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(57) ABSTRACT

A liquid crystal display of a CPA mode includes: an active
matrix substrate (20) including a plurality of pixel electrodes
(23); a counter substrate (30) provided so as to face the active
matrix substrate (20), the counter substrate (30) including a
common electrode (33); a liquid crystal layer (40) held
between the active matrix substrate (20) and the counter sub-
strate (30); and a plurality of pixels (10), the plurality of pixel
electrodes (23) being provided at a constant gap from the

(21)  Appl. No.: 12/599,848 common electrode (33), the plurality of pixels (10) each hav-
ing a reflective display region (R) and a transmissive display
_ region (1), the reflective display region (R) for performing
(22) PCT Filed: Feb. 13,2008 display of a transmissive mode, the reflective display region
(R) including an alignment control section (4) which makes a
thickness (d2) of part of the liquid crystal layer (40) in the
(86) PCT No.: PCT/IP2008/052334 reflective display region (R) smaller than a thickness (d1) of
the liquid crystal layer (40) in the transmissive display region
§371 (c)(1), (T) and which controls alignment direction of liquid crystal
(2), (4) Date: Nov. 12, 2009 molecules in the liquid crystal layer (40). With the configu-
ration, it is possible to prevent deterioration in display quality
in the transmissive mode and the reflective mode as well as to
(30) Foreign Application Priority Data substantially equalize response speed in these modes, in the
liquid crystal display of the CPA mode including the trans-
Jun. 5,2007  (JP) oo 2007-149593 missive display region and the reflective display region.
!
!
%/
GONTROL
CIRCUIT 200
{
VIDED S IGNAL o,
S(h 152 S e s &7
G
SiBETE LA A g__
7 6 il Pl o] e
- " i . o “121
3 Lo
| 6C A
R 2
. . . 2
GAD N
| = < =
CIEE B ET
1 |
Voo

GOM




US 2010/0231567 A1
¥

Sep. 16,2010 Sheet 1 of 22

Patent Application Publication
¥




Patent Application Publication  Sep. 16,2010 Sheet 2 of 22 US 2010/0231567 Al

FI1G 2
10
v
431 )
.37 (30
133
di 440
25 .
v N G Vo 0 nlimm md
T 323
422 420
| 21
il ’
URTOR2 ORI
T R T
z



Patent Application Publication  Sep. 16,2010 Sheet 3 of 22 US 2010/0231567 Al

FIG. 3
1
l///
s
| CONTROL
i CIRCHIT 200
('.
>
VIDED SIGNAL 5 T, 100
SIS+ o« S(H) o« |SM v
G(1) | —— ‘ 3

AT

10

. GO | . ? 2
300 _6

]

G




US 2010/0231567 A1

Sep. 16,2010 Sheet 4 of 22

Patent Application Publication

FI1G. 4

)

ion (R2

iect

£
ii

—¢— Re

i3 Bouelda| sy

N
4

Voltage applied to Ligquid Crystal (V

FIG 5

P
T
—— R
ix”
S [
O
Fag
[
e
-
[ =
[ E 5]
—
Y O
L s
L e

(%) ©0uUR}0B{ oY /BoUBTY ISR |

Voltage applied to Liguid Crystal (V)



Patent Application Publication  Sep. 16,2010 Sheet 5 of 22 US 2010/0231567 Al

FIG. 6

250

1l ' '

] ' 1

] ' .

v ' .

v ' '
......................................................................................

L ' ]

3 ] ]

v : '

4

<

'
'

Reflection (R)

',
.....................................................................................

N
fan

=
o

Luminance Ratio (%)

...............................................................................

Transmission(T)

It
L

50 100 150 200

Response Time (ms)



Patent Application Publication  Sep. 16,2010 Sheet 6 of 22 US 2010/0231567 Al

FIG. 7
Overshoot Drive
No
. Transmission t4msec
Gonvent ional ;
Reflection Jdmsec
Present Transmission fdmsec
Invention Reflection 52msec
FiG., 8

—— Transmission ()
—&— Reflection (D1)

€ 100 1 ——Reflection 02) [&F 20%
ug) -—Q—-—Reﬂegtion (D3} or less
= g i -

5 | | ' | |

£ 60 A

o ! ! ) 1 :

2 3 ’ ;

8 | ; Voitage causing

L8 i ; Transmissive Display

= (White Display)

& i | }

= 20 ; s B e S

Y cceeccecaaecccnts e
0 1 i 3 4 b 6 /

Voltage appiied to Liguid Crystal (V)



US 2010/0231567 A1

Sep. 16,2010 Sheet 7 of 22

Patent Application Publication

FIG. 9




Patent Application Publication  Sep. 16,2010 Sheet 8 of 22 US 2010/0231567 Al

FIG 10

Image Data obtained by Calculation

/

[ One Frame (16. Tms, 60H7)
F Y 1 | ] M

T D20 T e B
g | 180 .
: P
L&) i | '
-(E ‘!28 leIlI lnnnrlb!nfnlunqg
%) i L 1 ' 1 i .
W 5 i ': ; g E seexassans - Normal Drive
& Qhemsebernsd L1 L s - (Jyer shoot Drive
- i | EH i 1 i
S N R N R N N
Time
FI1G 11
L S
] ] { { I ]
S I
3 R b
s i ] I H i I
e 1 i ! i 1 [
= | L T
= A : Norma! Drive
— | e .
TR A wemmmens - (Jyar shoot Drive
i 1 | ] i i

Time



Patent Application Publication  Sep. 16,2010 Sheet 9 of 22 US 2010/0231567 Al

FIG. 12

250
E 200 | e
: Refleotion () E
- : e |8C-i.i0|1 :
5‘2 ‘550 ................... .1 ..................... x. .....................
o : H H
(o]
S 100
o
E
o 1 N SO SO

~Transmission(T)
0 50 100 150 200
Response Time {ms)
FIG. 13

250
& 200 ..................... .....................
s | lel tion ()
= : eflection (
;:5 150 [rermresrerrenineene o T - e
® ! : ;
(&)
£ 100 peqll
oy
&
TR 1) ) SO, A S SRR SN SO

Transmissron’T)
0 ; : i
0 50 100 150 200

Response Time (ms)



Patent Application Publication

Sep. 16,2010 Sheet 10 0f22  US 2010/0231567 A1

FI1G. 14
Gvershoot Drive
No Yes
, Transmission 6dmsec 22msec
Conventional : T
Reflection 33msec White Light
Present Transmission bdmsec 22msec
fnvention Reflection 52msec 19msec




US 2010/0231567 A1

Sep. 16,2010 Sheet 11 of 22

Patent Application Publication

15

FIG.

—t T

12b~

Y




Patent Application Publication  Sep. 16,2010 Sheet 12 0f22  US 2010/0231567 A1




US 2010/0231567 A1

Sep. 16,2010 Sheet 13 of 22

Patent Application Publication

17

F1G.




US 2010/0231567 A1

Sep. 16,2010 Sheet 14 of 22

18

Patent Application Publication
FIG

Y



Patent Application Publication  Sep. 16,2010 Sheet 150f22  US 2010/0231567 A1

FIG. 19
10
v,
14
431
132 (40
133
A0
24
24 ( 25
{ T it .
| T o ,% L i[ -‘ i -4—~u23 1
P IR _~22 20
| RIORZ ORLL & |
R T R T T :
z



Patent Application Publication  Sep. 16,2010 Sheet 16 0f22  US 2010/0231567 A1




Patent Application Publication  Sep. 16,2010 Sheet 170f22  US 2010/0231567 A1

FIG 21
10

131
1.3 }30
33

+—40

{ N
- 93
~-22 Yo

24
21

FIG. 22

440

[/,./.,,_,",f 4/./1 “-—'22 }20
+—-21




Patent Application Publication  Sep. 16,2010 Sheet 18 0f22  US 2010/0231567 A1

FIG 23
10

31
132 » 30
33

k1

A

A~40

24 24 25

ot
..
|

2200

.
- |
b

L/‘ 7

S




US 2010/0231567 A1

Sep. 16,2010 Sheet 19 of 22

Patent Application Publication

FI1G. 24




Patent Application Publication  Sep. 16,2010 Sheet200f22  US 2010/0231567 A1

FIG. 25

Gommon
4" Electrode

Liguid
- Cr Y stal
42 Layer

Y

' z TN | Pixel
| o - — Electrode

3,

" Transmissive | Reflective
Display Region (T)  Display Region (R}

Z



US 2010/0231567 A1

Sep. 16,2010 Sheet 21 of 22

Patent Application Publication

FI1G 286

|||||||||||||||

rrrrrrrrrrrrrrrrrrrrrr

llllllllllllll

(R)

H —CO— Transmission (T)

—— Reflection

lllllllllllllllll

N S

e e e e o e v o . v e

lllllllllllllllll

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

rrrrrrrrrrrrr

(%) D0UR}DHB{J0Y/BoUBLIIWSUR]

Voltage applied to Liguid Grystal (V)



Patent Application Publication  Sep. 16,2010 Sheet22 0f22  US 2010/0231567 A1

FIG. 27
250
31 OSSP SS KU RPN VPSR S
o s | o
= Refiection (R)
5:\3 150 L R RCRAE CLASPOLI S
@ | e
&G : .
G 100 prere b I
= | |
E ; | é
=50 bt AN N S— e eeenen e
; Transmission(T)
) |

0 50 100 150 200

Response Time (ms)



US 2010/0231567 A1l

LIQUID CRYSTAL DISPLAY

TECHNICAL FIELD

[0001] The present invention relates to a liquid crystal dis-
play, and particularly relates to a liquid crystal display in
which display of both a reflective mode and transmissive
mode are possible, and is suitable for a vertical alignment
mode in which a liquid crystal layer is in a vertically aligned
state while no voltage is applied to the liquid crystal layer.

