a2 United States Patent
Hiji et al.

US006750928B2

(10) Patent No.:
@5) Date of Patent:

US 6,750,928 B2
Jun. 15, 2004

(54) MULTI-COLOR DISPLAY DEVICE 6,392,725 Bl * 5/2002 Harada etal. ............. 349/74
6,433,843 B1 * 8/2002 Okada et al. ...cccccevenrnn. 349/78
(75) Inventors: Naoki Hiji, Nakai-machi (JP); Shigeru
Yamamoto, Nakai-machi (JP); Takehito FOREIGN PATENT DOCUMENTS
Hikichi, Nakai-machi (JP); Teiichi
Suzuki, Nakai-machi (JP) P 7-287214 10/1995
IP 8-304848 11/1996
(73) Assignee: Fuji Xerox Co., Ltd., Tokyo (JP) P 10-142593 51998
(*) Notice:  Subject to any disclaimer, the term of this * cited by examiner
patent is extended or adjusted under 35
U.S.C. 154(b) by O days. ) )
Primary Examiner—James A. Dudek
(21) Appl. No.: 10/434,228 (74) Artorney, Agent, or Firm—OIiff & Berridge, PLC
. No.: X
(22) Filed:  May 9, 2003 7 ABSTRACT
(65) Prior Publication Data A reflective-type multi-color display device is capable of
obtaining a vivid and bright multi-color display with less
US 2003/0197820 Al Oct. 23, 2003 display layers, and therefore, with a state where a parallax is
L. decreased and a cost of the device can be reduced.
Related U.S. Application Data Specifically, the display device of the present invention
) Divisi ¢ amplication No. 09/436.927. filed on Nov. 9 includes a cell 51 having a display layer 31 comprising a
(62) 19“9’1951(1):(1)‘;’ Pz?pl\llf)atg)gSO 2'82 /436,227, filed on Nov. 9, riohhanded cholesteric liquid crystal which selects and
’ o reflects blue, a cell 53 having a display layer 33 comprising
(30) Foreign Application Priority Data a left-handed cholesteric liquid crystal which selects and
i reflects green, a cell 57 having a display layer 37 comprising
Nov. 11, 1998 (IP) coovoereeieeeeeeee e 10-321108 right-handed cholesteric liquid crystal which selects and
(51)  Inte CL7 oo GO2F 1/13 reflects yellow and a cell 55 having a display layer 35
(52) US.Cl oo, 349/74; 349/77; 349/78; ~ comprising a left-handed cholesteric liquid crystal which
349/79; 349/80 selects and reflects red, these layers being laminated in this
(58) Field of Search ...........ccocccccccrernen 349/74, 77-80  order from the observation side. A color filter 43 which
transmits red and absorbs the other color light is provided
56 References Cited between the cell 57 and the cell §5. A black light-absorbing
(56)
layer 41 is formed at the back side of the cell 55.
U.S. PATENT DOCUMENTS
5619355 A 4/1997 Sharp et al. .cc.eovvvennenee. 348/78 6 Claims, 11 Drawing Sheets
TRANSPARENT
SUBSTRATE
BLUE T
& s
51
~ s H 1
|22  BLUE DISPLAY
4-12 LAYER
(RIGHT-HANDED)
GREEN 13
CELL ™
53 1" 33
~ E E BE GREEN DISPLAY
-24  AYER
+-14  (LEFT-HANDED}
YELLOW( 17
CELL 427
57 ——ar
h g 8 = YELLOW DISPLAY
[-28  LAYER
1-18  (RIGHT-HANDED)
e~ 43 COLOR FILTER
RED 4-15
CELL 325
55 1 - 35
* % § § RED DISPLAY
777, 7ZA-26  LAYER
+-16  {LEFT-HANDED)
S 41
LIGHT-ABSORBING

LAYER



U.S. Patent Jun. 15, 2004 Sheet 1 of 11 US 6,750,928 B2

FIG. 1

TRANSPARENT
. : SUBSTRATE
BLUE ‘ B ek
CE5L1L TITTT I T T T T I I T T I 77777777 A— 21 Eﬁég-?gégENT
" : —> —
: 2 BE BE ] 31
T Il el 7l 277777 7A—22  BLUE DISPLAY
1-12 LAYER
L . (LEFT-HANDED)
GREEN [ - 1_13
CEng. OO ETEIOTTII T ETIIIT: SL,

B g B =H l GREEN DISPLAY

OO TIIIT IO IIIIIIIIIIIIE 'L LAYER

—14  (RIGHT-HANDED)

|

(ESSSsSsssssssssos <43 COLOR FILTER
RED +-15
CE5L;' 77777 7T 7777777777777 7777777425
“_ > , - 35
] E E E RED DISPLAY

T I I 77777777777 77426 LAYER
—16  (LEFT-HANDED)

RSN 41
HAGY%EABSORBING

)




U.S. Patent Jun. 15, 2004 Sheet 2 of 11 US 6,750,928 B2

FIG. 2

TRANSPARENT
. . SUBSTRATE
BLUE ‘ 41
CESHL ITT T 77777777777 7777777 77— 21 Eﬁég?gé SENT
E s 5 = |
1 L = . 31
I T 77T I 7777777777 7722  BLUE DISPLAY
4-12 LAYER
L (RIGHT-HANDED)
GREEN [ | | 113
CES% SOOI IO TIOOTITIIIIITIIIE, o'
. = E B - 33
= === - GREEN DISPLAY
ST T T I T I I I 77777777777 AA—-24 | AYER
~ 4-14  (LEFT-HANDED)
L
YELLOW( | 117
CElél? YOI IO IIIIIIIIIIE o'l a7
L P -
* S = = YELLOW DISPLAY

TITIIII IO TIIIIIIIITITIII I 28 LAYER

18 (RIGHT-HANDED)

1

(S TS S S S S S NN N NS -43 COLOR FILTER

RED 1L
CE5L5L T T 7777777777777 74— 2D
N = = § - 35
= s RED DISPLAY

_//./////////////////////////ﬂv26 LAYER
4+-16  (LEFT-HANDED)

L AR AR TR RN

41
LIGHT-ABSORBING
LAYER



U.S. Patent

GREEN
CELL
53

BLUE
CELL
51

r

RED
CELL
55

US 6,750,928 B2

4-13  GREEN DISPLAY
LAYER

Jun. 15, 2004 Sheet 3 of 11

YOOI TITIIT IO TIIIIIIITIINA
= = = y
—— > ~—>

YOI T IIIINOT IO ITIIIIIL

1

7227777727727

3

LLLLI LIl Ll LAl L L

=E E E

VIO IO TIIS IV IIIE.

=

o

\\\\\\\\\\\\\\\\?-—43 COLOR FILTER

VIV TT T IO IITIIIIIITIIIIEe:

= E E

—
YT IS ISP

>
-t

AR A LN N R NN

—23  (LEFT-HANDED)
33
jﬁ PHASE
RETARDATION
LAYER
45
TRANSPARENT
— 11 SUBSTRATE
| 51 TRANSPARENT
ELECTRODE
31
22 BLUE DISPLAY
42 LAYER
(LEFT-HANDED)
1-15
25
35
RED_DISPLAY
26 LAYER
16  (LEFT-HANDED)
———— 41
LIGHT-ABSORBING

LAYER



U.S. Patent

BLUE
CELL

51

YELLOW(

CELL

57 Ny

GREEN [

CELL
53

RED
CELL
S5

Jun. 15, 2004 Sheet 4 of 11

FIG. 4

US 6,750,928 B2

TRANSPARENT
7. SUBSTRATE
' TRANSPARENT
//////4/,4//////////c/;//////y 21 ELECTRODE
= B B ] 31
I 77T 7777777777277 A-22  BLUE DISPLAY
4-12 LAYER
(LEFT-HANDED)
4-17
77777777777 7777777777 77— 21
E E E [ —d
_ = , : YELLOW DISPLAY
777777 T I 77777777777 A28  |LAYER
+4-18  (LEFT-HANDED)
s
]_13  RETARDATION
LAYER
////J////f////////7///7///,_/,v
= — — 33
= == = GREEN DISPLAY
////////////////////////// 24  LAYER
+-14  (LEFT-HANDED)
T T T I I S SSSSS S l:43 COLOR FILTER
: +-15
OO T I T TIIITITIIIIII T i)
= = = 35
— — RED DISPLAY
T 7777277227777 77777 7 7 A~ LAYER
+-16  (LEFT-HANDED)
ALALAARALALARLEALRLAN AR RR R ANNNNNANNNY 41
LIGHT-ABSORBING

LAYER



U.S. Patent

BLUE
CELL
5

Y

GREEN
CELL
53

YELLOW
CELL
57 N

<

RED
CELL
55

Jun. 15, 2004 Sheet 5 of 11

FIG. 5

US 6,750,928 B2

3

YT TOO IO IO O IOV

VIO IOV OTITOIITIIIIA

-

]

PTG IOTIIOIITITIIIOTITIIIIONE

-

YOOI IIOTITIOTIIIIIA

-

-

PV OIS

TRANSPARENT
SUBSTRATE
5, TRANSPARENT
ELECTRODE
3t
22 BLUE DISPLAY
12 LAVER
13
23
33
GREEN DISPLAY
—24  LAYER
14
17
27

37
YELLOW DISPLAY

VIO IO IO IS T IS

-

N S S S S SN NN NN N N NN

POV ON IO IO I IITIIIIE

.

