a2 United States Patent

Okamoto et al.

US007092052B2

US 7,092,052 B2
Aug. 15, 2006

(10) Patent No.:
(45) Date of Patent:

(54)

(75)

(73)

*)

1)
22)

(65)

(62)

(30)

Apr. 23, 1997

(1)

(52)
(58)

REFLECTIVE LIQUID CRYSTAL DISPLAY
DEVICE AND REFLECTIVE LIQUID
CRYSTAL DISPLAY DEVICE
INCORPORATING TOUCH PANEL
ARRANGED THEREFROM

Inventors: Masayuki Okamoto, Kashiwa (IP);
Seiichi Mitsui, Kashiwa (JP); Takashi
Satoh, Tenri (JP)

Assignee: Sharp Kabushiki Kaisha, Osaka (JP)

Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 11/155,564

Filed: Jun. 20, 2005

Prior Publication Data

US 2005/0248698 A1~ Nov. 10, 2005

Related U.S. Application Data

Division of application No. 10/804,109, filed on Mar.
19, 2004, now Pat. No. 6,922,220, which is a division
of application No. 09/403,487, filed as application
No. PCT/IP98/01348 on Mar. 26, 1998, now Pat. No.
6,791,640.

Foreign Application Priority Data
(TP) 9-105518

Int. Cl.

GO2F 1/1335 (2006.01)

US. Cl et 349/113; 349/119

Field of Classification Search ............... 349/113,
349/117, 119, 96, 97, 98

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS
3,960,438 A 6/1976 Bonne
4,701,028 A 10/1987 Clerc et al.
4,767,190 A 8/1988 Dir et al.
5,105,289 A 4/1992 Sonehara et al.
5,220444 A 6/1993 Mitsui et al.
(Continued)
FOREIGN PATENT DOCUMENTS
EP 0 079 044 5/1983
(Continued)
OTHER PUBLICATIONS

Wei, Chung-Kuang et al., Proceedings of the Fourth Asian
Symposium on Information Display (ASID), pp. 25-28
(1997)—A 10.4-In Reflective Type TFI-LCD Using
Mixed-Mode Twisted Nematics”.

(Continued)

Primary Examiner—Andrew Schechter

Assistant Examiner—David Chung

(74) Attorney, Agent, or Firm—Birch, Stewart, Kolasch &
Birch, LLP

7) ABSTRACT

A reflective color liquid crystal display device with a liquid
crystal layer sandwiched between a first substrate having a
light reflectibility and a second substrate having a light
transmissibility. The liquid crystal layer being composed of
twist-aligned nematic liquid crystal having a positive dielec-
tric anisotropy. A circularly polarizing unit, including a
single linear polarizer plate, selectively passes either right
handed or left handed circularly polarized light out of
natural light. The circularly polarizing unit is disposed so
that a major surface of the circularly polarizing unit is on a
liquid crystal layer side, the circularly polarized light exiting
the circularly polarizing unit through the major surface when
natural light enters the circularly polarizing unit. Various
parameters of the liquid crystal layer are optimized for a
liquid crystal layer having a twist angle in the range of 0° to
100°.

6 Claims, 31 Drawing Sheets

210
L 2 v = Ll LA~ 100
B QR
4
77 ~6
LI TITII ISR SR N
—_—————
—_——
[ 1
[l 1
(=]
(=]
-]
IR AR AL R S
SITTIOIIIIIIIIIIITS L7 AT

~—5




US 7,092,052 B2

Page 2
U.S. PATENT DOCUMENTS Jp 5127822 5/1993
P 05-0323371 A 12/1993

5,361,151 A 11/1994 Sonehara et al. P 611711 1/1994
5,490,003 A 2/1996 Van Sprang P 06-059258 3/1994
5,519,523 A 5/1996 Makokoro et al. P 6167708 6/1994
5,684,551 A 11/1997 Nakamura et al. ; /
5,691,791 A 11/1997 Nakamura et al. P 08093071 A 471996
5847780 A 12/1998 Nakamura et al. P 08-220533 A 8/1996
6091477 A 7/2000 Kwok et al. P 09-080426 311997
6,108,064 A $/2000 Minoura ef al. WO WO-97/15255 A 5/1997
6,175,399 B1* 1/2001 Mitsui et al. ............... 349/113
6,281,952 Bl 8/2001 Okamoto et al. OTHER PUBLICATIONS
g’gzg’égg E} ggggi EUEO tetlal. A. Yariv etal., 1984, pp. 62-63, John Wiley & Sons, “Optical
362, 2 Ttoh et al. . »
6,469,768 BL* 10/2002 1.€e erovrorrroverererrrrr. 30177 Waves in Crystals.” - .
6,542,210 Bl 4/2003 Wu Self-Compensated Twisted Nematic Mode for Reflective
6,563,554 Bl 5/2003 Okamoto Light Valves.”
6,580,484 Bl 6/2003 Okamoto Wu et al., Appl. Phys. Lett 68 (11), Mar. 11, 1996, pp.
6,778,288 Bl 8/2004 Ogaki et al. 1455-1457, “Mixed-Mode Twisted Nematic Liquid Crystal

FOREIGN PATENT DOCUMENTS

0522620
0 576 303
0811870
0840160
1477478
5548733
56-19610 B2
01-118805 A
02-042406 A
02-197816 A
2236523
03-033719 A
03-223715 A
4116515
05-100114 A

1/1993
12/1993
12/1997

5/1998

6/1977

4/1980

5/1981

5/1989

2/1990

8/1990

9/1990

2/1991
10/1991

4/1992

4/1993

Cells for Reflective Displays.”

S. Palmer, Applied Optics, vol. 36, No. 10, Apr. 1, 1997, pp.
2094-2100, “Liquid-Crystal Cell with a Wide Viewing
Angle and a High Cell Contrast.”

E. Beynon et al., 1997 SID, L-34-L37 “Single Polariser
Reflective Twisted Nematics.”

Hirakata et al., SID 1995 Digest, P-49, pp. 563-566, “A
High-Contrast Wide-Viewing Angle Low-Twisted Nematic
LCD Mode.”

Pancharatnam, S. Proceedings of the Indian Academy of

Science, vol. XLI, No. 4, Sec. A, pp. 130-144
(1955)—“Achromatic ~ Combinations of Birefringent
Plates™.