BACKGROUND ART

[0002] There has been known what is called a semi-trans-
missive liquid crystal display, which includes in each pixel
whichisasmallestunit ofanimage and is arranged in a matrix
form, a transmissive display region that carries out display of
a transmissive mode by transmitting light emitted by a back-
light, and a reflective display region that carries out display of
a reflective mode by reflecting outside light.

[0003] As such a semi-transmissive liquid crystal display,
there has been proposed a liquid crystal display including a
reflective film (which is made of a metal film such as alumi-
num film) on an inside surface of a substrate closer to a light
source, which reflective film has window sections for light
transmission and functions as a semi-transmissive reflective
plate. In the reflective mode, outside light having entered
through a substrate closer to an observer passes through a
liquid crystal layer held between the substrate closer to the
observer and the substrate closer to the light source, and is
reflected at the reflective film provided on the inner surface of
the substrate closer to the light source. Then, the outside light
thus reflected again passes through the liquid crystal layer,
and is emitted through the substrate closer to the observer so
as to contribute to display. On the other hand, in the transmis-
sive mode, light emitted by a light source having entered
through the substrate closer to the light source passes through
the window sections of the reflective film and the liquid
crystal layer, and then is emitted through the substrate closer
to the observer so as to contribute to display. As described
above, among a region in which the reflective film is pro-
vided, a region in which the window sections are provided is
a transmissive display region, whereas aregion other than the
transmissive display region is a reflective display region.

[0004] In such a semi-transmissive liquid crystal display,
since the transmissive display region is structured such that
light passes through the liquid crystal layer only once and the
reflective display region is structured such that light passes
the liquid crystal layer twice, each region has a different
retardation. Here, the retardation is an important factor which
influences characteristics, such as transmittance and viewing
angle, of a liquid crystal display, and is represented by prod-
uct An-d of a reflactive index anisotropy An of liquid crystal
molecules and a thickness d of the liquid crystal layer. Thus,
in the semi-transmissive liquid crystal display, if the retarda-
tion of the transmissive display region is An-d, then the retar-
dation of the reflective display region is 2An-d. Although the
retardation is different between the transmissive display
region and the reflective display region, alignment of the
liquid crystal molecules in both regions are controlled by
applying a same drive voltage to the liquid crystal layer in
both regions. As a result, a voltage-transmittance character-
istic of the transmissive display region and a voltage-reflec-
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tance characteristic of the reflective display region are differ-
ent from each other, thereby causing deterioration in display
quality.

[0005] In order to solve this problem, Patent Literature 1
discloses a liquid crystal display, which is configured such
that a liquid crystal layer in the transmissive display region
and a liquid crystal layer in the reflective display region are
different from each other in terms of thickness so as to achieve
anidentical retardation. FIG. 24 is aplan view illustrating one
pixel of a conventional liquid crystal display. FIG. 25 is a
cross-sectional view illustrating the pixel, taken on line D-D
in FIG. 24.

[0006] Specifically, as illustrated in FIG. 25, the liquid
crystal display is arranged such that a thickness d2 of the
liquid crystal layer in a reflective display region R is substan-
tially half a thickness d1 of the liquid crystal layer in a trans-
missive display region T. Note that the liquid crystal display
is arranged such that a distance between a pixel electrode and
a common electrode corresponds to a thickness of the liquid
crystal layer. With this arrangement, since the retardation in
each region can be made substantially identical, it is possible
to achieve a state where a voltage-transmittance characteristic
of the transmissive display region T and a voltage-reflectance
characteristic of the reflective display region R are substan-
tially identical. As sucly, it is possible to prevent deterioration
in display quality due to a difference of retardation.

Citation List

[0007] Patent Literature 1
[0008] Japanese Patent Application Publication, Tokukai,
No. 2006-78524 A (Publication Date: Mar. 23, 2006)

SUMMARY OF INVENTION

[0009] However, in the conventional configuration, not
only a distance between electrodes, but also a thickness of the
liquid crystal layer is different between in the transmissive
display region and in the reflective display region. Therefore,
although it is possible to prevent deterioration in display
quality, each region has different response speed.

[0010] Generally, the response speed of liquid crystal mol-
ecules is correlated with a voltage applied to the liquid crystal
layer and a thickness of the liquid crystal layer. For example,
the response speed of the liquid crystal molecules decreases
as the thickness of the liquid crystal layer increases, whereas
the response speed of the liquid crystal molecules increases as
the thickness of the liquid crystal layer decreases.

[0011] FIG. 27 is a graph illustrating a relation between
response speed and a luminance ratio in a transmissive dis-
play region and a reflective display region of a semi-trans-
missive liquid crystal display illustrated in FIGS. 24 and 25.
Note that in the semi-transmissive liquid crystal display, a
thickness d1 of the liquid crystal layer in the transmissive
display region is 3.4 um, a thickness d2 of the liquid crystal
layer in the reflective display region is 1.7 pm, a reflactive
index anisotropy An of liquid crystal molecules is 0.098, a
dielectric anisotropy Ae of a liquid crystal material is =3.1,
and a dielectric anisotropy Ae of an alignment control section
is 4. As seen in FIG. 27, the reflective display region exhibits
a faster response speed versus the luminance ratio than the
transmissive display region.

[0012] As described above, in the conventional transmis-
sive liquid crystal display, the response speed is different
between in the transmissive display region and in the reflec-
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tive display region, thereby causing an after image etc. that
leads to deterioration in display quality. Especially in a CPA
(Continuous Pinwheel Alignment) mode, which is applied to
recent liquid crystal displays and is capable of efficiently
securing apertures of the transmissive display region and the
reflective display region, the difference in the response speed
further expands, as is well known. As described above, an
aperture ratio and the response speed are in a trade-off rela-
tionship. Therefore, it is difficult in the conventional liquid
crystal display of the CPA mode to prevent deterioration in
display quality due to the difference in retardation as well as
to reduce the difference in the response speed.

[0013] The present invention has been made in view of the
foregoing problems, and an object thereof is to prevent dete-
rioration in display quality both in a transmissive mode and in
areflective mode as well as to substantially equalize response
speed in the transmissive mode and the reflective mode in a
liquid crystal display of a CPA mode including a transmissive
display region and a reflective display region.

[0014] In order to attain the object, a liquid crystal display
of the present invention is a liquid crystal display of a vertical
alignment mode, including: an active matrix substrate includ-
ing a plurality of pixel electrodes; a counter substrate pro-
vided so as to face the active matrix substrate, the counter
substrate including a common electrode; a liquid crystal layer
held between the active matrix substrate and the counter
substrate, the liquid crystal layer containing liquid crystal
molecules; and a plurality of pixels arranged in a matrix form,
the liquid crystal display employing a CPA mode in which the
liquid crystal molecules are aligned substantially perpendicu-
lar to surfaces of the active matrix substrate and the counter
substrate while no voltage is applied to the liquid crystal layer
whereas the liquid crystal molecules are aligned in a radial
pattern while a voltage is applied to the liquid crystal layer,
the plurality of pixel electrodes being provided at a constant
gap from the common electrode, the plurality of pixels each
having a reflective display region and a transmissive display
region provided around the reflective display region, the
reflective display region for performing display of a reflective
mode by reflecting outside light with a reflective electrode
provided on the active matrix substrate, the transmissive dis-
play region for performing display of a transmissive mode by
transmitting light emitted by a light source, the reflective
display region including an alignment control section which
makes the liquid crystal layer thinner in a part of the reflective
display region than in the transmissive display region and
which controls an alignment direction of the liquid crystal
molecules in the liquid crystal layer.

[0015] According to this arrangement, the liquid crystal
display of the CPA mode, which includes the reflective dis-
play region and the transmissive display region and performs
display of the reflective mode and display of the transmissive
mode, is configured such that: the plurality of pixel electrodes
are provided at a constant gap from the common electrode;
and the reflective display region performing display of the
reflective mode includes the alignment control section which
makes the liquid crystal layer thinner in a part of the reflective
display region than in the transmissive display region and
which controls an alignment direction of the liquid crystal
molecules in the liquid crystal layer.