I TOTIIDOOT OO ITI IO IO IS4

AAALATAIRL R AR AR RN NN NN

~—28  LAYER

18

43 COLOR FILTER

15

25

35
RED DISPLAY
LAYER

_16
LIGHT-ABSORBING

LAYER



U.S. Patent

70
60
50

40

REFLECTANCE (%)

Jun. 15, 2004

Sheet 6 of 11

FIG. 6

US 6,750,928 B2

- |
- —0— BLUE
= —o— GREEN
- ‘ --&- RED
- —o-- YELLOW
- o anasele)
o Ip ‘;,‘000)\\
— / p)
- ' f Q\\ WAL DAA

# £ A

\0\,4 b\a : A

v

WAVELENGTH (nm)

FIG. 7

60

LRI

50

Y ETT

I
—m— FILTER PRESENT
-0~ FILTER ABSENT
--2r- TRANSMISSION SPECTRUM

D ) .
g
P
g
4

OF FILTER

£
Lo

LI

Pt

20

() 0
TRANSMITTANCE (a.u)
o
o

REFLECTANCE

WAVELENGTH (hm)




U.S. Patent Jun. 15, 2004 Sheet 7 of 11 US 6,750,928 B2

FIG. 8

70 —o— COMPARISON
- .o EXAMPLE
60 - ~A— EXAMPLE 2
: . --e-- EXAMPLE 1
< SOF .f — 0y
- v }
S wf / N
<C ¢ AAﬁA Y
T P f e R,
-u_'j - , ,'" L\AA\D
i - ; ne
o 90 - ?ﬁcf_?ml%
-
10 | 2
0 Y | N | )|
400 500 600 700
WAVELENGTH (nm)
70 —— —o— COMPARISON.
- EXAMPLE
60 - P B -2 EXAMPLE 2
- ) ALl ~-o- EXAMPLE 1
g 50 - o “ﬁ‘
w ok » .
= 40 F bd [
< - ;AAAAQA
N N o}
% 30 7 X ;X, L\ I‘b_‘ ]
w ~ } A \
c gpf ,é :x D“}%
1 | L i | ] i 1 | | |

500 600 700
WAVELENGTH (nm)



U.S. Patent Jun. 15, 2004 Sheet 8 of 11 US 6,750,928 B2

FIG. 10

10 1
- --0-- COMPARISON
60 EXAMPLE
- —=— EXAMPLE 3
D\z 50 E
L [
% 40 F
= -
o 30F
5 F 500 E
o y 00
T 20 2 —{ o %
E 0‘0;3 b\
10 F
0 1 | i i ] ] |
400 500 600 700
WAVELENGTH (nm)
70 - - 1
- | --0- COMPARISON
60 EXAMPLE
. —a— EXAMPLE 3
= 50 -
wl -
% 40 -
3 30— foaog |
E : d‘ ) f Q‘\ | DD'OOQ
20 iy | 1o'] Q
W, o
10
0! I S I B | | I N B
400 500 600 700

WAVELENGTH (nm)



U.S. Patent Jun. 15, 2004 Sheet 9 of 11 US 6,750,928 B2

FIG. 12

70 ]
- —0— COMPARISON
60 [ _ EXAMPLE
- --o-- EXAMPLE 4
£ 50 F
w -
S wf
< [
5 -
w30 —
| C »
< E g 53;
10 |
0 Y J I L | 1 1 1 1
400 500 600 700
WAVELENGTH (nm)
10 |
- ~0~ COMPARISON
60 |- EXAMPLE
- o --o- EXAMPLE 4
ST 50— & "8
w ES N
% 40 —2— *s.
= ' [ %
= b jptngbooooty e my
5 30 | 'l‘ wh “
™ C - L
o C 9 E\;.
€ 5[ \
. <
10 9
0 : | i 1 1 1 1 1 | i | i 1
400 500 600 700

WAVELENGTH (nm)



U.S. Patent Jun. 15, 2004 Sheet 10 of 11 US 6,750,928 B2
A |JCOMPARISON
EXAMPLE 1| EXAMPLE 2| EXAMPLE 3| EXAMPLE 4[gypio s
WHITE) .78.2 65.0 770 64.9 57.7
vetlow| 769 62.4 76.4 52.7 52.7
VELLOW)| 755 64.0 53.4 57.7 527
1T . CHOLESTERIC
I I7 777777777 77777 7777777777 A4~ 21  LIQUID
= 2 = ] CRYSTAL
7777277777777 7777777727727 27— 2
-2

A e N A

41

FIG. 16A FIG. 16B FIG. 16C

PLANAR

IO

EEE

VOISO IIyi

FOCAL CONIC

7T 77

om0

ST IIINE

HOMEOTROPIC

VYT

I

VTl




U.S. Patent Jun. 15, 2004 Sheet 11 of 11 US 6,750,928 B2

FlG. 17

BLUE ' 11
CE5|-1L 7777777777777 7777777 7777775~ 21 Ek$ERDISPMY
e =zE E BE | I
7777777777777 777777 777777 7 74— 22
4-12
i T GReeN DIsPLAY
£3 T 777777777777 7777777777 7777 A 23 L%;’ER

~ =E E B

TII OO IOTIIIIT IO O IO vt L)

414
. J-15
éEEL /7////////////////,////////j—z 25 AED DISPLAY
55 [~ LAYER

MTTE E B T

TITTT I I 77777777777 777777777 A 26
+-16

O - 41

FIG. 18

411

BLUE DISPLAY
YT IO OITIITI IO IO IO IIITIE. XA LAYER
= = =2 -
Sem—] —>
33 GREEN DISPLAY
E E E 138 LAVER
) -

mn

e

= =
VIT IO IITI OISO OIS ud
416

R R O O -~ 41

35
os  RED DISPLAY
LAYER




US 6,750,928 B2

1
MULTI-COLOR DISPLAY DEVICE

This is a Division of application Ser. No. 09/436,227
filed Nov. 9, 1999 now U.S. Pat. No. 6,580,482. The entire
disclosure of the prior application is hereby incorporated by
reference herein in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a multi-color display
device used as a display panel of an electric apparatus.

2. Description of the Related Art

A transmission type liquid display device has widely been
used as a flat panel display device, in which a liquid crystal
element is formed to serve as an optical shutter for trans-
mitting or intercepting an illumination light from a backlight
arranged at the back side thereof to perform displaying.
However, a transmission type liquid crystal device has a
problem of using a great amount of consumptive electric
power, being hard to see the display under a strong external
light such as outdoors light.

In order to solve this problem, a reflective type liquid
crystal device has been drawing attention which performs
displaying utilizing reflection of an external light not utiliz-
ing the backlight. A cholesteric liquid crystal device has
been known as one of a type thereof.

The cholesteric liquid crystal contains a rod like molecule
and has a multi-layer formation. The molecular major axis is
oriented in one direction in one layer, but its orientation
direction is slightly twisted between the adjacent layers, to
thereby form a helical structure as a whole. The period of the
helix can be made to an optical wavelength order by
depending upon a suitable selection of a material. In this
case, the cholesteric liquid crystal selectively reflects a
visible light. This phenomenon is known as selective reflec-
tion of the cholesteric liquid crystal.

The display device utilizing the selective reflection of the
cholesteric liquid crystal has been known as a kind of the
reflective-type display device. As shown in FIG. 15, this
cholesteric liquid crystal display device has two transparent
substrates 11 and 12 each provided with a transparent
electrode 21 and 22, between which a cholesteric liquid
crystal 30 is injected to form a liquid crystal cell. Further, a
black light-absorbing layer 41 is mounted at the backside of
the substrate 12 that is opposite to the observation side (the
side from which the external light is incident).

