n the order of wavetorm MLS (simultaneous select
line number N=2), waveform C (polarity reversal line num-
ber M=7), and wavelorm B.

The curve of each driving waveform shown 1 FIG. 3 1s
for a duty of 16. However, as seen from the first and second
experiments, the frame frequency dependency 1s almost the
same even at the duties of 4 and 8. It has also been confirmed
that the dependency upon the pretilt angle 1s the same.

As described above, as the duty 1s made higher, the dark
area can be suppressed easily. When the duty 1s sufliciently
high (not lower than 32, for example), the gradient of frame
frequency increase with respect to pretilt angle increase can
be made gentle (suppressed to about half of that when the
duty 1s 16, for example, see FIG. 13, curve C1), By further
increasing the duty (not lower than 120, for example), the
gradient can be set to 0 (see FIG. 13, curve C2), which
means that a constant frame frequency can suppress the dark
area.

Next, description will be made on the conditions capable
of suppressing the dark area and displaying umiformly for
cach driving wavetorm. First, waveform A will be described.
At a duty not lower than 4 (particularly a duty of 4 to 31 or
a duty ratio of 1/4 to 1/31), uniform display can be obtained
at a frame frequency not lower than bout 60 Hz, 1f a pretilt
angle 1s 88.5°=0p<89.6°, and uniform display can be
obtained at a frame frequency not lower than about [120x
(0p-89.6)+60] Hz, if a pretilt angle 1s 89.6°<0p=89.9°.

At a pretilt angle of 89.6°<0p=89.9°, umiform display can
be obtained at a frame Ifrequency not lower than about
[60x(0p—-89.6)+60] Hz 1 a duty 1s not lower than 32
(particularly a duty of 32 to 119 or a duty ratio of 1/32 to
1/119), and umform display can be obtained at a frame
frequency not lower than about 60 Hz 11 a duty 1s not lower
than 120 (a duty ratio 1s not larger than 1/120).
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Next, waveiorm B will be described. At a duty not lower
than 4 (particularly a duty of 4 to 31), uniform display can
be obtained at a frame frequency not lower than about 60 Hz,
i a pretilt angle 1s 88.5°=0p=88.8°, and umiform display can
be obtaimned at a frame frequency not lower than about
[312x(0p—-88.8)+60] Hz, 1f a pretilt angle 1s
88.8°=0p=89.9°.

At a pretilt angle of 88.8°<0p=89.9°, uniform display can
be obtained at a frame frequency not lower than about
[160x(0p—88.8)+60] Hz if a duty 1s not lower than 32.

Wavelorm B 1s likely to form the dark area more than any
other wavetorms. The lower limit of the frame frequency
may be set higher than 60 Hz, e.g., 100 Hz. If the lower limit
of the frame frequency 1s set to 100 Hz, at a duty not lower
than 4 (particularly a duty of 4 to 31), the condition of
obtaining uniform display i1s a frame frequency not lower
than about 100 Hz, 11 a pretilt angle 1s 88.5°<0p<89.0°, and
the condition of obtaining uniform display 1s a frame 1fre-
quency not lower than about [312x(0p—-89.0)+100] Hz, 11 a
pretilt angle 1s 89.0°=0p=<89.9°.

At a pretilt angle of 89.0°<0p<89.9°, the condition of
obtaining uniform display i1s a frame frequency not lower
than about [160x(0p-89.0)+100] Hz 11 a duty 1s not lower
than 32 (particularly a duty of 32 to 119), and the condition
ol obtaining uniform display 1s a frame frequency not lower
than about 100 Hz if a duty 1s not lower than 120.

Next, wavelorm C will be described. It has been found
that 1f the polanty reversal line number M 1s set to 1,
wavelorm C can realize display uniformity under almost the
same condition as that of wavetorm A, and that if the
polarity reversal line number M 1s set to 16 which 1s equal
to the duty number (scan line number), waveform C can
realize display umiformity under almost the same condition
as that of wavelform B. Although practically impossible, 1f
the polarnty reversal line number M can be set to 1/2, the
condition 1s equal to that for wavelform A.