[0016] With this arrangement, the reflective display region
is constituted by two regions which are different from each
other in terms of the thickness of the liquid crystal layer. Out
of the two regions, a region in which a thinner liquid crystal
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layer is provided (hereinafter referred to as a second reflective
display region) includes the alignment control section.
Accordingly, a voltage is less likely to be applied to the liquid
crystal layer in the second reflective display. As such, in the
reflective display region, the second reflective display region
(one region) and a first reflective region (the other region)
exhibit a different voltage-reflectance characteristic from
each other.

[0017] Specifically, since the second reflective display
region is provided with the alignment control section, a volt-
age drops compared with a voltage applied to the liquid
crystal layer. Accordingly, a voltage effectively applied to the
liquid crystal layer in the second reflective display region is
smaller than that effectively applied to the liquid crystal layer
in the first reflective display region. As a result, a reflectance
versus a voltage applied to the second reflective display
region is smaller than a reflectance versus a voltage applied to
the first reflective display region. On the other hand, the
reflectance versus the voltage applied to the first reflective
display region is larger than a transmittance in the transmis-
sive display region. Further, if a voltage larger than a prede-
termined voltage is applied to the first reflective display
region, the reflectance decreases according to the voltage
applied, i.e., so-called inverse phenomenon occurs. As a
result, the reflectance of the first reflective display region
becomes smaller than the reflectance in the second reflective
display region and the transmittance in the transmissive dis-
play region.

[0018] Accordingly, the voltage-reflectance characteristic
of the reflective display region, which is obtained by synthe-
sizing the voltage-reflectance characteristic of the first reflec-
tive display region and the voltage-reflectance characteristic
of the second reflective display region, is close to the voltage-
transmittance characteristic of the transmissive display
region. As a result, the configuration does not cause deterio-
ration in display quality unlike the conventional configura-
tion.

[0019] Further, according to the configuration described
above, the pixel electrodes are provided at a constant gap
from the common electrode, and the reflective display region
is constituted by regions (the first reflective display region and
the second reflective display region) different from each other
in terms of a thickness of the liquid crystal layer. Specifically,
in the configuration, the pixel electrodes are provided at a
constant gap from the common electrode, and the liquid crys-
tal layer in the second reflective display region is thinner than
the liquid crystal layer in the first reflective display region.
[0020] Generally, the response speed of the liquid crystal
molecules is correlated with the voltage applied to the liquid
crystal layer and with the thickness of the liquid crystal layer.
For example, the response speed decreases as the thickness of
the liquid crystal layer increases, whereas the response speed
increases as the thickness ofthe liquid crystal layer decreases.
Therefore, in the second reflective display region, the
response speed is normally faster than that in the transmissive
display region.

[0021] However, the present invention is configured such
that the liquid crystal layer in the second display region is thin
due to the alignment control section, although a distance
between the pixel electrodes and the common electrode is
constant. Therefore, in the second reflective display region,
the voltage effectively applied to the liquid crystal layer is
small due to the effect of the voltage drop caused by the
alignment control section. As a result, the response speed
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does not increase. As such, with the configuration of the
present invention, it is possible to prevent the response speed
from increasing even if the liquid crystal layer is thin, because
the voltage drop occurs due to the alignment control section.
Thus, it is possible to reduce a difference in response speed
between in the reflective display region and in the transmis-
sive display region in comparison with the conventional con-
figuration.

[0022] As described above, according to the configuration
ofthe present invention, it is possible to substantially equalize
display performance both in the reflective mode and in the
transmissive mode so as to prevent deterioration in display
quality as well as to substantially equalize the response speed
both in the reflective mode and in the transmissive mode, by
providing the alignment control section, which causes the
voltage drop, in a configuration in which the distance between
the pixel electrodes and the common electrode is constant so
that the reflective display region is separated into regions
different from each other in terms of thickness of the liquid
crystal layer.

[0023] The reflective electrode provided in the reflective
display region may be provided inside each of the pixel elec-
trodes, and may also be provided on or as a lower layer of each
of the pixel electrodes. According to a configuration in which
the reflective electrode is provided inside each of the pixel
electrodes, it is possible to equalize (i) a distance between the
reflective electrode and the common electrode and (ii) the
distance between each of the pixel electrodes and the com-
mon electrode. Further, according to a configuration in which
the reflective electrode is provided on or as a lower layer of
each of the pixel electrodes, it is possible to substantially
equalize (i) the distance between the reflective electrode and
the common electrode and (ii) the distance between each of
the pixel electrodes and the common electrode.

[0024] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that the alignment control section separates the reflective
display region into a first reflective display region and a
second reflective display region different from each other in
terms of a thickness of the liquid crystal layer, and a voltage-
reflectance characteristic obtained by synthesizing a voltage-
reflectance characteristic in the first reflective display region
and a voltage-reflectance characteristic in the second reflec-
tive display region is substantially identical to a voltage-
transmittance characteristic in the transmissive display
region.

[0025] With the arrangement, since it is possible to substan-
tially equalize the voltage-reflectance characteristic in the
reflective display region and the voltage-transmittance char-
acteristic in the transmissive display section, it is possible to
surely prevent deterioration in display quality.

[0026] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that each of the pixel electrodes in the pixels is separated
into a plurality of sub-electrodes, and at least one of the
plurality of sub-electrodes includes (i) the reflective display
region for performing display of the reflective mode by
reflecting outside light with the reflective electrode provided
on the active matrix substrate and (ii) the transmissive display
region, provided around the reflective display region, for per-
forming display of the transmissive mode.

[0027] With the arrangement, since the pixel electrode is
separated into the sub-electrodes each of which includes the
reflective display region and the transmissive display region,
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it is possible to improve the aperture ratio, as well as to attain
the effects as described above.

[0028] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that each of the pixel electrodes in the pixels is separated
into a plurality of sub-electrodes, and each of the plurality of
sub-electrodes is constituted by one of (i) the reflective dis-
play region for performing display of the reflective mode by
reflecting outside light with the reflective electrode provided
on the active matrix substrate, and (ii) the transmissive dis-
play region, provided around the reflective display region, for
performing display of the transmissive mode.

[0029] With the arrangement, each of the sub-electrodes
constituted by the reflective display region is provided only
with the reflective electrode, whereas each of the sub-elec-
trodes constituted by the transmissive display region is not
provided with the reflective electrode. Accordingly, it is pos-
sible to efficiently form the reflective display region and the
transmissive display region for example in a layer in which
TFTs, source signal lines, and gate signal lines are provided.
Thus, it is possible to improve the reflectance and the trans-
mittance of the liquid crystal display, as well as to attain the
effects as described above.

[0030] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that the alignment control section separates the reflective
display region into a first reflective display region and a
second reflective display region different from each other in
terms of a thickness of the liquid crystal layer, and is config-
ured such that in gray scale levels that contribute to display, a
ratio of an inverse reflectance to a maximum reflectance in a
voltage-reflectance characteristic obtained by synthesizing a
voltage-reflectance characteristic in the first reflective display
region and a voltage-reflectance characteristic in the second
reflective display region is 20 percentage or less.

[0031] Here, the inverse transmittance is a transmittance
thatis lower than the maximum transmittance, obtained when
avoltage higher than a voltage which achieves the maximum
transmittance is applied.

[0032] With the arrangement, since inversed display is not
visible anymore, display quality is not influenced. Thus, it is
possible to prevent deterioration in display quality.

[0033] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that the transmissive display region includes an align-
ment control section for controlling an alignment direction of
the liquid crystal molecules in the liquid crystal layer, and a
size of the alignment control section in the reflective display
region and a size of the alignment control section in the
transmissive display region are determined depending on a
size of the reflective display region and a size of the transmis-
sive display region, respectively.

[0034] With the arrangement, it is possible to substantially
equalize the display properties and the response speed in all
display regions (the reflective display region and the trans-
missive display region).

[0035] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that the reflective electrode is provided as a lower layer
of each of the sub-electrodes.

[0036] With the arrangement, since a wire electrode pro-
vided below each of the sub-electrodes, such wire electrode
as a gate signal line and a source signal line, can be utilized as
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the reflective electrode, it is possible to reduce cost of the
liquid crystal display. It is also possible to simplify the manu-
facturing process.

[0037] The liquid crystal display device of the present
invention is preferably arranged, in the above configuration,
such that the liquid crystal display employs an overshoot
drive.

[0038] Inaconventional liquid crystal display, the response
speed is faster in the reflective display region than in the
transmissive display region. Therefore, if an overshoot drive
suitable for a response characteristic of the transmissive dis-
play region is performed, a voltage applied to the reflective
display region is too large. As a result, especially during a
halftone display period, a so-called angular response occurs,
thereby causing white after images. On the other hand, if an
overshoot drive suitable for a response characteristic of the
reflective display region is performed, it is not possible to
sufficiently improve the response speed in the transmissive
display region. As a result, black after images appear during
the halftone display period. Therefore, in the conventional
liquid crystal display, the overshoot drive cannot be employed
under an identical condition, but needs to be employed under
different conditions for the transmissive display region and
for the reflective display region. This makes the configuration
of the liquid crystal display complicated, thereby increasing
cost of the liquid crystal display.