There are three kinds of the orientation state of the
cholesteric liquid crystal 30 in the cell, i.e., a planar orien-
tation shown in FIG. 16A, a focal conic orientation in FIG.
16B and a homeotropic orientation in FIG. 16C. The planar
orientation has a state in which the helical axis is oriented in
approximately perpendicular to the substrate, whereby a
light of a color in the wave band of a selective reflection is
observed. The focal conic orientation has a state in which the
helical axis is approximately parallel to the substrate,
whereby the liquid crystal itself is achromatic but the
light-absorbing layer 41 is observed, so that black appear-
ance is obtained. The homeotropic orientation has a state in
which the molecule of the liquid crystal is oriented in
perpendicular to the substrate by disarranging the helical
structure. Therefore, the liquid crystal itself is achromatic, so
that the light-absorbing layer 41 is observed for obtaining
black appearance.

A change-over of the above-mentioned orientation states
can be electrically performed. Specifically, when a voltage is
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applied to the portion between the electrodes 21 and 22 in
the planar orientation state, the state is changed into the focal
conic orientation. The state is further changed into the
homeotropic orientation upon increasing the voltage.
Conversely, when the voltage is slowly reduced from the
homeotropic orientation state, the focal conic orientation is
attained, while the planar orientation is not obtained even if
the voltage becomes zero. When the voltage is rapidly
decreased from the homeotropic orientation state, the state
becomes not the focal conic orientation but the planar
orientation.

Accordingly, the cholesteric liquid crystal can be used as
a display device by performing an electrical change-over
between the planar orientation and the focal conic orienta-
tion or between the planar orientation and the homeotropic
orientation. Further, in the cholesteric liquid crystal, both of
the focal conic orientation state and the planar orientation
state stably exist when the voltage is not applied, whereby
display of memory utilizing its characteristics is possible.

Additionally, the orientation state can thermally be
changed over. For example, the focal conic orientation is
obtained when the cholesteric liquid crystal is once heated to
a temperature of an isotropic phase and then cooled down
until the liquid crystal phase is obtained. The use of this
phenomenon is made possible to perform the change-over
between the focal conic orientation and the planar orienta-
tion by both utilizing heat and electricity. It has been known
that the orientation state can be changed over in response to
the external stimulus such as a magnetic force, light, stress
or the like, not being limited to an electricity and heat.

The orientation state of the cholesteric liquid crystal is
greatly influenced with the interface which is in contact with
the cholesteric liquid crystal. Therefore, a method has been
known for improving the optical characteristics, electric
characteristics, stability or the like of each orientation state
by forming an orientation film between the cholesteric liquid
crystal layer and the electrode or by dispersing a macromo-
lecular material in the cholesteric liquid crystal.

As for such a multi-color display device using the cho-
lesteric liquid crystal, the one for performing multi-color
displaying disclosed in Japanese Unexamined Patent Publi-
cation No. Hei 8-304848, for example, is provided in which
three cholesteric liquid crystal layers each selecting and
reflecting blue, green and red respectively are laminated
with one another and multi-color displaying is performed by
an additive process of each layer.

FIG. 17 shows this conventional cholesteric liquid crystal
multi-color display device. A blue cell 51 is formed such that
a display layer 31 containing a cholesteric liquid crystal
which reflects blue colored light is mounted between two
transparent substrates 11 and 12 each provided with a
transparent electrode 21 and 22, while a green cell 53 is
formed such that a display layer 33 containing a cholesteric
liquid crystal which reflects green colored light is mounted
between two transparent substrates 13 and 14 each provided
with a transparent electrode 23 and 24. Further, a red cell 55
is formed such that a display layer 35 containing a choles-
teric liquid crystal which reflects red colored light is
mounted between two transparent substrates 15 and 16 each
provided with a transparent electrode 25 and 26. A black
light-absorbing layer 41 is formed at the back side of the cell
which is most remote from the observation side, for
example, the red cell 55.

The blue, green and red mean herein a color light belong-
ing to a wave band of 400 to 500 nm, 500 to 600 nm and 600
to 700 nm respectively. Concretely, the blue, green or red
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display can be obtained by bringing one of the blue display
layer 31, green display layer 33 and red display layer 35 into
the selective reflection state and bringing the other two
layers into the achromatic state. Moreover, the cyan,
magenta or yellow display can be obtained by bringing two
of the blue display layer 31, green display layer 33 and red
display layer 35 into the selective reflection state and
bringing the other one layer in the achromatic state. Further,
the white display can be obtained by bringing all of the blue
display layer 31, green display layer 33 and red display layer
35 in the selective reflection state, while the black display
can be obtained by bringing all of the blue display layer 31,
green display layer 33 and red display layer 35 into the
achromatic state.

In this case, the cholesteric liquid crystal having the same
helix sense has been used for the cholesteric liquid crystal of
each display layer 31, 33 and 35. The reason is as follows.
The general method for manufacturing the cholesteric liquid
crystal is the one in which an asymmetric carbon compound
called a chiral agent is mixed with a nematic liquid crystal
composition. In view of this, the cholesteric liquid crystal
having the same helix sense and different selective reflection
wave band can easily be manufactured by changing the
mixing ratio of the chiral agent and the nematic liquid crystal
composition.

Instead of forming each display layer 31, 33 and 35
between a pair of electrode respectively for applying indi-
vidually a driving voltage thereto as shown in FIG. 17, a
multi-color display device as shown in FIG. 18 has been
considered in which all display layers 31, 33 and 35 may be
laminated to be formed between a pair of transparent elec-
trodes 21 and 26 each provided at the transparent substrates
11 and 16 and then the difference with respect to these
electrolytic response, i.e., the difference in the threshold
electric field of the change in the orientation state, the
difference in the positive or negative of the anisotropy of the
permittivity or the like may be utilized for switching each
display layer 31, 33 and 35 between the selective reflection
state and the achromatic state.

The selective reflection of the cholesteric liquid crystal
occurs attributed to the helical structure, to thereby show
remarkable circular dichroism depending on the helix sense.
Specifically, the left-handed cholesteric liquid crystal
reflects a left-handed circularly polarized light while it
transmits right-handed circularly polarized light.
Conversely, the right-handed cholesteric liquid crystal
reflects a right-handed circularly polarized light while it
transmits left-handed circularly polarized light. Therefore,
the reflectance of only 50% to the maximum can be obtained
under generally non-polarized illumination such as sunlight,
incandescent light, fluorescent light or the like, thereby
entailing a problem of insufficient reflectance. Particularly,
in the case where multi-color display is performed by
laminating with one another a plurality of cholesteric liquid
crystal display layers each having a different display color
(selective reflection color) as shown in FIGS. 17 and 18,
chroma or brightness is insufficient to thereby entail a
problem that a vivid, bright display cannot be obtained.

In order to solve this problem, a method has been known
in which two cholesteric liquid crystal layers each having a
different helix sense are laminated with each other. Further,
Japanese Unexamined Patent Application No. Hei 7-287214
discloses that a PDCLC layer (macromolecular dispersing
cholesteric liquid crystal layer) obtained by dispersing a
right-handed cholesteric liquid crystal in a polymer and a
PDCLC layer obtained by dispersing a left-handed choles-
teric liquid crystal in a polymer are laminated with each
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other. Moreover, Japanese Unexamined Patent Application
No. Hei 10-142593 discloses that the same effect can be
obtained by providing between two cholesteric liquid crystal
layers having the same helix sense a retardation layer which
reversely changes a circularly polarized light, instead of
laminating with each other two cholesteric liquid crystal
layers each having a different helix sense.

The reflectance is improved in either case since the
component of the circularly polarized light that is not
reflected by the first cholesteric liquid crystal layer is
reflected by the second cholesteric liquid crystal layer.
Specifically, a double reflectance to the maximum can be
obtained compared with the case using a single cholesteric
liquid crystal layer, since the reflectance is the sum of the
reflectance of each cholesteric liquid crystal layer. For
performing multi-color displaying, each of the blue, green
and red display layers may be constructed by laminating
with each other two cholesteric liquid crystal layers each
having a different helix sense as disclosed in Japanese
Unexamined Patent Application No. Hei 7-287214.

The above-mentioned Japanese Unexamined Patent
Application No. Hei 10-142593 discloses that, in a single-
color display device using a cholesteric liquid crystal, whit-
ish display with high reflectance can be obtained by lami-
nating two cholesteric liquid crystal layers each having a
different helix sense as well as each having a different center
wavelength of the selective reflection within the range of 30
to 100 nm.

However, in the case where each of the blue, green and
red display layers is formed by laminating two cholesteric
liquid crystal layers each having a different helix sense as
described above, six cholesteric liquid crystal display layers
in total should be laminated, resulting in entailing a problem
of increasing a parallax that means an image appears blurred
in the case of viewing diagonally as well as a problem of
increasing a cost due to a complicated structure of the
display device.

SUMMARY OF THE INVENTION

The present invention provides a multi-color display
device using a cholesteric liquid crystal layer capable of
providing a vivid bright display, with less display layers, i.c.,
with a state where a parallax is reduced and a cost of the
device is decreased, by solving a problem of insufficient
chroma and brightness attributed to a circular dichroism of
the selective reflection of the cholesteric liquid crystal layer.