It has been found that 11 the polarity reversal line number
M 1s set to a half the duty number, the characteristics
intermediate between wavetorm A and wavetform B can be
obtained. As the polarity reversal line number M becomes
smaller, the characteristics similar to wavetform A can be
obtained. Therefore, the pretilt angle at which the dark area
starts to be formed can be made large, and the frame
frequency necessary for suppressing the dark area can be
made low.

Description will be made on the condition of obtaining
uniform display at a polarity reversal line number M=7. At
a duty not lower than 4 (particularly a duty of 4 to 31),
uniform display can be obtained at a frame frequency not
lower than about 60 Hz, 1f a pretilt angle 1s 88.5°<0p<89.2°,
and uniform display can be obtained at a frame frequency
not lower than about [216x(0p-89.2)+60] Hz, 11 a pretilt
angle 1s 89.2°<0p=89.9°,

At a pretilt angle of 89.2°<0p=89.9°, uniform display can
be obtained at a frame frequency not lower than about
[110x(0p-89.2)+60] Hz 1f a duty 1s not lower than 32
(particularly a duty of 32 to 119), and uniform display can
be obtained at a frame frequency not lower than about 60 Hz
if a duty 1s not lower than 120.

As compared to a small polarity reversal line number M,
a large polarity reversal line number M makes severe the
condition of obtaining umiform display. Therefore, 1t the
condition can obtain uniform display at a polarty reversal
line number M=7/, uniform display can also be obtained at
1=M=6. Since the duty number i1s 16, the condition
described at the polarity reversal line number M=7 can be
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considered as the condition capable of obtaining uniform
display 1t the polarity reversal line number M 1s not larger
than a half the duty number.

The condition capable of obtaining uniform display by
wavelorm B can also obtain uniform display even by
wavelorm C 1f the polanty reversal line number 1s not
smaller than 1 and not larger than the duty number.

Next, wavelorm MLS will be described. The simultane-
ous select line number N 1s set to 2 at a duty of 4 to 63 for
wavelorm MLS, and set to 4 at a duty not smaller than 64.

At a duty not lower than 4 (particularly a duty of 4 to 31),
uniform display can be obtained at a frame frequency not
lower than about 60 Hz, 1f a pretilt angle 1s 88.5°<0p=89.3°,
and uniform display can be obtained at a frame frequency
not lower than about [150x(0p-89.3)+60] Hz, if a pretilt
angle 1s 89.3°<0p=89.9°,

At a pretilt angle of 89.3°<0p=89.9°, umiform display can
be obtained at a frame frequency not lower than about
[75%x(0p—-89.3)+60] Hz 1 a duty 1s not lower than 32
(particularly a duty of 32 to 63), and uniform display can be
obtained at a frame frequency not lower than about 60 Hz 1f
a duty 1s not lower than 64.

It can be considered that high frequency components
increase as the simultaneous select line number becomes
large. Uniform display can be expected to be obtained under
the above-described conditions even 1f the simultaneous
select line number N 1s set to 3 or 4 at a duty of 4 to 63.

The condition capable of obtaining uniform display of a
mono domain vertical alignment type liquid crystal display
can be estimated for each dniving waveform in the manner
described above. It 1s possible to mitigate the inconvenience
that display uniformity lowers and a transmissivity lowers at
a large pretilt angle. It 1s eflective for suppressing the
transmissivity from being lowered particularly at a pretilt
angle not smaller than 89.5° and at a pretilt angle not smaller
than 89.7°. It 1s preferable to use wavetform A, wavelorm
MLS and waveform C from the viewpoint that display
uniformity 1s realized at a low frame frequency.

For example, an upper limit of the duty 1s, for example,
about 240. An upper limit of the frame frequency 1s, for
example, about 500 Hz, Next, description will be made of
the fourth experiments studying the display state of a multi
domain vertical alignment type liquid crystal display appa-
ratus by oblique electric field control.