[0039] In contrast, since the liquid crystal display of the
present invention is configured such that the distance between
each of the pixel electrodes and the common electrode is
constant and the alignment control section that causes the
voltage drop is provided so as to separate the reflective dis-
play region into regions different from each other in terms of
athickness of the liquid crystal layer, it is possible to substan-
tially equalize the response speed in the reflective display
region and the transmissive display region, as described
above.

[0040] Therefore, even if the overshoot drive is employed
under the identical condition both in the reflective display
region and in the transmissive display region, the angular
response that is large enough to significantly deteriorate dis-
play quality does not occur unlike the conventional liquid
crystal display, and it is possible to improve the response
speed both in the reflective display region and in the trans-
missive display region. As such, by employing the overshoot
drive, it is possible to improve the response speed, as well as
to attain the effects as described above.

[0041] For a fuller understanding of the nature and advan-
tages of the invention, reference should be made to the ensu-
ing detailed description taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0042] FIG.11is a plan view illustrating one pixel included
in an active matrix substrate ofa liquid crystal display accord-
ing to the present embodiment.

[0043] FIG. 2 is a cross-sectional view illustrating a pixel
taken on line A-A in FIG. 1.

[0044] FIG. 3 is a plan view schematically illustrating a
liquid crystal display according to the present embodiment.
[0045] FIG. 4 is a graph illustrating a voltage-reflectance
characteristic of a reflective display region in a liquid crystal
display according to the present embodiment.

[0046] FIG. 5 is a graph illustrating a voltage-reflectance
characteristic of a reflective display region and a voltage-
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transmittance characteristic of a transmissive display region,
in a liquid crystal display according to the present embodi-
ment.

[0047] FIG. 6 is a graph illustrating a relationship between
response time and luminance ratio of each of the transmissive
display region and reflective display region, in a liquid crystal
display according to the present embodiment.

[0048] FIG. 7 is diagram comparing one example of the
response time shown in FIG. 6 and a response time of a
conventional liquid crystal display.

[0049] FIG. 8 is a graph illustrating a voltage-reflectance
characteristic in a case where a size of an alignment control
section according to the present embodiment is changed.
[0050] FIG. 9 is a plan view illustrating how liquid crystal
molecules are aligned in each of sub-electrodes according to
the present embodiment.

[0051] FIG. 10 is a diagram illustrating a relationship
between time and gray scale data written into a pixel that is
overshoot driven upon conversion of a gray scale level 0
(black) in a previous frame to a gray scale level 128 (halftone)
in a current frame.

[0052] FIG. 11 is a waveform chart illustrating a response
waveform of liquid crystal, attained by FIG. 10.

[0053] FIG. 12 is a graph illustrating a response waveform
when overshoot drive is applied to a conventional liquid crys-
tal display.

[0054] FIG. 13 is a graph illustrating a response waveform
when overshoot drive is applied to a liquid crystal display
according to the present embodiment.

[0055] FIG. 14 is a diagram comparing (i) one example of
a response time shown in FIG. 13, (ii) a response time in a
conventional liquid crystal display, and (iii) a response time
shown in FIG. 7.

[0056] FIG. 15 is a plan view illustrating one pixel in a
liquid crystal display serving as Modification 1.

[0057] FIG. 16 is a cross-sectional view illustrating a pixel
taken on line B-B in FIG. 15.

[0058] FIG. 17 is a plan view illustrating how liquid crystal
molecules are aligned in the pixel shown in FIG. 15.

[0059] FIG. 18 is a plan view illustrating one pixel in a
liquid crystal display serving as Modification 2.

[0060] FIG. 19 is a cross-sectional view illustrating a pixel
taken on line C-C in FIG. 18.

[0061] FIG. 201s a plan view illustrating how liquid crystal
molecules are aligned in the pixel shown in FIG. 18.

[0062] FIG. 21 is a cross-sectional view illustrating one
pixel in a liquid crystal display 1 serving as Modification 3.
[0063] FIG. 22 is a cross-sectional view illustrating a pixel
in the liquid crystal display illustrated in Modification 1, ina
case where a reflective electrode is disposed as a lower layer
of a sub-electrode.

[0064] FIG. 23 is a cross-sectional view illustrating a pixel
in the liquid crystal display illustrated in Modification 2, in a
case where a reflective electrode is disposed as a lower layer
of a sub-electrode.

[0065] FIG. 24 is a plan view illustrating one pixel in a
conventional liquid crystal display.

[0066] FIG. 25 is a cross-sectional view illustrating a pixel
taken on line D-D in FIG. 24.

[0067] FIG. 26 is a graph illustrating a voltage-reflectance
characteristic of a reflective display region and a voltage-
transmittance characteristic of a transmissive display region,
in a conventional liquid crystal display.
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[0068] FIG.27is agraphillustrating a relationship between
a response time and a luminance ratio of each of the trans-
missive display region and reflective display region in a con-
ventional liquid crystal display.

REFERENCE SIGNS LIST

[0069] 1 Liquid crystal display

[0070] 2 Pixel electrode

[0071] 3 TFT

[0072] 4 Alignment control section

[0073] 10 Pixel

[0074] 20 Active matrix substrate

[0075] 23 Sub-electrode (Pixel electrode)

[0076] 24 Reflective electrode (Pixel electrode)

[0077] 30 Counter substrate

[0078] 33 Common electrode

[0079] 40 Liquid crystal layer

[0080] R Reflective display region

[0081] RI1 First reflective display region

[0082] R2 Second reflective display region

[0083] T Transmissive display region
Description of Embodiments

[0084] One embodiment of the present invention is

described below with reference to the attached drawings.
[0085] The following description schematically explains,
with reference to FIG. 3, a configuration of a liquid crystal
display to which the present invention is applicable and which
includes a transmissive display region and a reflective display
region (such a liquid crystal display is hereinafter referred to
as “liquid crystal display”). A liquid crystal display 1 shown
in FIG. 3 is mainly composed of a liquid crystal display panel
100 and a drive circuit section. The liquid crystal display
panel 100 holds liquid crystal composition (liquid crystal
layer) between a pair of electrode substrates, and polarizing
plates are attached to each of outside surfaces of the electrode
substrates.

[0086] One of the electrode substrates, which is an active
matrix substrate 20 (see FIG. 2), is configured such that a
plurality of source signal lines S(1), S(2). ... S(1), ... S(N)and
a plurality of gate signal lines G(1), G(2), . . . G(j), . . . G(M)
are provided in a matrix form on a transparent insulating
substrate 21 such as glass. At each of intersections of the
source signal lines 12 and gate signal lines 11, a thin film
transistor (hereinafter referred to as TFT) 3 connected to a
pixel electrode 2 is provided. An alignment film (not illus-
trated) is provided to cover mostly the entire substrate. This
thus provides the active matrix substrate 20.

[0087] On the other hand, the other of the electrode sub-
strates, which is a counter substrate 30 (see FIG. 2), is con-
stituted by sequentially stacking a common electrode 33 and
an alignment film (not illustrated) on a transparent insulating
substrate such as glass so as to cover the entire substrate, in
the same manner as the active matrix substrate 20. The drive
circuit section includes a gate signal line driver circuit 300
which is connected to each of the gate signal lines 11 of the
liquid crystal display panel 100, a source signal driver circuit
200 which is connected to each of the source signal lines 12 of
the liquid crystal display panel 100, and a common electrode
driver circuit COM which is connected to the common elec-
trode 33.

[0088] Next, a configuration of the liquid crystal display 1
is described in more details with reference to FIGS. 1 and 2.
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FIG. 1 is a plan view illustrating a pixel 10 included in the
active matrix substrate 20. FIG. 2 is a cross-sectional view of
the pixel 10 taken on line A-A in FIG. 1.

[0089] As illustrated in FIG. 2, the liquid crystal display
includes the active matrix substrate 20 and the counter sub-
strate 30 disposed so as to face each other, and a liquid crystal
layer 40 held between the active matrix substrate 20 and the
counter substrate 30.

[0090] As illustrated in FIG. 1, the active matrix substrate
20 includes, on the insulating substrate 21, a plurality of gate
signal lines 11 extending in parallel with one another; a plu-
rality of source signal lines 12 extending in parallel with one
another along a direction perpendicularly intersecting with
the gate signal lines 11; capacitor lines 115 extending in
parallel with one another each of which extends between
adjacent ones of the gate signal lines 11; TFTs 3 serving as
switching elements, each of which is provided at each of
intersections of the gate signal lines 11 and the source signal
lines 12; and pixel electrodes 2 each of which is provided for
each display region (pixel 10) surrounded by adjacent ones of
the gate signal lines 11 and adjacent ones of the source signal
lines 12. The capacitor lines 115 each have, in every pixel 10,
a projecting section projecting sideward.