The present invention further provides, not only a multi-
color display device using a cholesteric liquid crystal layer,
but also a reflective multicolor display device capable of
providing a vivid bright display with less display layers, i.e.,
with a state where a parallax is reduced and a cost of the
device is decreased.

An aspect of the multi-color display device of the present
invention has multiple display layers laminated with one
another. Each of the display layers contains a cholesteric
liquid crystal layer and has a different wave band of a
selective reflection. A helix sense of a cholesteric liquid
crystal of at least one display layer is different from those of
cholesteric liquid crystals of the other display layers.

In another aspect of the multi-color display device, the
multiple display layers may be three layers containing each
of cholesteric liquid crystal layers reflecting blue, green and
red light respectively.

In the other aspect of the multi-color display device, the
helix sense of the cholesteric liquid crystal of the green
display layer may be different from the helix senses of the
cholesteric liquid crystals of the blue and red display layers.
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In the other aspect of the multi-color display device, the
multiple display layers may also be four layers containing
each of cholesteric liquid crystal layers selecting and reflect-
ing blue, green, yellow and red respectively.

In the other aspect of the multi-color display device, the
helix senses of the cholesteric liquid crystals of the blue and
yellow are the same while they are different from the helix
sense of the cholesteric liquid crystals of the green and red
display layers.

The other aspect of the multi-color display device of the
present invention also has multiple display layers laminated
with one another. Each of the display layers contains a
cholesteric liquid crystal layer and has a different wave band
of a selective reflection. The helix sense of the cholesteric
liquid crystals of all the display layers are the same, and a
retardation layer for changing reversely a circular deviation
is provided between one display layer and the other display
layer adjacent to that layer.

In the other aspect of the multi-color display device, the
multiple display layers may be three display layers having a
first display layer containing a cholesteric liquid crystal
which reflects green and a second and third display layers
containing cholesteric liquid crystals each selecting and
reflecting blue and red or red and blue. The retardation layer
is provided between the first display layer and the second
display layer.

In the other aspect of the multi-color display device, the
multiple display layers may also be four display layers. The
first and second display layers contain cholesteric liquid
crystals each selecting and reflecting blue and yellow or
yellow and blue. The third and fourth display layers contain
cholesteric liquid crystals each selecting and reflecting green
and red or red and green. The retardation layer is provided
between the second display layer and the third display layer.

The other aspect of the multi-color display device has four
display layers laminated with one another. The display
layers are capable of varying a state for reflecting each of
blue, green, yellow and red or an achromatic state depending
upon the presence or absence of an external stimulus or
degree of it.

In the other aspect of the multi-color display device, the
four display layers are laminated in the order of blue, yellow,
green and red from the side for observation.

In the other aspect of the multi-color display device, the
display layer most remote from the observation side is a
display layer reflecting red. A color filter which transmits red
and absorbs a light of the other colors is provided between
the display layer reflecting red and a display layer close to
the observation side by one layer from the display layer
reflecting red.

In the other aspect of the multi-color display device, each
display layer is provided between a pair of electrodes and a
driving voltage is individually applied to every display layer.

In a multi-color display device in which multiple display
layers containing a cholesteric liquid crystal each having a
different wave band of a selective reflection are laminated
with one another, i.e., in a multi-color display device in
which cholesteric liquid crystal display layers each selecting
and reflecting blue, green and red are laminated with one
another, the conventional construction is such that the helix
sense of all the cholesteric liquid crystals is made to be the
same or each display layer is formed by two cholesteric
liquid crystal layers each having a different helix sense. The
former case brings a problem of insufficient chroma and
brightness, while the latter case brings a problem of increas-
ing a parallax and cost of the device as described above.
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However, the influence due to the insufficient reflectance
of each display layer is different from each display color in
a reflective-type multi-color display device having blue,
green and red display layers laminated with one another.
Specifically, the display color in this case is classified into
eight basic display colors: (1) blue, green and red which are
the display colors by a single color; (2) cyan, magenta and
yellow which are obtained by an additive process of two
colors among blue, green and red; (3) white including all of
blue, green and red; and (4) black including none of blue,
green and red. The inventors of the present invention has
found that the insufficiency of chroma or brightness is not so
felt in blue, green and red which are the display colors by a
single color, but the insufficiency of chroma or brightness is
felt in cyan, magenta and yellow which are obtained by an
additive process of two colors of (2) as well as (3), especially
in yellow and white.

In view of this, a vivid and bright display is possible
without increasing the reflectance of the blue, green and red
which are the display colors by a single color, if the device
is constructed such that the reflectance increases upon
displaying the color obtained by the additive process of two
or more colors, especially upon displaying yellow and white.

In the one of the above aspects of the multi-color display
device of the present invention, the helix sense of the
cholesteric liquid crystal of at least one display layer among
multiple display layers containing a cholesteric liquid crystal
each having a different wave band of a selective reflection is
made to be different from those of the cholesteric liquid
crystals of the other display layers as described above. For
example, in the case of laminating blue, green and red
display layers, the helix sense of the cholesteric liquid
crystal of the green display layer is made to be different from
those of the cholesteric liquid crystals of the blue and red
display layers 3. Specifically, the blue, green and red display
layers contain respectively a right-handed, left-handed and
right-handed (or left-handed, right-handed and left-handed)
cholesteric liquid crystals. It is to be noted that the order of
the lamination of blue, green and red display layers does not
matter.

The reflectance thereby increases in the wave band where
the reflective spectra of blue and green, and green and red
overlap with each other, and the peak reflectance reaches
100% to the maximum. Therefore, chroma or brightness is
enhanced upon displaying cyan which is a mixing color of
blue and green, yellow which is a mixing color of green and
red and white which is a mixing color of blue, green and red,
to thereby obtain a vivid and bright multi-color display.

The reflectance does not increase upon displaying a single
color such as blue, green and red, but it is not a problem
since the insufficiency of the chroma and brightness is not
felt so much in these single colors.

The aspect of the multi-color display device increases the
reflectance upon displaying the mixing color in the multi-
color display device using the cholesteric liquid crystal
layer, to thereby solve a problem of insufficient chroma and
brightness which is attributed to a circular dichroism of the
selective reflection of the cholesteric liquid crystal. Further,
the reflectance upon displaying a single color is not changed
while the number of the cholesteric liquid crystal display
layer is the minimum, to thereby be capable of decreasing a
parallax as well as reducing a cost of the device.

In the other aspect of the multi-color display device, the
helix senses of the cholesteric liquid crystals of all the
display layers each containing a cholesteric liquid crystal
layer having a different wave band of a selective reflection
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are the same, and a retardation layer for changing reversely
a circularly polarized light is provided between one display
layer and the other display layer adjacent to that layer.

For example, the display layers have three display layers,
laminated with one another from the observation side or
from the side opposite to the observation side, including a
first green display layer, a second blue or red display layer
and a third red or blue display layer, and the retardation layer
is provided between the first green display layer and the
second blue or red display layer.

Although the helix senses of the cholesteric liquid crystals
of all the display layers are the same, the reflectance thereby
increases at the wave band where the reflective spectra of
blue and green as well as those of green and red overlaps
with each other, like the case in which the helix sense of the
cholesteric liquid crystal of the green display layer is dif-
ferent from those of the cholesteric liquid crystals of the blue
and red display layers as described above, thereby enhancing
chroma or brightness upon displaying yellow that is a
mixing color of green and red and upon displaying white that
is a mixing color of blue, green and red. Consequently, vivid,
bright multi-color display can be obtained.

Further, the number of the cholesteric liquid crystal
display layers is rendered to the minimum with the reflec-
tance upon displaying a single color left as it is, whereby a
parallax can be decreased as well as a cost of the device can
be reduced.

Adapted for the retardation layer is a birefringent material
called a %2 wave plate for rendering a phase difference
between normal light and abnormal light a ¥4 wavelength.

In the other aspect of the multi-color display device, four
display layers each reflecting blue, green, yellow and red in
a color light reflective state are laminated as described above
in not only the multi-color display device using a cholesteric
liquid crystal but also a reflective-type multi-color display
device. Specifically, a display layer reflecting yellow is
added.

The blue, green, yellow and red means herein respectively
a color light belonging to a wave band of 400 to 500 nm, 500
to 600 nm, 550 to 650 nm and 600 to 700 nm.

The display layer in this case is not limited to the one
containing a cholesteric liquid crystal but may be the one
which can be switched between the reflective state for
reflecting a color light in a specified wave band and the
achromatic state in response to the presence or absence or
degree of the external stimulus, i.e., may be a polymer
dispersed liquid crystal made by holographically induced
phase separation. The achromatic state indicates a state not
colored. It is not always transparent, but may have a haze.
Specifically, the achromatic state indicates the focal conic
orientation or homeotropic orientation in case where the
display layer contains the cholesteric liquid crystal.