* cited by examiner



U.S. Patent Aug. 15,2006  Sheet 1 of 31 US 7,092,052 B2

FIG.1

L L L L L L L L L A6
SUOVNONVNONONNANANNNNNNNANNNC 9

| mm——-

| —
L —
o
o

L\ :

SOOI RN NI NIRRT NS NSNS NN 3
LSS LA~ T

~—b




U.S. Patent Aug. 15,2006  Sheet 2 of 31 US 7,092,052 B2

FIG.2

13

12

61 62



US 7,092,052 B2

Sheet 3 of 31

Aug. 15, 2006

U.S. Patent

F16.3

065 1LV {(wu)puw
283388 2 S 8288888888883 g
AN A el
1
N
P4 =
/ ] ]
4 e SRR NA
"/ A ~ N
A A0 ey \
\\N R /z
277 Rl \
A A X V//% %7//,/ A@///Mﬁ \
[ DN 1N \
1Y/ N S MR \
/Y SN \
\\ / /) // AR
/] AN // = AT
REEYY NN A AT RN

0 10 20 30 40 50 60 70 80 50 100 110 120 130 140 150 160170180

TWIST ANGLE (°)

1o-od
Z0-tro0
£o-zoO

vo-go0

so-7o00
9'0-s00
L0-900
80-L0R
eo0-go2

1-6'0822




U.S. Patent Aug. 15,2006  Sheet 4 of 31 US 7,092,052 B2

FIG.4 oo
IR7 490

~. N N N D] UAK2 180
N N NERNDBNANR.ZZ7 o
WEh \\ N SBN A N \\ VA4 460
S SIAN 450

N
NS 1/

i/

4

N

N

N
R ERRRARNR

TN HRNNR

N
% ANAN N 430
7 3 = 420

N N

% A, N\ \ x\&ggg

N
N
N

N
N
N

370
360

340

N
"
L1

290

\ 270

260
250
240
7 ! 230

R
R
bt
-

and(nm) AT 550nm

\
SRR
N
P~
~
o

N
N
NN
A
AN
N
N
bt
o

N
AN
\\\
s
a
o

N
"
\‘\
—
b~
[aw]

NN
R
N
N
N
N
N
N

N
Ay
~N
-~
~
Q

A

°110
120
130
140
150
16
170




o~
=)
w wuQGs IV (wu)puy eto-1rod
- OO0 O00O0R0 0000000 00000000000 CO0 sro-¢gl-o0O
! 325523555580 BRan SR RenBEIRRR8R8R8R388282gpan0000 LL0-s100)
< i . =adERNERES i 08l 6L0-,100)
- w ailiz4a® — 7 oLl tzo-s1003
= ¢ Gt - 4% osl £20~-1200]
& PamP P 7 7% sz0-£2'00
O e o P ot Fa o \\\ \\‘ \.\ om—‘ O . D
v PN 2 " o~ £ Prrred A (L ..mN.D
m paill V. A A . \\\\\“\\\ A (o)/4] 620-L2082
. 7 Z AAALA LT i
m 7 P = \\\ AXY \S\\\“ ottL LEO-62 ON
M “u\ \\ ‘\ L\ \U A \_\\\\\\ '’ \\\ A £E£°0- FM.D&
pm b4 - s ] A ¥ _\\ P . \\\\\““\ \“\\\.\w Z ozl o mMOImmnv“
- L | A 2774084 \\ . ALY, % oLt H Le0-se 00
- M 5 ,\;\\\\ \\ . V A7) 00l ] 6£°0~-£E000
® — O'S" 9" A A A /.77 7 257, (O] . .
2 o A 4 .4 LOLGAY % DY 7Y Z |lvo-6e00
= m s ] V.84ViD &) B9 GG YLD YL 06 < levo-1y00)
A / p, / YA XBA A AN : :
S V.yar P Darin4 LAY \x\\ \“\\\\\\ og ‘- |s70-£500]
y LA 7 . .
> A y, A Ve v L \Y 7 “k“\\ \“\“\ / \V\\ oL m Ly0-sy00
& [ > - b \\ L A ] m .O -
S S / A _\ 7% XA — “0-L%001
= O / 44 Z GLAL Y U0 03 15'0-67001
- P . ) d 7% GUULL LY, 477 7 .
v < |4 / ry LY Z 7 77 0% €so0-ts00
— = V¥ \J 7 Sy G227
&b o \\ 2 7 A =1 OIMmOD
= o V. 2.9 P o 7 7 0% .
« x 4 A% 4 N ts0-sso0d
© H N 4 - A= N /427 V1> 650-2500]
M, - e N /] 0 —
w & i #LP=RRY ZS=EQAAR 25 %% 0z t50-6500)
S o f 7T TR AN A A4 oL £90-1500]
[3Y] A 4 \s \ 17/ v&\ - .
= = I siAN X iHt7 NVINIZ7:% 475 %% S90-£500]
L 0 £S0-5900
69°0-,9'001

U.S. Patent



US 7,092,052 B2

Sheet 6 of 31

Aug. 15, 2006

U.S. Patent

FIG. 6

CIE1931 CHROMATICITY COORDINATE y ({LIGHT SOURCE Dgs)

wupss Ly (wu)puw

OO 000000000000 000000000 [elefolololoYaYaToy ol
872 e3R8 seRaE BeIn e B R E R oR <8R eRE RR283328R38 0
pdydrd [l
A T A"
WA V1AL =
LAV ATV 0 S %9 47
v, . ’
7.8 a4
\ N \\.\\\ P Vi \\\\\\\ \ v Ve
VXA LA / P4 7
ZiW /X A A b LV VI/ %7
AN VYA, AV.o4 pd AN
YAV XL/ ) 7 A YIS 40 % 254
y 94 ADA4V.Vi 0%
) A A /4 A~
Y / A /. A/ AN A 4|
/Y 1! A /7 4 4 527 A
y L1 A A7 A / 4 AR A .
/ L A7 vy y p yA X A4
y 1 > Y £ 4 Vs Vs XX A X A7,
A Y/ N/ pd y AW XX AN A
Y/  / F.RVAV.. o 7
—r / i AW S 7, LR, 2%
f, / Pi PN, AR
P4V @ o84 A NN A A Z%
Y Vy 1V 4% 7 7 70
\ 11881 TAZ GH%7 25 %%
20D y Z %4797
4 vy [irA's, ; 4% XX
/ /Y K o XX
/ i I ~L Y 7 7Y
/ Ji 71~ Y.l
] Z / y ! A A BN FAERUN
iy it/ /] Y AT NANN WANAY
! V I V At N \ 7
7 ] fi A\ \ A
I It 7 oy

o
o8l

oLL
03
05l
oyt
otl
ozl

oLt
0oL

06
08
0L
09
0¢s
07
(0]
02
ol

TWIST ANGLE (°)