[0091] As illustrated in FIG. 1, each of the TFTs 3 includes
a gate electrode 11a which is the projecting section of a
corresponding gate signal line 11; a gate insulating film (not
illustrated) provided so as to cover the gate electrode 11a; a
semiconductor layer (not illustrated) independently provided
on the gate insulating film so as to be on a position corre-
sponding to the gate electrode 114; and asource electrode 124
and a drain electrode 125 provided on the semiconductor
layer so as to face each other, the source electrode 124 being
a projecting section of the source signal line 12. The drain
electrode 125 extends to a region in which a corresponding
capacitor line 115 is provided so as to form an auxiliary
capacitance between (i) the drain electrode 126 and (ii) the
capacitor line 115 and the projecting section thereof.

[0092] As illustrated in FIG. 1, each of the pixel electrodes
2 includes: three of sub-electrodes 23 connected with one
another in a longitudinal direction via joining sections 25; and
round-shaped reflective electrodes 24 provided on the respec-
tive sub-electrodes 23. In each of the pixel electrodes 2,
regions in which the reflective electrodes 24 are provided
constitute reflective display regions R, whereas the sub-elec-
trodes 23 not provided with the reflective electrodes 24 con-
stitute transmissive display regions T.

[0093] The active matrix substrate 20 is configured in such
amanner that an interlayer insulating film 22 is stacked so as
to cover the TFTs 3 and then the pixel electrodes 2 are pro-
vided on the interlayer insulating film 22. Each of the pixel
electrodes 2 is connected to the drain electrode 125 through a
contact hole (not illustrated) of the interlayer insulating film
22.

[0094] The counter substrate 30 is configured by sequen-
tially stacking a color filter layer 32, the common electrode
33, and the alignment film (not illustrated) on the insulating
substrate 31. In each of the reflective display regions R, an
alignment control section 4 having an outline shape smaller
than that of each of the reflective electrodes 24 is provided
between the common electrode 33 and the alignment film.
The alignment control section 4 separates the reflective dis-
play region R into regions different from each other in terms
of a thickness of the liquid crystal layer 40 (a first reflective
display region R1 and a second reflective display region R2).
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Further, a black matrix 13 is provided so as to cover the gate
signal lines 11, the source signal lines 12, and the TFTs 3,
which are provided on the active matrix substrate 20. The
black matrix 13 constitutes, together with a colored layer
provided for each of the pixels 10, the color filter layer 32.

(Voltage-Reflectance Characteristic)

[0095] Next, a configuration of the alignment control sec-
tion 4 is described in details. Here, as shown in FIGS. 1 and 2,
a thickness direction of the liquid crystal layer 40 is referred
to as a Z axis direction, a direction in parallel with the source
signal lines 12 is referred to as a Y axis direction, and a
direction in parallel with the gate signal lines 11 is referred to
as an X axis direction. Note that in the following description,
the liquid crystal display 1 is configured such that a thickness
dl of the liquid crystal layer 40 in the transmissive display
region T1is 3.4 um, a thickness d3 of the liquid crystal layer 40
in the first reflective display region R1 is 3.25 um, a thickness
d2 of the liquid crystal layer 40 in the second reflective
display region R2 is 1.9 um, a thickness d4 of the alignment
control section 4 is 1.4 um, a refractive index anisotropy An of
liquid crystal molecules is 0.098, a dielectric anisotropy Ae of
aliquid crystal material is =3.1, and a dielectric anisotropy Ae
of the alignment control section 4 is 4.

[0096] As illustrated in FIGS. 1 and 2, the alignment con-
trol section 4 has an outline shape smaller than that of each of
the reflective electrodes 24, and is provided in substantially a
center position of the reflective display region R so that the
liquid crystal layer 40 in the reflective display region R is
thinner than the liquid crystal layer 40 in the transmissive
display region T. More specifically, the alignment control
section 4 is set such that a region obtained by projecting
(orthogonally projecting) the alignment control section 4 on
an X-Y plane is smaller than a region obtained by projecting
(orthogonally projecting) the reflective electrode 24 on the
X-Y plane, and the thickness (d2) of the liquid crystal layer 40
in the reflective display region R is substantially half the
thickness (d1) of the liquid crystal layer 40 in the transmissive
display region T.

[0097] This makes it possible to separate the reflective dis-
play region R of each of the sub-electrodes 23 into two
regions different from each other in terms of the thickness of
the liquid crystal layer 40. In other words, it is possible to
separate the reflective display region R into (1) the first reflec-
tive display region R1 in which a distance d3 between the
reflective electrode 24 and the common electrode 33 is 3.25
pm and (ii) the second reflective display region R2 in which a
distance d2 between the reflective electrode 24 and the align-
ment control section 4 is 1.9 pum.

[0098] According to the configuration, since the reflective
display region R is constituted by the two regions different
from each other in terms of the thickness of the liquid crystal
layer 40, a voltage effectively applied to the liquid crystal
layer 40 is different between the two regions. Specifically, in
the second reflective display region R2, a voltage outputted to
the liquid crystal layer 40 is dropped due to the alignment
control section 4 provided between the reflective electrode 24
and the common electrode 33. As a result, a voltage applied to
the second reflective display region R2 is lower than the
voltage effectively applied to the first reflective display region
R1. As such, a voltage-reflectance characteristic of the first
reflective display region R1 and a voltage-reflectance charac-
teristic of the second reflective display region R2 are different
from each other. Specifically, since a voltage is less likely to
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be applied to the second reflective display region R2 in which
the alignment control section 4 is disposed than to the first
reflective display region R1, a reflectance versus the voltage
applied to the second reflective display region R2 is lower
than a reflectance versus the voltage applied to the first reflec-
tive display region R1.

[0099] FIG. 4 shows measurements of a reflectance versus
the voltage applied in the liquid crystal display 1 configured
as described above, and is a graph illustrating a voltage-
reflectance characteristic of each of the first reflective display
region R1 and the second reflective display region R2, and a
voltage-reflectance characteristic obtained by synthesizing
the voltage-reflectance characteristic of each of the first
reflective display region R1 and the second reflective display
region R2.

[0100] As shown in FIG. 4, since the voltage effectively
applied to the liquid crystal layer 40 is smaller in the second
reflective display region R2 than in the first reflective display
region R1 due to voltage drop caused by the alignment control
section 4, the reflectance versus the voltage applied is smaller
in the second reflective display region R2 than in the first
reflective display region R1. On the other hand, the reflec-
tance versus the voltage applied in the first reflective display
region R1 is larger than the transmittance in the transmissive
display region T. This is because the transmittance and the
reflectance are set so as to be identical to each other. Further,
in the first reflective display region R1, an inverse phenom-
enon occurs in which the reflectance decreases according to a
voltage applied when the voltage applied is higher than a
predetermined voltage, and the reflectance becomes smaller
than the reflectance in the second reflective display region R2
and the transmittance in the transmissive display region T.
The measurements shown in FIG. 4 also reveal that display
properties differ depending on the thickness of the liquid
crystal layer 40.

[0101] The inverse phenomenon is briefly described as fol-
lows. The inverse phenomenon of luminance is generally
represented by the following theoretical formula. As under-
standable from the theoretical formula, since the inverse phe-
nomenon is represented by a periodic function, if An-d con-
tinuously changes due to a voltage, then the luminance
periodically fluctuates between bright and dark.

Luminance=C(1-(SIN(w/2v(1-4%))%/(1-u))

u=2d-An/A

C=Constant

[0102] The liquid crystal display 1 of the present embodi-
ment is configured such that the reflective display region R is
separated into the first reflective display region R1 and the
second reflective display region R2. Here, the voltage-reflec-
tance characteristic of the reflective display region R in the
reflective mode can be represented as the one obtained by
synthesizing the voltage-reflectance characteristic of each of
the first reflective display region R1 and the second reflective
display region R2.

[0103] FIG. 4 shows the voltage-reflectance characteristic
of each of the first reflective display region R1 and the second
reflective display region R2, and the voltage-reflectance char-
acteristic obtained by synthesizing both the voltage-reflec-
tance characteristic of the first reflective display region R1
and the voltage-reflectance characteristic of the second dis-
play region R2. FIG. 5 shows the voltage-reflectance charac-
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teristic thus synthesized and the voltage-transmittance char-
acteristic of the transmissive display region T.

[0104] As understandable from FIG. 5, the voltage-reflec-
tance characteristic thus synthesized, i.e., the voltage-reflec-
tance characteristic in the reflective display region R, is sub-
stantially identical to the voltage-transmittance characteristic
in the transmissive display region T. Accordingly, since it is
possible to substantially equalize the display properties of
each of the reflective display region R and the transmissive
display region T, it is possible to prevent deterioration in
display quality of the liquid crystal display 1.