Some of the above aspects of the multi-color display
device have an advantage of having only three display
layers, but it is a little problematic with respect to the
enhancement of the reflectance upon displaying a mixing
color. Specifically, the reflectance increases depending upon
the overlap of the reflective spectrum. The more the reflec-
tive spectrum increases, the higher the reflectance upon
displaying the mixing color becomes. On the other hand, the
chroma upon displaying the single color can be increased
when the overlap of the reflective spectrum is small.
Therefore, the problem is that the relationship of the trade-
off is established between the enhancement of the reflec-
tance upon displaying the mixing color and the enhancement
of the chroma upon displaying the single color.
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Specifically, for example, the state in which the reflective
spectra of green and red overlap with each other means
respectively that the red component is mixed upon display-
ing green and the green component is mixed upon displaying
red, thereby bringing reduction of the chroma. On the other
hand, the chroma can be enhanced upon displaying the
single color of green and red if the reflective spectra of green
and red are caused not to be overlapped with each other, but
the reflectance cannot be increased upon displaying yellow
which is a mixing color of green and red in this case.

This problem can effectively be solved by one of the
above aspects of the multi-color display device. Even in the
case where the chroma is enhanced upon displaying the
single color of green and red by causing the reflective
spectrums of green and red not to be overlapped with each
other, the reflectance upon displaying yellow or white that is
a mixing color including yellow can be increased by adding
the yellow display layer. Consequently, the chroma or
brightness is enhanced upon displaying yellow and white.

The reflective peak wavelength of green and red is
generally set respectively to 530 to 550 nm and 630 to 650
nm in order to extend a display color area as large as possible
in the reflective-type multi-color display device having the
display layers of blue, green and red laminated with one
another. Accordingly., the wave band of 570 to 600 nm
becomes a valley of the reflective spectrum in the case of
displaying yellow by a mixing color of blue and red or white
by a mixing color to which blue is added. The luminosity is
relatively high in this wave band, so that it is a great factor
for reducing the chroma or brightness.

On the other hand, the aspect of the multi-color display
device to overcome the problem compensates this valley of
the reflective spectrum by adding the yellow display layer
having the reflective peak wavelength of 570 to 600 nm, to
thereby be capable of increase the reflectance upon display-
ing yellow and white.

The wavelength of the reflective spectrum valley varies
between 550 to 650 nm depending upon the peak
wavelength, peak reflectance and the spectrum shape of the
green and red reflective spectra. Therefore, the peak wave-
length of the reflective spectrum of the yellow display layer
is required to be suitably set with respect to this change.
Accordingly, the display layer named “yellow display layer”
may substantially have the appearance of yellowish green or
orange. This case is included in the aspect to overcome the
problem.

The phenomenon that the valley of the reflective spectrum
is positioned in the yellow wave band is seen in not only the
multi-color display device using a cholesteric liquid crystal
but also the reflective-type multi-color device in general.
Accordingly, the aspect to overcome the problem can be
adapted to the case where the display layer is a polymer
dispersed liquid crystal made by holographically induced
phase separation. In this case, the same effect can be
obtained as the case where the display layer contains a
cholesteric liquid crystal.

According to the aspect of the multi-color display device
to overcome the problem, four display layers are enough, so
that the parallax is decreased as well as the cost of the device
can be reduced compared with the conventional case where
the blue, green and red display layers are respectively
formed of two cholesteric liquid crystal layers each having
a different helix sense, i.e., six cholesteric liquid crystal
display layers in total are laminated.

In some of the above aspects, the cholesteric liquid crystal
display layers each sclecting and reflecting blue, green,



US 6,750,928 B2

9

yellow and red are laminated with one another, the helix
senses of the cholesteric liquid crystals of the blue and
yellow display layers are made to be the same and to be
different from those of the cholesteric liquid crystals of the
green and red display layers. Specifically, the blue, green,
yellow and red display layers contain respectively right-
handed, left-handed, right-handed and left-handed (or left-
handed, right-handed, left-handed and right-handed) choles-
teric liquid crystals. The lamination order of blue, green,
yellow and red does not matter.

The yellow display is thereby obtained by bringing the
green, yellow and red display layers into the selective
reflection state. At this time, the reflectance increases at the
wave band where the reflective spectra of green and yellow
or yellow and red overlap with each other because the helix
senses of the cholesteric liquid crystals of the green and
yellow display layers are different from each other as well as
those of the cholesteric liquid crystals of the yellow and red
display layers are different from each other, thereby enhanc-
ing brightness and chroma upon displaying yellow.
Similarly, brightness upon displaying white is enhanced. In
this case, the reflective spectra of green and red are not
required to be overlapped, so that the chroma upon display-
ing green and red can be increased.

The same effect can be obtained in case where the blue
and yellow cholesteric liquid crystal display layers are
laminated at one side of the retardation layer and the green
and red cholesteric liquid crystal display layers are lami-
nated at the other side thereof.

The chroma of red is remarkably deteriorated only when
the green component is mixed therewith. Particularly, the
reflective spectrum of the cholesteric liquid crystal draws
relatively a long foot at the short wavelength side, so that it
is difficult to obtain a red display with high chroma even if
the overlap with the reflective spectrum of green is made
small.

On the other hand, the color filter transmitting a red and
absorbing the other color light is provided in another aspect
of the present invention between the red display layer which
is mounted most remote from the observation side and the
display layer close to the observation side by one layer from
the red display layer, whereby unnecessary component of
short wavelength which is reflected by the red display layer
is cut out to enhance the chroma of red.

This color filter has a cut-off wavelength at the vicinity of
600 nm for transmitting the wavelength longer than the
cut-off wavelength and absorbing the wavelength shorter
than the same. The reflectance of approximately zero in the
entire visible wavelength area at or below the cut-off wave-
length is ideal. However, the reflective strength of the
cholesteric liquid crystal decreases, as it becomes remote
from the peak wavelength, resulting in avoiding a remark-
able inconvenience on practical use even if the absorption of
the wavelength at or below 500 nm is practically weak.
Accordingly, the same effect can be obtained by using a
color filter of magenta instead of the red color filter.

The enhancement of the chroma according to some of the
aspects is effectively shown not only upon displaying red but
also upon displaying magenta. Although the chroma or
brightness upon displaying cyan, yellow and white is
enhanced, the effect of enhancing the chroma cannot be
obtained with respect to magenta that is a mixing color of
blue and red. These aspects supplement this defect to
thereby be capable of enhancing the clearness of the chroma
upon displaying an image with a good balance.

According to some other aspects, the driving voltage is
individually applied for every display layer, to thereby be
capable of reducing the driving voltage.
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It is desirable to laminate the layers in the order of blue,
yellow, green and red from the side for observation. This is
because achromatic white display can be obtained by adding
the spectrum at the wave band of yellow to the bluish white
by the reflection from the blue layer formed at the top side.

BRIEF EXPLANATION OF THE DRAWINGS

In the following description, the same parts are designated
by the same reference numbers throughout the several
drawings:

FIG. 1 is a view showing one example of a multi-color
display device of the present invention;

FIG. 2 is a view showing one example of a multi-color
display device of the present invention;

FIG. 3 is a view showing one example of a multi-color
display device of the present invention;

FIG. 4 is a view showing one example of a multi-color
display device of the present invention;

FIG. § is a view showing one example of a multi-color
display device of the present invention;

FIG. 6 is a view showing a reflective spectrum of a
cholesteric liquid crystal of each color used in the Example;

FIG. 7 is a view showing a change in a transmitting
spectrum of a color filter used in the Example and a change
in a reflective spectrum of a red cholesteric liquid crystal cell
depending upon the presence or absence of the color filter;

FIG. 8 is a view showing a reflective spectrum of the
Examples 1 and 2 and Compared Example upon displaying
yellow;

FIG. 9 is a view showing a reflective spectrum of the
Examples 1 and 2 and Compared Example upon displaying
white;

FIG. 10 is a view showing a reflective spectrum of the
Examples 3 and Compared Example upon displaying yel-
low;

FIG. 11 is a view showing a reflective spectrum of the
Examples 3 and Compared Example upon displaying white;

FIG. 12 is a view showing a reflective spectrum of the
Examples 4 and Compared Example upon displaying yel-
low;

FIG. 13 is a view showing a reflective spectrum of the
Examples 4 and Compared Example upon displaying white;

FIG. 14 is a view showing brightness upon displaying
white and brightness and chroma upon displaying yellow
represented by brightness L* and chroma c* at the chroma-
ticity coordinates L*a*b* in the Examples 1 and 4 and
Compared Example;

FIG. 15 is a view showing a typical cholesteric liquid
crystal display device;

FIGS. 16 A-16C are views for explaining three orientation
states of the cholesteric liquid crystal;

FIG. 17 is a view showing one example of a conventional
multi-color cholesteric liquid crystal display device; and

FIG. 18 is a view showing another example of a conven-
tional multi-color cholesteric liquid crystal display device.