Zlo-tod
sL0-zloO
si'o-vL001
aL0-910

Zo-¢L00d

Zz'0-z00
yZzo-zz ol
8z 0-%zol
82'0-92000

£0-970K2

Ze'0-c08
7€0-2808
9£0-%¢ 082
8£0-9£ 0

y0-BE0DO

Z70~v 00}
770-2% 001
9%70-494 0]
870-95001

so0-gvo0]

Zso-sold
¥50-2¢00
56°0-95 0]
850-95001

90-8500

Z90-s001
790-29001
990-4900
89'0-9900

£0-89'001




U.S. Patent Aug. 15,2006  Sheet 7 of 31 US 7,092,052 B2

FIG.7

SATISFACTORY WHITE BALANCE AND REFLECTANCE
OBTAINABLE IN SHADED AREA
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REFLECTIVE LIQUID CRYSTAL DISPLAY
DEVICE AND REFLECTIVE LIQUID
CRYSTAL DISPLAY DEVICE
INCORPORATING TOUCH PANEL
ARRANGED THEREFROM

This application is a Divisional of application Ser. No.
10/804,109, filed on Mar. 19, 2004 now U.S. Pat. No.
6,922,220, which is a Divisional of application Ser. No.
09/403,487 filed on Oct. 22, 1999 now U.S. Pat. No.
6,791,640 and for which priority is claimed under 35 U.S.C.
§120. Application Ser. No. 09/403,487 is the national phase
of PCT International Application No. PCT/JP98/01348 filed
on Mar. 26, 1998 under 35 U.S.C. §371. The entire contents
of each of the above-identified applications are hereby
incorporated by reference. This application also claims
priority of Application No. 9-105518 filed in Japan on Apr.
23, 1997 under 35 U.S.C. §119.

TECHNICAL FIELD

The present invention relates to reflective liquid crystal
display devices for direct view application used in word-
processors, laptop personal computers, and other office
machinery, as well as in a variety of visual and game
machines, without a need for a backlight, and also relates to
such reflective liquid crystal display devices incorporating a
touch panel arranged therefrom.

BACKGROUND ART

Liquid crystal display devices, being characterized by
their thinness and light weight, have successfully found
commercial applications as color display devices. Among
these color liquid crystal display devices, transmissive liquid
crystal display devices provided with a light source for
illumination from behind are in particularly widespread use,
and are adopted for an increasingly wider variety of appli-
cations because of the above-mentioned features.

In contrast to the transmission liquid crystal display
device, the reflective liquid crystal display device does not
require a backlight for display, and therefore can reduce the
power consumption of the light source. The exclusion of the
backlight further characterizes the reflective liquid crystal
display device by allowing it to be more compact and
lightweight.

In other words, in comparison to conventional transmis-
sive liquid crystal display, the reflective liquid crystal dis-
play device can lower the power consumption, and be
suitably used in equipment which needs to be lightweight
and thin. For example, if the equipment with the reflective
liquid crystal display device is designed while retaining
conventional operation time, the reflective liquid crystal
display device can not only cut down on the backlight space
and weight, but consumes less power, and becomes capable
of running on a smaller battery, making it possible to further
reduce the size and weight. If the equipment with the
reflective liquid crystal display device is manufactured while
retaining conventional size or weight, use of a larger battery
is expected to increase operation time dramatically.

In addition, as to display contrast properties, the light
emitting display device, such as the CRT, degrades greatly
in contrast ratio when used outdoors during the daytime.
Even the transmissive liquid crystal display device subjected
to a low reflection treatment inevitably suffers similarly
from greatly decreased contrast ratios when used in ambient
light, such as direct sunlight, that is excessively strong
compared to display light.
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In contrast, with the reflective liquid crystal display
device, the display light obtained is proportional to the
amount of ambient light, which is an especially suitable
feature for application in a personal digital tool, a digital still
camera, a portable camcorder, and other devices that are
often used outdoors.

When considering these potential application fields, the
reflective color liquid crystal display device appears very
promising; however, a relatively low contrast ratio and
reflectance, as well as insufficient performances in multi-
color, high precision, and moving picture display, have so far
been obstacles in realizing commercially viable reflective
color liquid crystal display device.

The following description will explain the reflective lig-
uid crystal display device in further detail. The conventional
twisted nematic (TN) type liquid crystal element includes
two linear polarizer plates (hereinafter, will be simply
referred to as polarizer plates), and therefore boasts an
excellent contrast ratio and viewing angle dependency prop-
erty; however, the reflectance is inevitably low. In addition,
since the liquid crystal modulation layer is separated from
the light reflective layer by a distance equivalent to the
thickness of a substrate, etc., there occurs parallax due to a
disparity between incoming and outgoing optical paths of
illumination light. Therefore, especially in a typical arrange-
ment used for transmissive liquid crystal display devices
where a single liquid crystal modulation layer is combined
with a color filter that includes a separate subpixel for each
color element, provided that light does not travel parallel to
the normal to the substrate, ambient light enters and exits
after reflection through different color subpixels. This causes
moire and other undesirable phenomena, rendering the
transmissive liquid crystal display device unsuited for high
resolution, high precision, color display use.

For these reasons, no reflective color display device using
this display mode has so far been commercialized.

Meanwhile, Guest-Host type liquid crystal elements
(hereinafter, will be abbreviated as GH) have been devel-
oped that uses no or only one polarizer plate and includes
liquid crystalline material doped with dyestuff. However, the
GH type liquid crystal element is not highly reliable due to
the addition of the dye, and the low dichroic ratio of the dye
cannot produce a high contrast ratio.

Among these problems, the insufficient contrast level in
particular causes serious degradation in color purity and
creates a need to incorporate a color filter of high color
purity in a color display device using a color filter. This
entails a problem of reduced brightness caused by the color
filter of high color purity, and cancels to some degree the
advantage of this mode that high brightness is achieved by
use of no polarizer plates.