[0105] As described above, since the reflectance varies
depending on the voltage applied to the liquid crystal layer 40,
the reflectance is influenced by the configuration of each of
the first reflective display region R1 and the second reflective
display region R2. That is, the thickness d3 of the liquid
crystal layer 40 in the first reflective display region R1 and the
thickness d2 of the liquid crystal layer 40 in the second
reflective display region R2, and the size of each of the first
reflective display region R1 and the second reflective display
region R2 influence the reflectance. Accordingly, the reflec-
tance varies depending on the size of the alignment control
section 4. For example, the reflectance decreases as the thick-
ness d4 of the alignment control section 4 increases, whereas
the reflectance increases as the thickness d4 of the alignment
control section 4 decreases.

[0106] Therefore, in the liquid crystal display 1 according
to the present embodiment, the alignment control section 4 is
preferably configured such that the voltage-reflectance char-
acteristic obtained by synthesizing the voltage-reflectance
characteristic in the first reflective display region R1 and the
voltage-reflectance characteristic in the second reflective dis-
play region R2 is substantially equal to the voltage-transmit-
tance characteristic in the transmissive display region T.

(Response Speed)

[0107] Next, aresponse speed in the liquid crystal display 1
is described as follows. First, a theoretical formula represent-
ing the response speed in the liquid crystal display 1 is
described as follows:

T =M1 d* [kn? Formula 1

Ton = T VA VR = 1)

Vi =nvk/Ae

wherein T,,,is a response time from white to black, T,,, is a
response time from black to white, y, is a viscosity of a liquid
crystal material, d is a thickness of acell (liquid crystal layer),
V is a voltage applied to the liquid crystal layer, V,, is a
threshold voltage of the liquid crystal layer, k is an elastic
constant of liquid crystal, and Ae is dielectric anisotropy of
the liquid crystal material.

[0108] As shown in Formula 1, the response speed is cot-
related with the voltage applied to the liquid crystal layer 40
and the thickness of the liquid crystal layer 40. For example,
if the thickness of the liquid crystal layer 40 becomes 4, the
response speed increases four times, theoretically.

[0109] The liquid crystal display 1 according to the present
embodiment is configured such that the reflective display
region R is separated into the first reflective display region R1
and the second reflective display region R2, and the thickness
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d3 of the liquid crystal layer 40 in the first reflective display
region R1 and the thickness d1 of the liquid crystal layer 40 in
the transmissive display region T are substantially identical.
Accordingly, as clearly understandable from Formula 1, the
response speed in the firstreflective display region R1 and the
response speed in the transmissive display region T are sub-
stantially equal to each other.

[0110] On the other hand, since the second reflective dis-
play region R2 is provided with the alignment control section
4, the thickness d2 of the liquid crystal layer 40 in the second
reflective display region R2 is smaller than the thickness d1 of
the liquid crystal layer 40 in the transmissive display region T
and the thickness d2 of the liquid crystal layer 40 in the
reflective display region R2. Therefore, as shown in Formula
1, the response speed in the first reflective display region R1
is higher than the response speed in the second reflective
display region R2, theoretically. However, in the second
reflective display region R2, the voltage effectively applied to
the liquid crystal 40 is small due to the voltage drop caused by
the alignment control section 4 as described above. Accord-
ingly, the response speed in the second reflective display
region R2 does not increase, so that the response speed does
not satisfy the relational expression shown in Formula 1.
[0111] As described above, even if the liquid crystal layer
40 is made thinner, the response speed does not increase
because the voltage applied to the liquid crystal layer 40
decreases. Accordingly, it is possible to make the response
speed of the reflective display region R obtained by synthe-
sizing the first reflective display region R1 and the second,
reflective display region R2 close to the response speed in the
transmissive display region T.

[0112] FIG. 6 is a graph illustrating a relation between the
response time and a luminance ratio of each of the transmis-
sive display region T and the reflective display region R, of the
liquid crystal display 1 according to the present embodiment.
The graph shows measurements of the liquid crystal display 1
under the above-described condition.

[0113] As understandable from FIG. 6, the response speed
in the reflective display region R is close to the response speed
in the transmissive display region T, compared to the conven-
tional configuration (response waveform shown in FIG. 27).
[0114] FIG. 7 is a diagram comparing an example of the
response time shown in FIG. 6 and a response time of the
conventional liquid crystal display, and shows a response
time when a gray scale level is changed from a gray scale level
0toa gray scalelevel 32 in aliquid crystal display of 256 gray
scale levels. As understandable from the diagram, in the con-
ventional liquid crystal display, the response time (33 msec)
in the reflective display region R was approximately half the
response time (64 msec) in the transmissive display region T.
However, in the liquid crystal display 1 according to the
present invention, the response time (52 msec) in the reflec-
tive display region R is close to the response time (64 msec)
in the transmissive display region T. As such, it is possible to
improve the difference in the response speed which has been
conventionally a problem.

[0115] As described above, in the liquid crystal display 1
according to the present embodiment, the alignment control
section 4 is provided between the reflective electrode 24 and
the common electrode 33 in the reflective display region R.
The alignment control section 4 makes the thickness of the
liquid crystal layer 40 in the reflective display region R
smaller than the thickness d1 of the liquid crystal layer 40 in
the transmissive display region T and the thickness d3 of the
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liquid crystal layer 40 in the reflective display region R1, as
well as controls an alignment direction of liquid crystal mol-
ecules in the liquid crystal layer 40.

[0116] As a result, the voltage effectively applied to the
liquid crystal layer 40 in the reflective display region R is
smaller than the voltage effectively applied to the liquid crys-
tal layer 40 in the transmissive display region T, due to the
voltage drop. Therefore, even if the liquid crystal layer 40 is
made thinner by an alignment control section, it is possible to
prevent the response speed from increasing. As such, it is
possible to make the response speed in the reflective display
region R close to a response speed in a case where no align-
ment control sections are provided, i.e., the response speed in
the transmissive display region T.

[0117] Further, the alignment control section 4 is set such
that a region obtained by projecting (orthogonally projecting)
the alignment control section 4 on a surface of the active
matrix substrate 20 is smaller than a region obtained by pro-
jecting (orthogonally projecting) the reflective electrode 24
on the surface of the active matrix substrate 20. Thus, it is
possible to substantially equalize the display properties (con-
trast) in the reflective mode and the transmissive mode so as
to prevent deterioration in display quality, and to substantially
equalize the response speed in each of the reflective mode and
the transmissive mode.

(Configuration of Alignment Control Section)

[0118] Next, a configuration of the alignment control sec-
tion 4 that is usable in the prevent invention is described as
follows. As described above, since the alignment control sec-
tion 4 is provided between the reflective electrode 24 and the
common electrode 33, a voltage is less likely to be applied to
the second reflective display region R2 in which the align-
ment control section 4 is provided than to the first reflective
display region R1. Therefore, the reflectance versus the volt-
age applied in the second reflective display region R2 is
smaller than the reflectance versus the voltage applied in the
first reflective display region R1. In other words, the reflec-
tance is influenced by the thickness d2 of the liquid crystal
layer 40 to which the voltage is applied, that is, the reflectance
decreases as a thickness d4 of the alignment control section 4
increases, whereas the reflectance increases as the thickness
dd of the alignment control section 4 decreases. As such, the
size of the alignment control section 4 influences the voltage-
reflectance characteristic, and thereby influences display
quality.

[0119] Here, a result of a measurement of a reflectance
characteristic in a case where the size of the alignment control
section 4 is changed is described as follows with reference to
FIG. 8. In this experiment, three types of alignment control
sections 4 (type D1, type D2, and type D3) were used for the
measurement. The alignment control sections 4 have respec-
tive thicknesses d4 (in a 7 axis direction) which satisfy a
relational expression of D1>D2>D3. As shown in FIG. 8, it
was found that an inverse reflectance increases as the thick-
ness d4 of the alignment control section 4 increases. Accord-
ing to a diffuse reflectometer (LCD-5200, OTSUKA ELEC-
TRONICS CO., LID) for measuring a reflectance
characteristic, a reflection contrast in the liquid crystal dis-
play 1 ranges from 5:1 to 10:1. This revealed that 20% of
reflectance during white display was not visible as an inversed
display.

[0120] Generally, in a case of a video signal of NTSC, only
gray scale signals of gray scale levels 16 to 235 are used
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among those of 256 gray scale levels. Gray scale signals of
gray scale levels 236 or higher, that is, gray scale levels whose
luminance ratio (reflectance ratio) is 84% or more do not
contribute to display.