FIG. 6 1s a schematic cross sectional view showing a
typical example of the structure of a multi domain vertical
alignment type liquid crystal display apparatus. Transparent
clectrodes 104 and 114 formed with desired patterns, 1nsu-
lating films 105 and 115 and upper and lower vertical
alignment films 106 and 116 are formed on the inner
surfaces of upper and lower glass substrate 103 and 113
respectively, 1in this order from the substrate side. A liquid
crystal layer 107 made of liquid crystal material having a
dielectric constant anisotropy Ae<0 1s sandwiched between
the upper and lower vertical alignment films 106 and 116.
When necessary the structure omitting one or both of the
upper and lower insulating films 105 and 115 may also be
adopted.

The vertical alignment films 106 and 116 are preferably
made of polymer having a surface free energy of 35 mN/m
to 39 mN/m. An alignment process 1s not performed for the
vertical alignment films 106 and 116 so that the pretilt angle
1s 90°.

In eflective display areas of the upper and lower trans-
parent 104 and 114, rectangular slit openings 108 and 118
are formed through partial areas of the electrodes. The
opening 108 1n the upper electrode 104 and the opening 118
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in the lower electrode 114 are alternately disposed along one
direction at a predetermined period in the display plane.

FIG. 7 shows an example of the layout of the openings
108 and 118 of the upper and lower electrodes. The opening
108 of the upper electrode 1s indicated by a bold line, and the
opening 118 of the lower electrode 1s indicated by a narrow
line. A plurality of opemings 108 of the upper electrode are
disposed along its longitudinal direction (right/left direction
of the drawing sheet) at a constant pitch to form a row. A
plurality of rows of the openings 108 are disposed along a
direction (up/down direction of the drawing sheet) at a
constant pitch.

A length of one opening 108 1s, for example, 90 um, and
a space between adjacent openings 108 1n the row 1s, for
example, 10 um. The openings 108 are disposed 1n each row
at a pitch of, e.g., 100 um. A width of one opening 1s, for
example, 20 um, and a distance between centers of the
adjacent rows of the openings 108 1s, for example, 120 um.
The layout of the openings 118 of the lower electrode 1s
similar to that of the upper electrode.

In the display plane, the upper and lower openings 108
and 118 are disposed 1n such a manner that the row of the
upper openings 108 and the row of the lower openings 118
are alternately disposed at a constant pitch along the direc-
tion perpendicular to the longitudinal direction of the open-
ings. A distance between centers of the adjacent rows of the
openings 108 and 118 1s, for example, 60 um. Along the
longitudinal direction of the openings, for example, a center
ol each opening 118 1s positioned at the center of the space
between adjacent openings 108. Along the longitudinal
direction of the openings, the adjacent opemings may be
coupled together.

By forming the openings through the upper and lower
transparent electrodes, 1t 1s possible to apply an electric field
oblique to the substrate normal direction, to the upper and
lower substrates. The oblique electric field can control the
alignment of liquid crystal molecules.

Description continues reverting to FIG. 6. Polarizer plates
101 and 1 11 are bonded to the outsides of the upper and
lower glass substrates 103 and 113, respectively, via view
angle compensation plates 102 and 112. The polarizer plates
101 and 111 are disposed 1n a cross Nichol state so that the
absorption axes have an angle of about 45° 1n the display
plane relative to the longitudinal direction of the slit open-
ings 108 and 118. When necessary, one of the upper and
lower view angle compensation plates 102 and 112 may be
omitted.

A liquid crystal cell 121 1s constituted of the glass
substrates 103 and 113, transparent electrodes 104 and 114,
vertical alignment films 106 and 116, liquid crystal layer
107, and when necessary, isulating films 105 and 115. A
driver apparatus 131 applies a driving wavetorm across the
transparent electrodes 104 and 114 of the liquid crystal cell
121 to control the display state.

Next, description will be made on the specific structure of
an apparatus used for the fourth experiments. A segment
display type was used as a display device A structure was
used which does not dispose the insulating film between the
transparent electrode and vertical alignment film. A vertical
alignment film A manufactured by Chisso Petrochemical
Corporation was used to form the vertical alignment film by
flexography. A rubbing process was not performed. The
layout shown 1n FIG. 7 was used as the layout of openings
of the transparent electrodes.