On these backgrounds, research and development is under
way to successfully manufacture a liquid crystal display
element in a mode in which a single polarizer plate is used
(hereinafter, will be referred to as a single polarizer plate
mode), which is highly promising to realize a high resolution
and high contrast display.

Japanese Laid-Open Patent Application No. 55-48733/
1980 (Tokukaisho 55-48733) discloses such an example of
a liquid crystal display element of a reflective TN mode
(45°-twisted type) using a single polarizer plate and a
quarter-wave plate.

With this liquid crystal display device, black and white
display is performed, using a 45°-twisted liquid crystal layer
and controlling the electric field applied thereacross, by
realizing two states, in one of which the plane of polarization
of incoming linearly polarized incident light is parallel to the
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optical axis of the quarter-wave plate and in the other of
which the plane of polarization forms 45° with the optical
axis of the quarter wave plate. The liquid crystal cell is
structured to include a polarizer, a 45°-twisted liquid crystal
cell, a quarter-wave plate, and a reflector plate, when viewed
from the side at which light enters.

Further, U.S. Pat. No. 4,701,028 (Clerc et al.) discloses a
liquid crystal display device of a reflective-type, homeotro-
pic alignment mode wherein a combination of a single
polarizer plate, a quarter-wave plate, and a perpendicularly
aligned liquid crystal cell is used.

Meanwhile, the inventors of the present application filed
an application for a reflective-type, parallel alignment mode
wherein a combination of a single polarizer plate, a homo-
geneous alignment liquid crystal cell, and an optical retar-
dation compensation plate is used (see Japanese Laid-Open
Patent Application No. 6-167708/1994 (Tokukaihei
6-167708)).

This reflective liquid crystal display device includes a
liquid crystal cell constituted by a homogeneously-aligned
liquid crystal layer, a reflector plate (disposed inside the
liquid crystal cell beneath the liquid crystal layer), a polar-
izer plate (disposed on the liquid crystal cell), and a single
optical retardation compensator plate (placed between the
liquid crystal cell and the polarizer plate). Further, according
to this display mode, throughout the total length of the
optical path, i.e., the incoming optical path and the outgoing
optical path, light passes through the polarizer plate only
twice and through the transparent electrode where light is
inevitably absorbed on a glass substrate (top substrate) of the
liquid crystal cell also only twice. Therefore, a high reflec-
tance can be obtained by means of a reflective liquid crystal
display device of this structure.

Further, Japanese Laid-Open Patent Application No.
2-236523/1990 (Tokukaihei 2-236523) discloses an arrange-
ment in which a twisted nematic liquid crystal layer is
interposed between a reflector plate (disposed inside a liquid
crystal cell) and a single polarizer plate.

Further, Fourth Asian Symposium on Information Display
(Chung-Kuang Wei et al., Proceedings of The Fourth Asian
Symposium on Information Display, 1997, page 25; here-
inafter will be abbreviated as ASID 97) discloses an arrange-
ment wherein 90°-twisted nematic liquid crystal is inter-
posed between a reflector plate disposed inside the cell and
a combination of a quarter-wave plate and a polarizer plate
which realizes a broad band display.

In addition, Japanese Laid-Open Patent Application No.
4-116515/1992 (Tokukaihei 4-116515) discloses a liquid
crystal display device wherein incident circularly polarized
light is used for display. In addition, as a method of
obtaining circularly polarized light in a broad band of
spectrum, Pancharatnam teaches the use of a plurality of
optical retardation compensator plates in Proc. Ind. Acad.
Sci. Vol. XLI, No. 4, Sec. A, page 130, 1955.

The description below will explain display principles of a
single polarizer plate mode employed in ASID 97 and in the
Japanese Laid-Open Patent Applications No. 6-167708/
1994, No. 2-236523/1990, and 4-116515/1992.

The polarizer plate disposed on the side where light enters
serves to pass only one of the linearly polarized light
components of the incoming and outgoing polarized light
and absorb the other linearly polarized light component. The
polarization state of the incoming light that has passed
through the polarizer plate is then changed by an optical
retardation compensator plate, such as a quarter-wave plate
(in the cases of Japanese Laid-Open Patent Application No.
6-167708/1994 and ASID 97), or remains unchanged (in the
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case of Japanese Laid-Open Patent Application No.
2-236523/1990), and the light enters the liquid crystal layer.
The polarization state is changed further as the light passes
through the liquid crystal layer, before the light reaches a
reflector plate.

Further, the light that has reached the reflector plate
changes its polarization state in the reverse sequence to that
of the incoming light: the light passes through the liquid
crystal layer, the quarter-wave plate, etc. Consequently, the
ratio of the linearly polarized light component in a trans-
mission direction of the polarizer plate to the light obtained
here will decide the total reflectance of the liquid crystal
layer. In other words, the liquid crystal display element
appears brightest when the outgoing light, immediately
before passing through the polarizer plate, is linearly polar-
ized in the transmission direction of the polarizer plate, and
darkest when linearly polarized in the absorptive direction of
the polarizer plate.

It is known that the necessary and sufficient condition for
the light which enters and leaves the liquid crystal display
device perpendicularly to the device to realize such a bright
state is that the light be linearly polarized in an arbitrary
direction on the reflector plate, and that for it to realize such
a dark state is that the light be circularly polarized either
right handed or left handed on the reflector plate.

Meanwhile, a touch panel, as well as a conventional
keyboard, is a very useful input means incorporated in a
personal digital tool. This is especially true in inputting such
languages including Japanese that keyboard inputs need to
be converted; with increasing information processing capa-
bility and newly developed software, the touch panel, which
used to serve simply as a pointing device, now more
typically plays a greater role as an input device such as a
pen-based handwriting input device.

To realize this particular input method, the input device is
disposed to overlap the front of the display device. However,
since the reflective liquid crystal display device uses
reflected light for display, the means to reduce reflection
provided to the touch panel should not interrupt display
image produced by the underlying reflective liquid crystal
display device. For example, Japanese Laid-Open Patent
Application No. 5-127822/1993 (Tokukaihei 5-127822) dis-
closes that a touch panel, a quarter-wave plate, and a
polarizer plate are stacked together to reduce reflection.