PREFERRED EMBODIMENT OF THE
INVENTION

[First Embodiment]
<First Case (in the Case of Three Layers)>

FIG. 1 shows a first case of the first embodiment. This first
case is one example of the inventions.

In this case, a blue cell 51, a green cell 53 and a red cell
55 are laminated in this order from the side for observation.
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A color filter 43 described later is provided between the
green cell 53 and the red cell 55. Mounted at the back side
of the red cell 55 is a black light-absorbing layer 41. The
blue cell 51 has two transparent substrates 11 and 12 each
provided with transparent electrodes 21 and 22, and a
display layer 31 mounted between the transparent electrodes
11 and 12 and containing a left-handed cholesteric liquid
crystal which selects and reflects blue, while the green cell
53 has two transparent substrates 13 and 14 each provided
with transparent electrodes 23 and 24, and a display layer 33
mounted between the transparent electrodes 13 and 14 and
containing a right-handed cholesteric liquid crystal which
selects and reflects green. Further, the red cell 55 has two
transparent substrates 15 and 16 each provided with trans-
parent electrodes 25 and 26, and a display layer 35 mounted
between the transparent electrodes 15 and 16 and containing
a left-handed cholesteric liquid crystal which selects and
reflects red.

Usable cholesteric liquid crystals of each display layer 31,
33 and 35 are asymmetric carbon compound having meso-
morphism such as a cholesterol derivative, a mixture
obtained by adding a chiral agent to a nematic liquid crystal
compound or the like. The chiral agent is a compound
including a group having an asymmetric carbon such as
2-methylbutyl group.

Further, respective display layers 31, 33 and 35 may be a
polymer dispersed liquid crystal obtained by dispersing a
polymer into a cholesteric liquid crystal, a polymer stabi-
lized liquid crystal wherein a polymer is dispersed, dis-
solved or swelled to be exist in the cholesteric liquid crystal,
or a liquid crystalline polymer having a so-called mesogen
which induces a mesomorphism to the main chain or side
chain of the polymer.

An orientation layer may be disposed so as to be in
contact with respective display layers 31, 33 and 35 for
controlling the orientation state of the cholesteric liquid
crystal.

A color filter 43, which transmits a red and absorbs a light
of a color other than red, can be formed by a known method
on the substrate 15 of the red cell 55 or the substrate 14 of
the green cell 53, i.e., by applying or electrically depositing
a dye or pigment on the substrate 15 or 14, or by dying a
substrate material to be adhered onto the substrate 14 or 15.

Additionally, instead of providing the color filter 43 as the
individual layer separating from the cell, the member com-
posing the cell such as the substrate 15 of the red cell 55, the
electrode 25 thereof, the orientation film thereof between the
electrode 25 and the display layer 35, or the substrate 14 of
the green cell 53, the electrode 24 thereof or the orientation
film thereof between the electrode 24 and the display layer
33 may serve also as the color filter.

It is necessary that the member disposed between the
adjacent display layers such as the substrate, electrode or
orientation film does not disturb the state of the polarized
light. Therefore, the retardation of these members is desir-
ably close to zero.

In this case, the helix sense is different between the
cholesteric liquid crystal of the blue display layer 31 and that
of the green display layer 33 as well as between the
cholesteric liquid crystal of the green display layer 33 and
that of the red display layer 35, whereby the reflectance
increases in the wavelength band where the reflective spec-
trum of blue and that of green are overlapped or the
wavelength band where the reflective spectrum of green and
that of red are overlapped. As a result, chroma or brightness
is enhanced upon displaying cyan, yellow or white, while
unnecessary short wavelength component reflected from the
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red display layer 35 is cut by the color filter 43, to thereby
enhance the chroma of red and magenta.

Moreover, the number of the cholesteric liquid crystal
display layer is the minimum, whereby a parallax is
decreased as well as a cost of the apparatus can be reduced.
Further, a driving voltage is individually applied for every
display layer, thereby being capable of lowering the driving
voltage.
<Second Case (in the Case of Four Layers)>

FIG. 2 shows a second case of the first embodiment.

In this case, the blue cell 51, the green cell 53, a yellow
cell 57 and the red cell 55 are laminated in this order from
the side for observation. The color filter 43 is provided
between the yellow cell 57 and the red cell 55. Mounted at
the back side of the red cell 55 is the light-absorbing layer
41. The display layer 31 of the blue cell 51 contains a
cholesteric right-handed liquid crystal, the display layer 33
of the green cell 53 contains a cholesteric left-handed liquid
crystal, a display layer 37 of the yellow cell §7 contains a
cholesteric right-handed liquid crystal and the display layer
35 of the red cell 55 contains a cholesteric left-handed liquid
crystal. The yellow cell 57 has also two transparent sub-
strates 17 and 18 each provided with transparent electrodes
27 and 28, and a display layer 37 is mounted between the
transparent substrates 17 and 18.

Since the yellow display layer 37 exists in this case,
reflectance in the yellow wavelength band increases.
Additionally, the helix sense is different between the blue
display layer 31 and the green display layer 33, the green
display layer 33 and the yellow display layer 37 and the
yellow display layer 37 and the red display layer 35, to
thereby increase the reflectance in the wavelength band
where the reflective spectrum of blue and green are
overlapped, where the reflective spectrum of green and
yellow are overlapped and where the reflective spectrum of
yellow and red are overlapped. Consequently, chroma or
brightness is enhanced upon displaying cyan, yellow or
white, especially upon displaying yellow and white. Further,
unnecessary short wavelength component reflected from the
red display layer 35 is cut by the color filter 43, to thereby
enhance the chroma of red and magenta.

Further, the cholesteric liquid crystal display layer has
four layers, so that the parallax is decreased as well as the
cost of the apparatus can be reduced, compared with the
conventional case in which the cholesteric liquid crystal
display layer has six layers where the respective display
layers of blue, green and red is formed by two cholesteric
liquid crystal layers each having different helix sense.
Further, a driving voltage is individually applied for every
display layer, thereby being capable of lowering the driving
voltage.
<Other Case of the First Embodiment>

The first embodiment is not limited to the cases shown in
FIGS. 1 and 2. For example, the helix sense of the choles-
teric liquid crystal of the green display layer is made
different from that of the red display layer, and the color
filter is provided between the green display layer and the red
display layer. Then, the green cell and the red cell are
laminated to form a multi-color display device displaying
green, red and yellow which is a mixing color of both green
and red.

In this case, the reflectance increases in the wavelength
band where the reflective spectrum of green overlaps with
that of red, so that the chroma or brightness is enhanced
upon displaying yellow. Further, unnecessary short wave-
length component reflected from the red display layer is cut
by the color filter upon displaying red, to thereby enhance
chroma of red.
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[Second Embodiment]

An example of the invention is shown as the second
embodiment of the present invention.
<First Case (in the Case of Three Layers)>

FIG. 3 shows a first case of the second embodiment.

In this case, the green cell 53, the blue cell 51, and the red
cell 55 are laminated in this order from the side for obser-
vation. A retardation layer 45 described later is provided
between the green cell 53 and the blue cell 51, while the
color filter 43 is provided between the blue cell 51 and the
red cell 55. Mounted at the back side of the red cell 55 is the
light-absorbing layer 41. The respective cholesteric liquid
crystals of the display layer 33 of the green cell 53, the
display layer 31 of the blue cell 51 and the display layer 35
of the red cell 55 are formed to have the same helix sense,
i.e., left-handed direction.

The retardation layer 45, that changes the direction of a
circularly polarized light in the reverse direction, uses a
birefringent member called a %2 wave plate in which a phase
difference between the ordinary light and extraordinary light
becomes a ¥ wavelength. Usable birefringent members are
birefringent crystal such as a mica or rock crystal, or a
polymer film in which a polymer such as polyester, polyvi-
nyl alcohol, polycarbonate, polyethersulfone or the like is
drawn to form a molecular orientation.

Additionally, instead of providing the retardation layer 45
as the individual layer separating from the cell, the member
composing the cell such as the substrate 14 of the green cell
53, the electrode 24 thercof, the orientation film thereof
between the electrode 24 and the display layer 33, or the
substrate 11 of the blue cell 51, the electrode 21 thereof or
the orientation film thereof between the electrode 21 and the
display layer 31 may be a birefringent member for serving
also as the retardation layer.