An empty cell was manufactured by adjusting a liquid
crystal layer thickness to 4 um and bonding the upper and
lower substrates. Material having a dielectric constant
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anisotrotpy Ae<0 and a refractive mndex anisotropy An=0.15
manufactured by Merck Ltd., Japan was vacuum-injected
into the empty cell. Thereafter, an 1njection port was sealed,
and heat treatment was performed for about one hour at a
temperature not lower than an 1sotropic phase temperatur of
liquid crystal matenal. The absorption axes of the upper and
lower polarizer plates were disposed at an angle of about 45°
relative to the longitudinal direction of the slit openings.

In the fourth experiments, as driving waveforms to be
applied to an oblique electric field alignment control type
liquid crystal display device, wavelorm A, waveform B and
wavelorm C (polarity reversal line number M=7) were used,
and the display state when the frame frequency was changed
at the on-voltage under the conditions of a duty ratio of 1/16
and a bias ratio of 1/5 was observed with a microscope.

FIG. 8 shows microscopic photographs as the fourth
experiment results. The microscopic photographs are shown
in a matrix shape, for each of the frame frequencies and
pretilt angles. In the row direction, frame frequencies of 30
Hz, 60 Hz, 100 Hz, 150 Hz, 200 Hz and 300 Hz are
juxtaposed 1n this order from the left side. In the column
direction, driving waveforms ol waveform A, wavelform B
and wavetorm C are juxtaposed in this order from the upper
side.

At a frame frequency of 30 Hz, a flowing dark area
observed 1n the first experiments or the like was confirmed
for all dniving waveforms and 1t has been found that display
uniformity 1s msuflicient.

At a frame frequency of 60 Hz, display unmiformity 1s
improved by using wavelorm A, and the dark area appears
only inside the slit openings and between adjacent slit
openings 1n the right-left direction i FIG. 7. It was con-
firmed visually in this state that there was no problem of
display uniformity. Although the flowing dark area was not
observed for wavetorms B and C, the fixed dark area was
observed randomly, and display was not good visually.

It was confirmed from microscopic observation and visual
observation that the dark area was completely removed and
a uniform display state was obtained by using wavetorm B
at a frame frequency not lower than 300 Hz. Uniform
display was able to be realized by using waveform C at a
frame frequency not lower than 200 Hz.

As above, 1t has been found that using waveform A 1s most
cllective for display umiformity. It was visually confirmed
that uniform display was able to be realized by using
wavelorm MLS (simultaneous select line number N=2) at a
frame frequency not lower than 150 Hz.

Similar to the above-described mono domain, the dark
area 1s expected to be suppressed i high frequency compo-
nents of the driving wavetform are large. The above-de-
scribed condition for the duty of 16 i1s considered effective
also for a higher duty. Further, similar to the mono domain,
it 1s confirmed that the frame frequency dependency is
almost the same even at the duty of 4 to 16.

For wavetorm C, it can be considered from the above-
described results that similar to the mono domain, the
condition capable of obtaining uniform display 1s that the
polarity reversal line number M i1s not larger than a halt the
duty number. It can be considered that the condition capable
of obtaining uniform display by wavetform B can also obtain
uniform display even by wavetorm C 1f the polarity reversal
line number 1s not smaller than 1 and not larger than the duty
number. For MLS wavelorm, uniform display can be
obtained under the above-described condition even 1f the
simultaneous select line number N 1s set to 3 or 4.

Also 1n the multi domain vertical alignment type liquid
crystal display apparatus by oblique electric field alignment
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control, good display can be obtained by selecting a proper
frame frequency in accordance with the driving wavetform.
It 1s preferable to use waveform A, waveform MLS and
wavelorm C from the view point that display uniformity 1s
realized at a low frame frequency.

As described so far, display uniformity of the mono
domain vertical alignment type liquid crystal display appa-
ratus and the multi domain vertical alignment type liquid
crystal display apparatus by oblique electric field alignment
control can be improved by selecting a proper frame fre-
quency in accordance with the driving waveform.

The liquid crystal display device capable of applying the
above-described technologies include, for example, a seg-
ment display simple matrix drive liquid crystal display
device, a dot matrix display simple matrix drive liquid
crystal display device, a liqud crystal display device con-
tamning both a segment display simple matrix drive liquid
crystal display part and a dot matrix display simple matrix
drive liquid crystal display part, and other devices.