Among the aforementioned conventional techniques, the
liquid crystal display device disclosed in Japanese Laid-
Open Patent Application No. 55-48733/1980 is not suitable
for a high resolution, high precision display, because despite
the need to provide a quarter-wave plate between a liquid
crystal layer and a reflector plate, it is difficult essentially to
form a reflective film inside the liquid crystal cell.

In addition, the liquid crystal display device that operates
in the homeotropic alignment mode disclosed in U.S. Pat.
No. 4,701,028 has following problems. The homeotropic
alignment, especially the inclined homeotropic alignment, is
extremely difficult to control, and the control requires such
a complex arrangement that is not suitable for mass produc-
tion. Another shortcoming of the homeotropic alignment is
its slow response.

In addition, coloring occurs with the aforementioned
reflective-type parallel alignment mode due to small uneven-
ness of the liquid crystal cell and the optical retardation
compensator plate. The conventional arrangements, as dis-
cussed here, are likely to suffer from coloring in a dark state
and failure to realize black and white display.

In addition, the arrangements disclosed in Japanese Laid-
Open Patent Application No. 2-236523/1990 and Japanese
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Laid-Open Patent Application No. 4-116515/1992, although
being capable of increasing the reflection in a bright state in
comparison to the arrangement using two polarizer plates,
still fail to realize a good black display due to great wave-
length dependency of transmittance in a dark state.

In addition, ASID 97, although disclosing a display mode
that enables a black and white display, does not disclose
anything about the arrangement of the quarter-wave plate
which is, described in this literature, to be fabricated for a
broad band of spectrum.

In addition, according to a report made by Pancharatnam,
three optical retardation compensator plates are required to
obtain good circularly polarized light, which is not practical.
In addition, detailed studies are yet to be made to combine
this with liquid crystal display devices.

In contrast, the touch-panel-incorporating reflective liquid
crystal display device, although its performance as a reflec-
tive liquid crystal display device has reached to a stage
where it can be commercialized, still suffers from extremely
poor visibility when used in a combination with a touch
panel.

This is because, in the reflective display device, a single
light source plays dual roles to cause reflection at the touch
panel and to serve as a display light source for the display
device, and decrease in visibility when used in a combina-
tion with a touch panel cannot be solved by removing the
light that radiates from a light source (for example, a ceiling
light) which cause reflection at the touch panel, or changing
the direction of the light. This is a stark contrast to the
transmissive liquid crystal display device and other light-
emitting types of display devices with which this solution
produces good results. A conclusion drawn from here is that
the solution to the poor visibility is a key to a successful
commercialization of the display device, as well as to that of
a practical, low power consuming personal digital tool.

In addition, the arrangement of the touch panel disclosed
in Japanese Laid-Open Patent Application No. 5-127822/
1993 is effective in preventing reflection by means of the
function of the quarter-wave plate; however, a typical quar-
ter-wave plate is effective in preventing reflection only with
respect to a particular wavelength in the visible range, and
unavoidably less effective with respect to wavelengths that
are immediately higher or lower than those particular wave-
lengths. Further, the brightness of a display is determined by
a component of the polarized light that has travelled through
the underlying display device, the component being in a
transmission direction of a circular polarizer that is obtained
as a combination of such a quarter-wave plate with a
polarizer plate.

More specifically, when the underlying display device has
substantially no polarization dependence (e.g., a white-
Taylar type Guest-Host liquid crystal display device includ-
ing dyestuffs added to its 360°-twisted liquid crystal), the
reflection efficiency is, at maximum, half that of a display
device having the same arrangement except that no touch
panel is provided due to the transmittance of the polarizer
plate placed on the front of the touch panel. Also, as another
example, when the underlying display device utilizes lin-
early polarized light for a display (e.g., a TN or STN type
liquid crystal display device including a polarizer plate
further interposed in the space between the touch panel and
the liquid crystal cell), the reflection efficiency is, at maxi-
mum, half that of a display device having the same arrange-
ment except that no touch panel is provided. Further, in the
last example, since the retardation caused by the quarter-
wave plate depends on the wavelength of light, and the
quarter-wave plate is sandwiched by polarizer plates, which
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causes tonal changes. In either case, brightness is insuffi-
cient, and is not suited for use in a combination with a
reflective liquid crystal display device to which brightness
improving means such as background light cannot be
applied.

From what is laid above, it can be said that the touch panel
described in Japanese Laid-Open Patent Application No.
5-127822 needs to be upgraded in its reflection preventing
function. Additionally, the Laid-Open Patent Application
does not disclose a suitable arrangement to utilize the
daylight that has entered the touch panel for the reflective
liquid crystal display device.

DISCLOSURE OF THE INVENTION

The present invention has objects to solve the aforemen-
tioned problems in a reflective liquid crystal display device
of a single polarizer plate mode which can realize a high
resolution display, and thereby to offer a reflective liquid
crystal display device that boasts excellent visibility with a
high contrast ratio and a capability to perform a color
display, and to offer, through application of the reflective
liquid crystal display device, a reflective liquid crystal
display device incorporating a touch panel which maintains
an enough level of display quality with a pressure sensitive
input device being installed.

To achieve the foregoing objects, a reflective liquid crys-
tal display device in accordance with the invention as
defined in this application includes:

a liquid crystal layer sandwiched between a first substrate
having a light reflexibility and a second substrate having a
light transmissibility, the liquid crystal layer being com-
posed of twist-aligned nematic liquid crystal having a posi-
tive dielectric anisotropy; and

circularly polarizing means, including a linear polarizer
plate (hereinafter, will be simply referred to as polarizer
plate), for selectively passing either right handed or left
handed circularly polarized light out of natural light,

wherein the first substrate, the liquid crystal layer, and the
circularly polarizing means are stacked in this order to form
at least a part of the reflective liquid crystal display device,

the circularly polarizing means is disposed so that a major
surface of the circularly polarizing means is on a liquid
crystal layer side, the circularly polarized light exiting the
circularly polarizing means through the major surface when
natural light enters the circularly polarizing means,

the liquid crystal in the liquid crystal layer has a birefrin-
gence difference, which, if multiplied by a thickness of the
liquid crystal layer, produces a product of not less than 150
nm and not more than 350 nm, and

the liquid crystal layer has a twist angle in a range of 45°
to 100°.