[0121] Thatis, as long as a ratio of the inverse reflectance to
amaximum reflectance is 20% or less, the inverse reflectance
does not influence display quality. For the reasons described
above, in the liquid crystal display 1 according to the present
embodiment, the alignment control section 4 is preferably
configured such that in the gray scale levels that contribute to
display, a ratio of the inverse reflectance to the maximum
reflectance in the voltage-reflectance characteristic in the
reflective display region R obtained by synthesizing the first
reflective display region R1 and the second reflective display
region R2 is 20% or less.

[0122] As described above, the alignment control section 4
influences the voltage applied to the liquid crystal layer 40
and the reflectance characteristic. Meanwhile, the alignment
control section 4 has a function of controlling alignment of
the liquid crystal molecules. FIG. 9 is a plan view illustrating
how the liquid crystal molecules are aligned in each of sub-
electrodes 23. As illustrated in FIG. 9, the liquid crystal
molecules are aligned in a radial pattern in all directions
around the alighment control section 4 while a voltage is
applied. This makes it possible to broaden a viewing angle,
thereby improving display quality.

(Overshoot Drive)

[0123] Meanwhile, a liquid crystal display has convention-
ally employed a so-called overshoot drive as a technique of
improving a response speed when displaying halftones.
[0124] The overshoot drive is performed as follows: for
example, when changing an initial luminance of an initial
gray scale level 0 to a target luminance of a target gray scale
level 64, a voltage corresponding to a luminance higher than
the target luminance is applied to the liquid crystal layer fora
short period of time. Since this results in a high voltage being
applied to the liquid crystal layer, it is possible to shorten the
response time taken for the change to the target luminance.
Specifically, as shown in FIG. 10, corrective data, which is
calculated from a relation obtained by comparing data of a
current frame and data of one frame before the current frame,
is applied. The relation specifically means “to apply a gray
scale level which has a larger difference from the gray scale
level of the one frame before the current frame (hereinafter
referred to as “previous frame”) than the gray scale level of
input data of the current frame does”. For example, it means
such a drive whereby a gray scale level V160 is applied in a
case where a gray scale level of the previous frame is VO and
the gray scale level of the input data of the current frame is
V128. Applying such a gray scale value allows aliquid crystal
response waveform in which a rising edge comes early (see
FIG. 11).

[0125] However, if such an overshoot drive is applied to a
conventional semi-transmissive liquid crystal display, the fol-
lowing problem occurs. FIG. 12 is a graph illustrating a
response waveform in the case where the overshoot drive is
applied to a conventional liquid crystal display.

[0126] In other words, in a case where the overshoot drive,
which is suitable for the transmissive display region T (see
FIG. 27) in which the response speed is lower than in the
reflective display region R, is applied to the conventional
liquid crystal display, itis possible to improve a slow response
speed in the transmissive display region T (see FIG. 12).
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However, in the reflective display region R in which the
response speed is originally high, application of the overshoot
drive further increases the response speed, and in addition,
causes image deterioration due to such as an angular response
in which a sharp angle (over luminance, which is higher than
the target luminance) appears before reaching the target lumi-
nance. Because of such a sharp angle representing the lumi-
nance higher than the target luminance, display looks whitish
momentarily.

[0127] As described above, if the overshoot drive suitable
for a response characteristic of the transmissive display
region T is performed, the voltage applied to the reflective
display region R is too high. As a result, a white after image
appears especially when displaying halftones. On the other
hand, if the overshoot drive suitable for a response character-
istic of the reflective display region R is performed, it is not
possible to sufficiently improve the response speed in the
transmissive display region T. As a result, a black after image
appears when displaying halftones. Therefore, it is not pos-
sible for the conventional liquid crystal display to employ the
overshoot drive under an identical condition, and is necessary
to perform the overshoot drive under different conditions
suitable for each of the transmissive display region T and the
reflective display region R. This makes the configuration of
the liquid crystal display complicated, and a cost of the liquid
crystal display increases.

[0128] Incontrast, since the liquid crystal display 1accord-
ing to the present embodiment is configured such that the
reflective display region R is separated into the second reflec-
tive display region R2 in which the thickness of the liquid
crystal layer 40 is small (thin) and the first reflective display
region R1 in which the thickness of the liquid crystal 40 is
larger (thicker) than the liquid crystal layer 40 in the second
reflective display region R2, and therefore it is possible to
substantially equalize the response waveform of each of the
reflective display region R and the transmissive display
region T when a normal drive is performed as described
above. Accordingly, even if the overshoot drive is applied to
the reflective display region R and the transmissive display
region T under the identical condition, the angular response
that is large enough to significantly drop display quality (e.g.,
residual images) does not occur unlike the conventional con-
figuration. As such, it is possible to improve the response
speed in each of the reflective display region R and the trans-
missive display region T.

[0129] FIG. 13 is a graph illustrating a response waveform
in a case where the overshoot drive is applied to the liquid
crystal display 1. The graph shows that it is possible to
improve the response speed both in the reflective display
region R and the transmissive display region T in an identical
manner, compared to FIG. 6 illustrating the response wave-
form in a case where a normal drive is performed without
using the overshoot drive.

[0130] FIG. 14 is a diagram comparing (i) an example of
the response time shown in FIG. 13, (ii) the response time in
the conventional liquid crystal display, and (iii) the response
time shown in FIG. 7. These response times are those in a case
where the gray scale level was changed from the gray scale
level 0 to the gray scale level 32 in the liquid crystal display 1
of 256 gray scale levels. As shown in the diagram, in the
transmissive display region T of the conventional liquid crys-
tal display, it is possible to improve the response speed
because the response time of 64 msec in the normal drive was
improved to the response time of 22 msec in the overshoot
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drive. On the other hand, in the reflective display region R, the
angular response (white light) occurs when the overshoot
drive is performed, and the response time is immeasurable.
[0131] In contrast, in the transmissive display region T of
the liquid crystal display 1 according to the present embodi-
ment, the response time of 64 msec in the normal drive was
improved to the response time of 22 msec in the overshoot
drive, whereas in the reflective display region R, the response
time of 52 msec in the normal drive was improved to the
response time of 19 msec in the overshoot drive. As such, by
additionally applying the overshoot drive to the liquid crystal
display 1 according to the present embodiment, it is possible
to further improve the response speed.

[0132] A gray scale value according to which a voltage
higher than a voltage for a normal target gray scale is applied
for performing the overshoot drive, i.e., the gray scale value
calculated from a relation between a gray scale level before
being changed and a gray scale level after being changed, can
be obtained through a calculation. However, the gray scale
value is obtained not only by the calculation, butalso by using
a lookup table.

[0133] Modification 1

[0134] In regard to the configuration of the liquid crystal
display 1 according to the present embodiment, a modifica-
tion of the configuration illustrated in FIGS. 1 and 2 is
described as follows. FIG. 15 is aplan view illustrating a pixel
10 in a liquid crystal display 1 serving as Modification 1. FIG.
16 is a cross-sectional view of the pixel 10 taken on line B-B
in FIG. 15. FIG. 17 is a plan view illustrating how liquid
crystal molecules are aligned in the pixel 10.

[0135] In the configuration illustrated in FIGS. 1 and 2,
each of a plurality of sub-electrodes 23 which constitute a
pixel electrode 2 includes a reflective display region R and a
transmissive display region T. However, in a configuration of
Modification 1, as illustrated in FIGS. 15 and 16, each of the
sub-electrodes 23 is constituted by one of the reflective dis-
play region R and the transmissive display region T, and at
least one of the sub-electrodes 23 is constituted by the reflec-
tive display region R.

[0136] According to the configuration as described above, a
sub-electrode 23 constituted by the reflective display region R
includes only the reflective electrode 24, whereas a sub-elec-
trode 23 constituted by the transmissive display region T
includes no reflective electrode 24. Therefore, itis possible to
efficiently form the reflective display region R and the trans-
missive display region T on a layer in which TFTs 3, gate
signal lines 11, and source signal lines 12 are provided. As a
result, it is possible to improve the reflectance and the trans-
mittance of the liquid crystal display 1.

[0137] The liquid crystal display 1 of Modification 1 is
preferably configured such that the alignment control section
4 in the reflective display region R is larger than the alignment
control section 4 in the transmissive display region T. Since
this makes it possible to more decrease the voltage applied to
the liquid crystal layer 40 in the second reflective display
region R2 as the thickness d4 of the alignment control section
4 increases as described above, it is possible to make the
response speed in the reflective display region R close to the
response speed in the transmissive display region T.

[0138] Modification 2

[0139] In regard to the configuration of the liquid crystal
display 1 according to the present embodiment, another
modification of the configuration illustrated in FIGS. 1 and 2
is described as follows. FIG. 18 is a plan view illustrating a
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pixel 10 of the liquid crystal display serving as Modification
2. FIG. 19 is a cross-sectional view illustrating the pixel 10
taken on line C-C in FIG. 18. FIG. 20 is a plan view illustrat-
ing how liquid crystal molecules in the pixel 10 are aligned.
[0140] The liquid crystal display 1 of Modification 2 is
configured such that each of the sub-electrodes 23 has a
different configuration in terms of the reflective display
region R and the transmissive display region T. Specifically,
as illustrated in FIGS. 18 and 19, in a case where the pixel
electrode 2 includes a first sub-electrode 23, a second sub-
electrode 23, and a third sub-electrode 23, the first sub-elec-
trode 23 is constituted by the reflective display region R, the
second sub-electrode 23 is constituted by the reflective dis-
play region R and the transmissive display region T in the
same manner as the configuration illustrated in FIGS. 1and 2,
and the third sub-electrode 23 is constituted by the transmis-
sive display region T.