In this case, the same effect can be obtained as that
obtained in the case shown in FIG. 1 where the helix sense
of the cholesteric liquid crystal of the green display layer 33
is different from those of the cholesteric liquid crystals of the
blue display layer 31 and the red display layer 35.
<Second Case (in the Case of Four Layers)>

FIG. 4 shows a second case of the second embodiment.

In this case, the blue cell 51, the yellow cell 57, the green
cell 53 and the red cell 55 are laminated in this order from
the side for observation. The retardation layer 45 is provided
between the yellow cell 57 and the green cell 53, while the
color filter 43 is provided between the green cell 53 and the
red cell 55. Mounted at the back side of the red cell 55 is the
light-absorbing layer 41. The respective cholesteric liquid
crystals of the display layer 31 of the blue cell 51, the display
layer 33 of the green cell 53 and the display layer 35 of the
red cell 55 are formed to have the same helix sense, i.c.
left-handed direction.

In this case, the same effect can be obtained as that
obtained in the case shown in FIG. 2 where the helix senses
of the cholesteric liquid crystals of the blue display layer 31
and the yellow display layer 37 are different from those of
the cholesteric liquid crystals of the green display layer 31
and the red display layer 35.
<Other Case of the Second Embodiment>

The second embodiment is not limited to the cases shown
in FIGS. 3 and 4. For example, the helix sense of the
cholesteric liquid crystal of the green display layer coincides
with that of the red display layer, and the retardation layer
and color filter are provided between the green display layer
and the red display layer. Then, the green cell and the red cell
are laminated to form a multi-color display device display-
ing green, red and yellow which is a mixing color of both
green and red.
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In this case, the same effect can be obtained as that
obtained by the other case of the first embodiment.
[Third Embodiment]

FIG. 5 shows the third embodiment of the present inven-
tion.

In this case, the blue cell 51, the green cell 33, the yellow
cell 57, and the red cell 55 are laminated in this order from
the side for observation by the same manner as the case of
FIG. 2. The color filter 43 is provided between the yellow
cell 57 and the red cell 55, while the light-absorbing layer 41
is mounted at the back side of the red cell 55.

The respective display layers, i.e., the blue display layer
31, green display layer 33, yellow display layer 37 and red
display layer 35, may be those that can be switched between
the condition for each reflecting blue, green, yellow or red
and the achromatic condition. For example, a polymer
dispersed liquid crystal made by a holographically induced
phase separation can be utilized. Further, it is possible that
each of the display layers 31, 33, 37 and 35 are made to have
a cholesteric liquid crystal each selecting and reflecting blue,
green, yellow and red as well as each having the same helix
sense, 1.€., left-handed direction. The form birefringence of
each substrate 12, 13, 14, 17, 18 and 15 is not necessarily
Zero.

In this case, the yellow display layer 37 exists, whereby
the reflectance increases in the wavelength band of yellow.
Therefore, chroma or brightness is enhanced upon display-
ing yellow or white, while unnecessary short wavelength
component reflected from the red display layer 35 is cut by
the color filter 43 upon displaying red or magenta, to thereby
enhance the chroma of red or magenta.

Further, there are four display layers, so that the parallax
is decreased as well as the cost of the apparatus can be
reduced like the cases of FIG. 2 and FIG. 4. Further, a
driving voltage is individually applied for every display
layer, thereby being capable of lowering the driving voltage.

EXAMPLE

A multi-color display device of this invention is actually
manufactured and its display characteristics are measured as
described later.

A mixing chiral agent obtained by mixing a chiral additive
S-811 and S-1011, both manufactured by Merck Japan Ltd.,
in the weight proportion of 4:1 was added to a nematic liquid
crystal E44 manufactured by Merck Japan Ltd. in 22.7 wt.
%, 19.4 wt. %, 18.2 wt. % and 16.2 wt % respectively to
adjust each of left-handed cholesteric liquid crystals of blue,
green, yellow and red. Similarly, each of right-handed
cholesteric liquid crystals of blue, green, yellow and red was
adjusted by using a mixing chiral agent obtained by mixing
a chiral additive R-811 and R-1011, both manufactured by
Merck Japan Ltd. in the weight proportion of 4:1. Approxi-
mately same selective reflection spectrum was obtained with
respect to the right-handed and left-handed cholesteric liquid
crystals in which each of the density of the chiral agent was
equivalent to each other.

FIG. 6 shows a reflective spectrum of the adjusted blue,
green, yellow and red cholesteric liquid crystals.

Subsequently, two glass substrates each provided with
ITO (Indium Tin Oxide) transparent electrode and each
having a thickness of 150 microns were adhered with each
other having a space of 5 micron therebetween for forming
a cell. The above-mentioned respective cholesteric liquid
crystals were injected to form eight kinds in total of the
cholesteric liquid crystal cells, i.e., right-handed blue, green,
yellow and red cholesteric liquid crystal cells and left-
handed blue, green, yellow and red cholesteric liquid crystal
cells.
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A red paint was applied on the surface of the red choles-
teric liquid crystal cell for forming a red color filter. Used as
the red paint was the one obtained by dissolving 0.5 wt. %
of ared dye PCred3P (manufactured by Nippon Kayaku Co.,
Ltd.) in 10 wt. % of a polyvinyl alcohol solution.

FIG. 7 shows a change in a transmitting spectrum of the
red color filter and in the reflective spectrum of the red
cholesteric liquid crystal cell depending upon the presence
or absence of the red color filter. The used red dye slightly
transmits the color light of 500 nm or below, so that this red
dye appears a red tinged with magenta. The formed red color
filter has a steep cut-off wavelength at 600 nm. Therefore,
the foot of the reflective spectrum of the red cholesteric
liquid crystal at the short wavelength is cut to thereby
enhance chroma.

When the chroma c*(=v(a*?+b*?) at the chromaticity
coordinate of L*a*b* from the reflective spectrum measured
by using a spectrophotometer CM2022 manufactured by
Minolta Co., Ltd., the value of ¢* was 56.3 in the case where
the red color filter was absent while the value of c* was
improved to 74.1 by providing the red color filter. The red
cholesteric liquid crystal cell provided with the red color
filter was used in the following Example as long as a special
notice was not given.

Example 1

Case of FIG. 2

Among the eight kinds of cholesteric liquid crystal cells,
the red left-handed cell, yellow right-handed cell, green
left-handed cell and blue right-handed cell were selected,
and these selected cells were adhered with one another in
this order from the bottom via an ultraviolet curing resin.
The surface of the red cholesteric liquid crystal cell having
thereon the red color filter was adhered onto the yellow
cholesteric liquid crystal cell. Finally, a black paint was
applied on the bottom surface of the red cholesteric liquid
crystal cell to form a light absorbing layer, whereby the
multi-color display device shown in FIG. 2 was manufac-
tured.

The cell of each color could be rendered into a reflective
state by applying a rectangular wave of 100 Hz and 50V in
200 ms between two electrodes, as well as into an achro-
matic state by applying a rectangular wave of 25V in 200
ms. The displays of red, green, blue, cyan, magenta, yellow,
white and black can be obtained by a combination of the
voltage applied to the cells of four colors. Specifically, each
display of red, green and blue could be obtained by bringing
one of the red, green and blue cells into a reflective state as
well as bringing the other two cells and yellow cell into an
achromatic state. Further, each display of magenta, cyan and
yellow was obtained by bringing red and blue cells, blue and
green cells, and green, yellow and red cells respectively into
a reflective state as well as bringing the other cells into an
achromatic state. Moreover, the display of white was
obtained by bringing all of the cells into a reflective state,
while the display of black was obtained by bringing all of the
cells into an achromatic state.

Example 2

Case of FIG. 5

Among the eight kinds of cholesteric liquid crystal cells,
the red left-handed cell, yellow left-handed cell, green
left-handed cell and blue left-handed cell were selected, and
these selected cells were adhered with one another in this
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order from the bottom via an ultraviolet curing resin. The
surface of the red cholesteric liquid crystal cell having
thereon the red color filter was adhered onto the yellow
cholesteric liquid crystal cell. Finally, a black paint was
applied on the bottom surface of the red cholesteric liquid
crystal cell to form a light absorbing layer, whereby the
multi-color display device shown in FIG. 5 was manufac-
tured. All of the cholesteric liquid cells had the same helix
senses, which was different from the Example 1.

Example 3

Case of FIG. 4

Among the eight kinds of cholesteric liquid crystal cells,
the red left-handed cell, green left-handed cell, yellow
left-handed cell, and blue left-handed cell were selected.
Firstly, the green cholesteric liquid crystal cell was adhered
onto the surface of the red cholesteric liquid crystal cell
having thereon the red color filter via an ultraviolet curing
resin. Subsequently, a % wave plate (retardation layer)
containing a cellulose film having a phase difference of 285
nm was attached on the green cholesteric liquid crystal cell.
Next, the yellow and blue cholesteric liquid crystal cells
were adhered onto the % wave plate in this order via an
ultraviolet curing resin. Finally, a black paint was applied on
the bottom surface of the red cholesteric liquid crystal cell
to form a light-absorbing layer, whereby the multi-color
display device shown in FIG. 4 was manufactured. The
different points from the Example 2 were that the laminating
order of the yellow and green cholesteric liquid crystal cells
were switched and the % wave plate was inserted therebe-
tween.