The reflective liquid crystal display device is a result of
research and efforts by the inventors of the present inven-
tion. The inventors of the present invention have diligently
worked on various reflective liquid crystal display devices of
a single polarizer plate mode which can be arranged to be
free from parallax, realize a high resolution display, and be
electrically switchable between different polarization states
on the reflector plate required to achieve a bright state and
a dark state. As a result, the inventors of the present
invention have found that by arranging a reflective liquid
crystal display device so as to include circularly polarizing
means and thereby produce a dark state in a state where a
voltage is applied across the liquid crystal layer, a satisfac-
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tory dark state can be achieved without a need for high level
precision in manufacturing processes of the liquid crystal
layer.

The inventors of the present invention have further found
that by thus designing the liquid crystal layer adopted in a
reflective liquid crystal display device including circularly
polarizing means that produces such a polarization state and
realizes a satisfactory bright state in a low voltage state, the
manufacture of the reflective liquid crystal display device is
facilitated compared to the aforementioned conventional
technologies.

In other words, according to the arrangement above, by
adopting the circularly polarizing means and the liquid
crystal layer and configuring the same as stipulated above,
problems with conventional arrangements can be solved and
a reflective liquid crystal display device with excellent
display properties can be realized.

In addition, in the reflective liquid crystal display device,
preferably, the circularly polarizing means includes: a first
optical retardation compensator plate having a retardation in
a substrate normal direction set to not less than 100 nm and
not more than 180 nm; a second optical retardation com-
pensator plate having a retardation in a substrate normal
direction set to not less than 200 nm and not more than 360
nm; and a linear polarizer plate, the first optical retardation
compensator plate, the second optical retardation compen-
sator plate, and the linear polarizer plate being stacked in
this order when viewed from the liquid crystal layer, and
12x02-011 has a value not less than 35° and not more than
55°, where 01 represents an angle formed by a slow axis of
the first optical retardation compensator plate and either a
transmission axis or an absorption axis of the linear polarizer
plate, and B2 represents an angle formed by a slow axis of
the second optical retardation compensator plate and either
the transmission axis or the absorption axis of the linear
polarizer plate.

The inventors of the present invention have found that the
preferred arrangement, when incorporated into the polarizer
plate and the optical retardation compensator plate, enables
the aforementioned polarization state to be obtained by
means of the circularly polarizing means. With thus arranged
circularly polarizing means, the light practically in the
visible wavelength range of spectrum can be circularly
polarized. Note that the transmission and absorption axes of
the polarizer plate are mutually perpendicular.

In addition, in the reflective liquid crystal display device,
preferably, the twist angle of the liquid crystal layer is in a
range from 60° to 100°, the product of the birefringence
difference of the liquid crystal in the liquid crystal layer and
the thickness of the liquid crystal layer is not less than 250
nm and not more than 330 nm, and either the transmission
axis or the absorption axis of the polarizer plate forms an
angle, 83, of not less than 20° and not more than 70°, or not
less than 110° and not more than 150° with an alignment
direction of the liquid crystal molecules in a close proximity
of the second substrate.

According to this arrangement, since the product of the
birefringence difference of the liquid crystal in the liquid
crystal layer and the thickness of the liquid crystal layer is
great, more choices are available as materials for the liquid
crystal and the thickness of the liquid crystal layer can be
easily controlled, facilitating the manufacture of the device.
Additionally, by setting 03 as above, a high quality reflective
liquid crystal display device with suppressed contrast, col-
oring in a white display, and coloring in a black display can
be obtained.
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In addition, in the reflective liquid crystal display device,
preferably, the first substrate having a light reflexibility
includes a light reflective film, and the light reflective film
has smooth and continuously changing concavities and
convexities, and is made of a conductive material.

According to the arrangement, a diffuse reflector plate can
be obtained that causes no unnecessary scattering and has no
agitating function (light depolarizing function) to polarized
light like a flat specular surface so as not to interfere with the
reflectance modulation method whereby the reflective liquid
crystal display device carries out a high resolution display.
The obtained reflection property is effective by far, in
comparison to a device including a non-diffusive, specular
reflector plate and a scattering plate that is installed in front
of a display device. In addition, since the light reflective film
is made of a conductive material, the light reflective film
doubles also as an electrode to apply voltage across the
liquid crystal layer in collaboration with the transparent
electrode of the second substrate.

Further, preferably, the concavities and convexities of the
light reflective film have a direction dependent property that
varies according to a direction on a substrate plane.

The preferred arrangement is a result of our finding that
the mean cycle of the concavities and convexities provided
on the light reflective film characterize the diffusive reflec-
tion property, and more specifically, enables the reflectance
of illumination light that travels from a particular direction
and is reflected in a particular direction to be increased, by
uniformly setting the mean convex and concave cycle in any
given direction on a plane of the reflector plate so that
incident light is uniformly diffused, and modifying the cycle
for a particular direction on the plane. The arrangement is
especially effective when incorporated in a reflective liquid
crystal display device in accordance with the invention as
defined in this application which realizes a satisfactory dark
state in comparison to Guest-Host mode, enabling even a
brighter reflective liquid crystal display device to be
obtained.

In addition, in the reflective liquid crystal display device,
preferably, a single third optical retardation compensator
plate or a plurality of the same is(are) provided between the
circularly polarizing means and the liquid crystal layer to
cancel a residual phase difference of the liquid crystal layer.

The preferred arrangement is made to eliminate residual
phase difference, i.e., a light polarization modification func-
tion, that slightly remains in accordance with the component
of the alignment of the liquid crystal that is parallel to the
substrate, when the voltage applied across the liquid crystal
layer has limitations and a maximum voltage is applied
across the liquid crystal layer only to achieve a dark display.
By canceling the residual phase difference by means of the
third optical retardation compensator plate, a satisfactory
black display is achieved at a practically maximum voltage.
In addition, the same effects can be achieved by modifying
the retardation of the second optical retardation compensator
plate.

In addition, in the reflective liquid crystal display device,
preferably, either the third optical retardation compensator
plate or at least one of the third optical retardation compen-
sator plates provided between the circularly polarizing
means and the liquid crystal layer has an inclined optical
axis, or a three-dimensionally aligned optical axis having
therein a continuously varying inclined direction.