[0141] Inthe configuration of Modification 2, a size of the
alignment control section 4 is determined preferably based on
the display region that constitutes each of the sub-electrodes
23. Specifically, the size of the alignment control section 4 of
each of the sub-electrodes 23, that is, an area of the common
electrode 33 that the alignment control section 4 occupies
preferably satisfies a relational expression of: the first sub-
electrode 23>the second sub-electrode 23>the third sub-elec-
trode 23. This makes it possible to substantially equalize the
display properties and the response speed in all regions.
[0142] Modification 3

[0143] Inregard to the liquid crystal display 1 according to
the present embodiment, yet another modification of the con-
figuration illustrated in FIGS. 1 and 2 is described as follows.
FIG. 21 is a cross-sectional view illustrating a pixel 10 of the
liquid crystal display 1 serving as Modification 3.

[0144] Inthe configuration illustrated in FIGS. 1 and 2, the
reflective electrode 24 is provided on the sub-electrode 23;
however, the liquid crystal display 1 of Modification 3 is
configured such that the reflective electrode 24 is provided as
a lower layer of the sub-electrode 23.

[0145] According to the above configuration, wire elec-
trodes provided below the sub-electrode 23, such wire elec-
trodes as the gate signal lines 11 and the source signal lines
12, can be utilized as the reflective electrode 24. Thus, it is
possible to reduce cost of the liquid crystal display 1. It is also
possible to simplify the manufacturing process.

[0146] The configuration of Modification 3 is also appli-
cable to the configurations of Modifications 1 and 2. FIGS. 22
and 23 illustrate a configuration of Modification 1 in which
the reflective electrode 24 is disposed as the lower layer of the
sub-electrode 23 and a configuration of Modification 2 in
which the reflective electrode 24 is disposed as the lower layer
of the sub-electrode 23, respectively. This makes it possible to
achieve an effect of cost reduction, as well as to achieve the
effects attained by the configurations of Modifications 1 and
2.

[0147] As illustrated in the embodiment and modifications,
the reflective electrode 24 provided in the reflective display
region R may be disposed inside the pixel electrode 2, and
also may be disposed on the pixel electrode 2 or as the lower
layer of the pixel electrode 2. According to a configuration in
which the reflective electrode 24 is disposed inside the pixel
electrode 2, itis possible to equalize (i) a distance between the
reflective electrode 24 and the common electrode 33 and (ii)
a distance between the pixel electrode 2 and the common
electrode 33. Further, according to a configuration in which
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the reflective electrode 24 is disposed on the pixel electrode 2
or as the lower layer of the pixel electrode 2, it is possible to
substantially equalize (i) the distance between the reflective
electrode 24 and the common electrode 33 and (ii) the dis-
tance between the pixel electrode 2 and the common electrode
33.

[0148] As described above, a liquid crystal display of the
present invention includes: the plurality of pixel electrodes
being provided at a constant gap from the common electrode,
the plurality of pixels each having a reflective display region
and a transmissive display region provided around the reflec-
tive display region, the reflective display region for perform-
ing display of a reflective mode by reflecting outside light
with a reflective electrode provided on the active matrix sub-
strate, and the transmissive display region for performing
display of a transmissive mode by transmitting light emitted
by a light source, the reflective display region including an
alignment control section which makes the liquid crystal
layer thinner in a part of the reflective display region than in
the transmissive display region and which controls an align-
ment direction of the liquid crystal molecules in the liquid
crystal layer.

[0149] With this configuration, since the alignment control
section separates the reflective display region into two regions
different from each other in terms of a thickness of the liquid
crystal layer, a voltage effectively applied to the liquid crystal
layer is different between the two regions. Further, each ofthe
pixel electrodes is disposed at a constant gap from the com-
mon electrode.

[0150] Accordingly, in a liquid crystal display of a CPA
mode which includes the transmissive display region and the
reflective display region, it is possible to prevent deterioration
in display quality of a transmissive mode and a reflective
mode, as well as to substantially equalize response speed in
each of the transmissive mode and the reflective mode.
[0151] The embodiments discussed in the foregoing
description of embodiments and concrete examples serve
solely to illustrate the technical details of the present inven-
tion, which should not be narrowly interpreted within the
limits of such embodiments and concrete examples, but rather
may be applied in many variations within the spirit of the
present invention, provided such variations do not exceed the
scope of the patent claims set forth below.

INDUSTRIAL APPLICABILITY

[0152] The present invention makes it possible to improve
a difference between response speed in a reflective mode and
response speed in a transmissive mode without deteriorating
display quality. Therefore, the present invention is suitable for
a liquid crystal display of a CPA mode which is mounted on
amobile device.

1. A liquid crystal display of a vertical alignment mode,

comprising:

an active matrix substrate including a plurality of pixel
electrodes;

a counter substrate provided so as to face the active matrix
substrate, the counter substrate including a common
electrode;

a liquid crystal layer held between the active matrix sub-
strate and the counter substrate, the liquid crystal layer
containing liquid crystal molecules; and

a plurality of pixels arranged in a matrix form,

the liquid crystal display employing a CPA mode in which
the liquid crystal molecules are aligned substantially
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perpendicular to surfaces of the active matrix substrate
and the counter substrate while no voltage is applied to
the liquid crystal layer whereas the liquid crystal mol-
ecules are aligned in a radial pattern while a voltage is
applied to the liquid crystal layer,

the plurality of pixel electrodes being provided at a con-
stant gap from the common electrode,

the plurality of pixels each having a reflective display
region and a transmissive display region provided
around the reflective display region, the reflective dis-
play region for performing display of a reflective mode
by reflecting outside light with a reflective electrode
provided on the active matrix substrate, the transmissive
display region for performing display of a transmissive
mode by transmitting light emitted by a light source,

thereflective display region including an alignment control
section which makes the liquid crystal layer thinner in a
part of the reflective display region than in the transmis-
sive display region and which controls an alignment
direction of the liquid crystal molecules in the liquid
crystal layer.

2. The liquid crystal display according to claim 1, wherein:

the alignment control section separates the reflective dis-
play region into a first reflective display region and a
second reflective display region different from each
other in terms of a thickness of the liquid crystal layer,
and

a voltage-reflectance characteristic obtained by synthesiz-
ing a voltage-reflectance characteristic in the first reflec-
tive display region and a voltage-reflectance character-
istic in the second reflective display region 1is
substantially identical to a voltage-transmittance char-
acteristic in the transmissive display region.

3. The liquid crystal display according to claim 1, wherein:

each of the pixel electrodes in the pixels is separated into a
plurality of sub-electrodes, and

at least one of the plurality of sub-electrodes includes (i)
the reflective display region for performing display of
the reflective mode by reflecting outside light with the
reflective electrode provided on the active matrix sub-
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strate and (ii) the transmissive display region, provided
around the reflective display region, for performing dis-
play of the transmissive mode.
4. The liquid crystal display according to claim 1, wherein:
each of the pixel electrodes in the pixels is separated into a
plurality of sub-electrodes, and
each of the plurality of sub-electrodes is constituted by one
of (1) the reflective display region for performing display
of the reflective mode by reflecting outside light with the
reflective electrode provided on the active matrix sub-
strate, and (i1) the transmissive display region, provided
around the reflective display region, for performing dis-
play of the transmissive mode.
5. The liquid crystal display according to claim 1, wherein:
the alignment control section separates the reflective dis-
play region into a first reflective display region and a
second reflective display region different from each
other in terms of a thickness of the liquid crystal layer,
and is configured such that in gray scale levels that
contribute to display, a ratio of an inverse reflectance to
a maximum reflectance in a voltage-reflectance charac-
teristic obtained by synthesizing a voltage-reflectance
characteristic in the first reflective display region and a
voltage-reflectance characteristic in the second reflec-
tive display region is 20 percentage or less.
6. The liquid crystal display according to claim 1, wherein:
the transmissive display region includes an alignment con-
trol section for controlling an alignment direction of the
liquid crystal molecules in the liquid crystal layer, and
a size of the alignment control section in the reflective
display region and a size of the alignment control section
in the transmissive display region are determined
depending on a size of the reflective display region and
a size of the transmissive display region, respectively.
7. The liquid crystal display according to claim 4, wherein
the reflective electrode is provided as a lower layer of each of
the sub-electrodes.
8. The liquid crystal display according to claim 1, which
employs an overshoot drive.
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