Example 4

Case of FIG. 1

Among the eight kinds of cholesteric liquid crystal cells,
the red left-handed cell, green right-handed cell and blue
left-handed cell were selected, and these selected cells were
adhered with one another in this order from the bottom via
an ultraviolet curing resin. The surface of the red cholesteric
liquid crystal cell having thereon the red color filter was
adhered onto the green cholesteric liquid crystal cell.
Finally, a black paint was applied on the bottom surface of
the red cholesteric liquid crystal cell to form a light absorb-
ing layer, whereby the multi-color display device shown in
FIG. 1 was manufactured.

Compared Example

Among the eight kinds of cholesteric liquid crystal cells,
the red left-handed cell, green left-handed cell and blue
left-handed cell were selected, and these selected cells were
adhered with one another in this order from the bottom via
an ultraviolet curing resin for comparison. The surface of the
red cholesteric liquid crystal cell having therecon the red
color filter was adhered onto the green cholesteric liquid
crystal cell. Finally, a black paint was applied on the bottom
surface of the red cholesteric liquid crystal cell to form a
light-absorbing layer, whereby a conventional multi-color
display device shown in FIG. 17 was manufactured.
<Measurement and Evaluation>

The reflective spectra of Examples 1 to 4 and Compared
Example were measured by using a spectrophotometer
CM2022 manufactured by Minolta Co., Ltd. for evaluation
of chroma or brightness upon displaying yellow and white
which evaluation was conventionally a great subject.
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FIG. 8 and FIG. 9 show respectively the reflective spectra
of Examples 1 and 2 and Compared Example upon display-
ing vellow and white respectively. The valley in the vicinity
of 590 nm appeared in the reflective spectrum of the
Compared Example was not observed in the Examples 1 and
2 in either case of displaying the yellow and white. It was
confirmed that the reflective spectrum in this wave band
increased in the Examples 1 and 2. In particular, the peak
reflectance was remarkably improved in the Example 1
compared with the Compared Example and Example 2.

FIG. 14 shows the brightness upon displaying white and
the brightness and chroma upon displaying yellow repre-
sented by the brightness L* and chroma c* (=vV(a**+b*?)) at
the chromaticity coordinates [L.*a*b* based upon the mea-
sured data. A great improvement was observed in the
Example 1 compared with the Compared Example, i.c., the
brightness of white increased by 20.5, the brightness of
yellow increased 24.2 and the chroma of yellow increased
by 22.8 compared with the Compared Example. The
improvement was observed in the Example 2 compared with
the Compared Example such that the brightness of white
increased by 7.3, the brightness of yellow increased 9.7 and
the chroma of yellow increased by 11.3 compared with the
Compared Example.

FIGS. 10 and 11 show respectively the reflective spectra
of the Example 3 and the Compared Example in either case
of displaying yellow and white. A remarkable increase at the
peak reflectance was observed in the Example 3 compared
with the Compared Example. In the Example 3, the helix
senses of all the cholesteric liquid cells were the same, but
the red and green cholesteric liquid crystal cells were
disposed at one side of the ¥ wave plate (retardation layer)
and the yellow and blue cholesteric liquid crystal cells were
disposed at the other side thereof. Therefore, the same effect
was confirmed to be obtained as the Example 1 in which the
helix senses of the red and green cholesteric liquid crystal
cells were different from those of the yellow and blue
cholesteric liquid crystal cells.

As shown in FIG. 14, a great improvement was not
observed in the chroma of yellow, but was observed in the
brightness of white by 19.3 and brightness of yellow by 23.7
in the Example 3 compared with the Compared Example.

FIGS. 12 and 13 show respectively the reflective spectra
of the Example 4 and the Compared Example in either case
of displaying yellow and white. It was confirmed that, upon
displaying white in the Example 4, the reflectance increased
at the band in the vicinity of 480 nm where the reflective
spectra of blue and green were overlapped with each other.
Accordingly, the reflectance is expected to increase upon
displaying cyan that is a mixing color of blue and green.
However, the increase of the reflectance was not observed in
either case of displaying yellow and white, compared with
the Compared Example, at the band in the vicinity of 580 nm
where the reflective spectra of green and red were over-
lapped with each other.

As shown in FIG. 14, a great improvement was not
observed in the chroma or brightness of yellow, but a slight
improvement was observed in the brightness of white in the
Example 4 compared with the Compared Example.

[Other Embodiment]

The above-mentioned example is the case for firstly
forming a cell between a pair of substrates each provided
with an electrode and for secondly adhering the cell by the
number of the display colors to obtain a multi-color display
device. However, the manufacturing method of the multi-
color display device is not limited thereto. Specifically, a
various method can be adapted such as the method of
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repeating a process of applying the cholesteric liquid crystal
on the substrate provided with the electrode, and then, of
laminating thercon the other substrate provided with the
other electrode, or a method in which multiple substrates
each provided with an electrode are overlaid with one
another having a predetermined space therebetween to form
a multilayered empty cells, and then, a cholesteric liquid
crystal is injected into each cell. Although the laminating
order of the liquid crystal layer is arbitrary, it is desirable to
laminate the layers, in the order of blue, yellow, green and
red from the side for observation. This is because achromatic
white display can be obtained by adding the spectrum at the
wave band of yellow to the bluish white by the reflection
from the blue layer formed at the top side.

As for the method for switching each display layer
between the reflective state and the achromatic state, all
display layers may be laminated to be formed between a pair
of electrodes and the difference with respect to these elec-
trolytic response, i.e., the difference in the threshold electric
field of the change in the orientation state, the difference in
the positive or negative of the anisotropy of the permittivity
or the like may be utilized for switching each display layer
between the reflective state and the achromatic state, instead
of forming each display layer between a pair of electrode
respectively for applying individually a driving voltage
thereto as shown in FIGS. 1 to 5.

Further, each display layer may be switched between the
reflective state and the achromatic state in response to the
external stimulus such as heat, magnetic force, light, stress
or the like, not being limited to voltage or electric field.

As described above, the problem of lacking chroma and
brightness attributed to a circular dichroism in the selective
reflection of the cholesteric liquid crystal can be solved
according to the present invention in the multi-color display
device using a cholesteric liquid crystal by using less display
layers in the state where the parallax is decreased as well as
where the cost of the device is reduced, allowing to obtain
a vivid, bright multi-color display device.

Further, according to the present invention, vivid and
bright display can be obtained by using less display layers in
the state where the parallax is decreased as well as where the
cost of the device is reduced in not only the multi-color
display device using a cholesteric liquid crystal but also a
reflective-type multi-color display device.

What is claimed is:

1. A multi-color display layer comprising four display
layers laminated with one another, the four display layers
each being capable of varying a state for reflecting each of
blue, green, yellow and red, respectively, or an achromatic
state depending upon an external stimulus.

2. The multi-color display device according to claim 1,
wherein the four display layers are laminated in the order of
blue, yellow, green and red from the side for observation.

3. The multi-color display device according to claim 1,
wherein the display layer most remote from the observation
side is a display layer reflecting red, and a color filter which
transmits red and absorbs a light of the other colors is
provided between the display layer reflecting red and a
display layer close to the observation side by one layer from
the display layer reflecting red.

4. The multi-color display device according to claim 1,
wherein each of the plurality of display layers is provided
between a pair of electrodes and a driving voltage is indi-
vidually applied to every display layer.

5. A multi-color display device comprising a plurality of
display layers laminated with one another, the display layers
each comprising a cholesteric liquid crystal layer and each
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having a different wave band of a selective reflection,
wherein a helix sense of a cholesteric liquid crystal of at
least one display layer is different from those of cholesteric
liquid crystals of the other display layers, wherein the
display layer most remote from the observation side is a
display layer reflecting red, and a color filter which transmits
red and absorbs a light of the other colors is provided
between the display layer reflecting red and a display layer
close to the observation side by one layer from the display
layer reflecting red.

6. A multi-color display device comprising a plurality of
display layers laminated with one another, the display layers
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each comprising a cholesteric liquid crystal layer and each
having a different wave band of a selective reflection,
wherein a helix sense of a cholesteric liquid crystal of at
least one display layer is different from those of cholesteric
liquid crystals of the other display layers, wherein each of
the plurality of display layers is provided between a pair of
electrodes and a driving voltage is individually applied to
every display layer.
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