In a method to achieve a satisfactory dark display at a
maximum value of an actual driving voltage and hence
obtain a satisfactory display, cancelling the residual bire-
fringence of the liquid crystal in a state where a substantial
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voltage is applied across the liquid crystal layer is effective,
and to do this, it is possible to expand the viewing angle by
expanding a viewing angle range in such a manner to
satisfactorily cancel the residual birefringence of the liquid
crystal layer.

To achieve this, in this arrangement, either the third
optical retardation compensator plate or at least one of the
third optical retardation compensator plates is designed with
the three-dimensional configuration of the alignment of the
liquid crystal taken into consideration. This enables a reflec-
tive liquid crystal display device having more satisfactory
display properties to be obtained.

In addition, in the reflective liquid crystal display device,
preferably, the first and second optical retardation compen-
sator plates have such ratios of a refractive index anisotropy,
An(450), with respect to light having a wavelength of 450
nm, a refractive index anisotropy, An(650), with respect to
light having a wavelength of 650 nm, and a refractive index
anisotropy, An(550), with respect to light having a wave-
length of 550 nm that satisfy

1=An(450)/An(550)=1.06 and

0.95=An(650)/An(550) =1 respectively (the first arrange-
ment), and more preferably,

1=An(450)/An(550)=1.007 and

0.987=An(650)/An(550)=1 respectively (the second
arrangement).

According to the first arrangement, a highly practicable
contrast ratio of 10:1 or larger can be achieved although
there occur slight coloring in a bright state required of the
reflective liquid crystal display device and reduction in
contrast due to improvement of the reflectance in a dark
state. Further, according to the second arrangement, a con-
trast ratio of 15:1 or larger can be achieved while success-
fully reducing coloring further in comparison to the first
arrangement.

In addition, in the reflective liquid crystal display device,
preferably, the twist angle of the liquid crystal layer is in a
range of not less than 65° and not more than 90°, the product
of the birefringence difference of the liquid crystal in the
liquid crystal layer and the thickness of the liquid crystal
layer is not less than 250 nm and not more than 300 nm, and
either the transmission axis or the absorption axis of the
polarizer plate forms an angle, 03, of not less than 110° and
not more than 150° with an alignment direction of the liquid
crystal molecules in a close proximity of the second sub-
strate (in contact with the second substrate).

According to the arrangement, the voltage to drive the
liquid crystal layer can be further reduced, and a satisfactory
white display can be achieved as well.

In addition, in the reflective liquid crystal display device,
preferably, either the transmission axis or the absorption axis
of the polarizer plate forms an angle, 83, of not less than
110° and not more than 150° with an alignment direction of
the liquid crystal molecules in a close proximity of the
second substrate, and a viewing direction is set to a direction
on a plane that is defined by a normal to a display surface
and a direction 90° off the alignment direction of the liquid
crystal molecules in a close proximity of the second sub-
strate.

Similarly, in the reflective liquid crystal display device,
preferably, either the transmission axis or the absorption axis
of the polarizer plate forms an angle, 83, of not less than 20°
and not more than 70° with an alignment direction of the
liquid crystal molecules in a close proximity of the second
substrate, and a viewing direction is set to a direction on a
plane that is defined by a normal to a display surface and the
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alignment direction of the liquid crystal molecules in a close
proximity of the second substrate.

According to the arrangement, by thus setting the viewing
direction, a satisfactory visibility can be ensured. To put it
differently, a satisfactory visibility can be obtained by setting
03 according to the viewing direction of the viewer. In
addition, a satisfactory visibility can be obtained also by
disposing, for example, a member for setting the viewing
direction of the viewer on the display surface.

In addition, in the reflective liquid crystal display device,
preferably, either the transmission axis or the absorption axis
of the polarizer plate forms an angle, 83, of not less than
110° and not more than 150° with an alignment direction of
the liquid crystal molecules in a close proximity of the
second substrate, a viewing direction is set to a direction on
a plane that is defined by a normal to a display surface and
a direction 90° off the alignment direction of the liquid
crystal molecules in a close proximity of the second sub-
strate, and the viewing direction is set to be on a plane that
is defined by the normal to the display surface and a
direction on a substrate plane in which the concavities and
convexities of the light reflective film have a shorter mean
cycle than in other directions.

Similarly, in the reflective liquid crystal display device,
preferably, either the transmission axis or the absorption axis
of the polarizer plate forms an angle, 83, of not less than 20°
and not more than 70° with an alignment direction of the
liquid crystal molecules in a close proximity of the second
substrate, a viewing direction is set to a direction on a plane
that is defined by a normal to a display surface and the
alignment direction of the liquid crystal molecules in a close
proximity of the second substrate, and the viewing direction
is set to be on a plane that is defined by the normal to the
display surface and a direction on a substrate plane in which
the concavities and convexities of the light reflective film
have a shorter mean cycle than in other directions.

According to the arrangement, a particularly excellent
visibility can be obtained by further setting the direction in
which the light reflective film, that is a diffuse reflector plate,
is bright to the satisfactory direction described above. Note
that the direction in which the diffuse reflector plate is
bright, although being variable typically depending on the
illumination direction and the direction of the viewer, can be
accommodated satisfactorily under a variety of illumination
conditions.

In addition, in the reflective liquid crystal display device,
preferably, either the transmission axis or the absorption axis
of the polarizer plate forms an angle, 03, of not less than 40°
and not more than 60° with an alignment direction of the
liquid crystal molecules in a close proximity of the second
substrate, and the liquid crystal molecules in a close prox-
imity of the second substrate form an angle 04 with a
direction on a plane that is defined by a viewing direction
and a normal to a display surface, the angle 04 being set to
not less than 0° and not more than 30°, or not less than 180°
and not more than 210°.

According to the arrangement, by thus setting the viewing
direction, a satisfactory visibility can be ensured. To put it
differently, a satisfactory visibility can be obtained by setting
03 and 04 according to the viewing direction of the viewer.
In addition, a satisfactory visibility can be obtained also by
disposing, for example, a member for setting the viewing
direction of the viewer on the display surface.

In addition, a reflective liquid crystal display device
incorporating a touch panel in accordance with the invention
as defined in this application is a reflective liquid crystal
display device incorporating a touch panel that comprises
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the reflective liquid crystal display device in accordance
with the invention wherein a planar pressure sensitive ele-
ment for detecting an external pressure is sandwiched with
a layer-shaped empty space between the circularly polariz-
ing means and the second substrate.