The present invention has been described in connection
with the preferred embodiments. The invention 1s not limited
only to the above embodiments. It will be apparent to those
skilled 1n the art that other various modifications, improve-
ments, combinations, and the like can be made.

What are claimed are:
1. A liqud crystal display apparatus comprising:
a liquid crystal cell of a mono domain vertical alignment
type; and
a driver apparatus which applies a multiplex driving
wavelorm to said liquid crystal cell,
wherein said liquid crystal cell of the mono domain
vertical alignment type comprises:
first and second substrates disposed facing each other;
a liquid crystal layer sandwiched between said first and
second substrates; and
a first vertical alignment film formed above said first
substrate on a side of said liquid crystal layer, and a
second vertical alignment film formed below said
second substrate on a side of said liquid crystal layver,
wherein at least one of said first and second vertical
alignment films has an aligning texture which gives
liquad crystal molecules 1n said liquid crystal layer a
pretilt angle Op 1n a range between 88.5° and 89.9°
and mono domain alignment during no voltage
application;
wherein said driver apparatus applies, to said liquid
crystal cell, a multiplex driving wavetform having a
frame frequency 1, as a function of a duty number and
said pretilt angle Op, said duty number being an inverse
of a duty ratio; and
wherein:
said frame frequency 1 1s not lower than F Hz at a pretilt
angle of 88.5° =0p <O®° and not lower than [Alx
(Op—B)+F] Hz at a pretilt angle of ®°<0p=89.9°,
when said duty number 1s not lower than 4 and not
higher than 31,
said frame frequency 1 1s not lower than F Hz at a pretilt
angle of 88.5°<0p<®° and not lower than [A2 x(0p-
®)+F] Hz at a pretilt angle of ®°<0p=89.9°, when
said duty number 1s not lower than 32 and not higher
than D, and
said frame frequency 1 1s not lower than F Hz at a pretilt
angle of 88.5°<0p=89.9°, when said duty number 1s
not lower than (D+1); and
wherein said frequency F 1s not lower than 60 Hz, said
angle ® 1s not higher than 89.6°, said gradient A1l 1s not
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lower than 120, said gradient A2 1s not lower than 60,
and said number D 1s not lower than 63.

2. The liquid crystal display apparatus according to claim
1, wheremn said drniving waveform 1s a multiplex driving
wavetorm with polanty reversal.

3. The liquid crystal display apparatus according to claim
1, wherein said driving waveform 1s a wavelform A, said
frequency F 1s 60 Hz, said angle © 1s 89.6°, said gradient Al
1s 120, said gradient A2 1s 60, and said number D 1s 119.

4. The liquid crystal display apparatus according to claim
1, wherein said driving wavelorm 1s a waveform B, said
frequency F 1s 100 Hz, said angle ® 1s 89.0°, said gradient
Al 1s 312, said gradient A2 1s 160, and said number D 1s 119.

5. The liquid crystal display apparatus according to claim
1, wherein said driving wavetform 1s a wavetform C having
a polarity reversal line number M that 1s not smaller than 1
and not larger than half of said duty number of said
waveform C, and
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wherein said frequency F 1s 60 Hz, said angle ® 1s 89.2°,
said gradient Al 1s 216, said gradient A2 1s 110, and

said number D 1s 119.

6. The liquid crystal display apparatus according to claim
1, wherein said driving wavetorm 1s a waveform MLS, said
frequency F 1s 60 Hz, said angle © 1s 89.3°, said gradient Al
1s 150, said gradient A2 1s 75, said number D 1s 63, a
simultaneous line select number N of said wavetorm MLS
1s not smaller than 2 and not larger than 4 when said duty
number 1s not higher than 63, and said simultaneous line
select number N 1s 4 when said duty number 1s not lower

than 64.

7. The liquid crystal display apparatus according to claim
1, wherein said first and second vertical alignment films
have aligning textures formed by antiparallel rubbing.

8. The liquid crystal display apparatus according to claim
1, wherein the liquid crystal display apparatus is a segment
display type liquid crystal display apparatus.
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