In the reflective liquid crystal display device in accor-
dance with the invention as defined in this application, since
the light is substantially circularly polarized after passing the
circularly polarizing means, or the polarizer plate and the
two optical retardation compensator plates, even if the light
is reflected at the reflector plate in such a manner to contain
no disturbance in the polarization state, the reflected light is
absorbed by the polarizer plate before exiting the device.
Therefore, reflected light does not degrade visibility with a
pressure sensitive-type input device (touch panel) that is
useful as an input device for a portable device.

Additional objects, advantages and novel features of the
invention will be set forth in part in the description which
follows, and in part will become apparent to those skilled in
the art upon examination of the following taken in conjunc-
tion with the accompanying drawing or may be learned by
practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view schematically showing a
structure of a major part of a reflective liquid crystal display
device of an embodiment in accordance with the present
invention.

FIG. 2 is a drawing showing a directional configuration of
a polarizer plate and two optical retardation compensator
plates of an embodiment.

FIG. 3 is a graph showing a contour drawn by plotting
values obtained from calculation of an evaluation function
with respect to 550 nm monochromatic light, the evaluation
function being used for predicting the reflectance of a
reflective liquid crystal display device of Example 1.

FIG. 4 is a graph showing a contour drawn by plotting
values obtained from calculation of an evaluation function
taking a visual sensitivity into consideration, the evaluation
function being used for predicting the reflectance of a
reflective liquid crystal display device of Example 1.

FIG. 5 is a graph showing a contour drawn by plotting
values obtained from calculation of an evaluation function
and values of an x-coordinate of CIE1931 standard calori-
metric system obtained from calculation of a Dy standard
light source spectrum, the evaluation function being used for
predicting the reflectance of a reflective liquid crystal dis-
play device of Example 1.

FIG. 6 is a graph showing a contour drawn by plotting
values obtained from calculation of an evaluation function
and values of a y-coordinate of CIE1931 standard colori-
metric system obtained from calculation of a Dy, standard
light source spectrum, the evaluation function being used for
predicting the reflectance of a reflective liquid crystal dis-
play device of Example 1.

FIG. 7 is a drawing showing a region where both good
white balance and brightness can be obtained from FIG. 4,
FIG. 5, and FIG. 6.

FIG. 8 is a drawing showing a directional configuration of
a polarizer plate and two optical retardation compensator
plates of a reflective liquid crystal display device of
Example 3.

FIG. 9 is a drawing showing, in terms of measurements,
a voltage dependency of reflectance of the reflective liquid
crystal display device of Example 3.
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FIG. 10 is a conception drawing showing a configuration
of an optical measuring system with which the voltage
dependency of reflectance is measured on the reflective
liquid crystal display device of Example 3.

FIG. 11 is a drawing showing a directional configuration
of a polarizer plate and two optical retardation compensator
plates of a reflective liquid crystal display device of
Example 4.

FIG. 12(a) and FIG. 12(b), referring to Samples #5a and
#5b, respectively, of a reflective liquid crystal display device
of Example 5, are drawings showing a directional configu-
ration of a polarizer plate, two optical retardation compen-
sator plates, and the alignment of liquid crystal in a liquid
crystal layer.

FIG. 13 is a drawing showing, in terms of measurements,
a voltage dependency of reflectance of a reflective liquid
crystal display device of Example 5.

FIG. 14 is a drawing showing a directional configuration
of the alignment of liquid crystal in a close proximity of an
upper substrate of Example 7 and a plane that is parallel to
a viewing direction.

FIG. 15 is a table showing a result of a visual observation
of the reflective liquid crystal display of Example 7 by
changing 64 value.

FIG. 16 is a cross-sectional view schematically showing
a structure of a major part of a reflective liquid crystal
display device of Example 8.

FIG. 17 is a drawing showing a directional configuration
of a polarizer plate, two optical retardation compensator
plates, and the alignment of liquid crystal in a liquid crystal
layer of the reflective liquid crystal display device of
Example 8.

FIG. 18 is an enlarged plan view partially showing
concavities and convexities on a light reflector plate
employed in a reflective liquid crystal display device of
Example 9.

FIG. 19 is a conception drawing showing a direction in
which the reflection property is measured on a reflective
electrode (a light reflector plate) of Example 9 using an
optical measuring system.

FIG. 20 is a drawing showing measurements of the
reflection property on the reflective electrode (the light
reflector plate) of Example 9 using the measuring system
shown in FIG. 19.

FIG. 21(a) through FIG. 21(d), referring to Samples #9a,
#9b, and #9c, respectively, of the reflective liquid crystal
display device of Example 9, are drawings showing a
directional configuration of a polarizer plate, two optical
retardation compensator plates, and the alignment of liquid
crystal in a liquid crystal layer.

FIG. 22 is a cross-sectional view schematically showing
a structure of a major part of a touch panel employed in a
reflective liquid crystal display device incorporating a touch
panel of Example 10.

FIG. 23 is a cross-sectional view schematically showing
a structure of a major part of the reflective liquid crystal
display device incorporating a touch panel of Example 10.

FIG. 24 is a cross-sectional view schematically showing
a structure of a major part of the reflective liquid crystal
display device incorporating a touch panel of a comparative
example.

FIG. 25 is a cross-sectional view schematically showing
a structure of a major part of the reflective liquid crystal
display device of another embodiment in accordance with
the present invention.



US 7,092,052 B2

13

FIG. 26 is a drawing showing a directional configuration
of a polarizer plate and two optical retardation compensator
plates of another embodiment.

FIG. 27 is an explanatory drawing showing voltage induc-
ing different states of the alignment of a liquid crystal layer
of a reflective liquid crystal display device.

FIG. 28 is an explanatory drawing showing changes in the
viewing angle characteristic with a relationship between the
direction of illumination and that of the alignment of a liquid
crystal layer of a reflective liquid crystal display device.

FIG. 29 is a drawing showing, in terms of measurements,
a voltage dependency of reflectance of a reflective liquid
crystal display device of Example 11.

FIG. 30 is a cross-sectional view showing a structure of
a major part of Sample #12a of Example 12.

FIG. 31 is a cross-sectional view showing a structure of
a major part of Sample #125 of Example 12.

BEST MODES FOR CARRYING OUT THE
INVENTION

Referring to examples and embodiments, the following
description will discuss the present invention in far more
detail and the present invention is by no means limited by
the discussion.

First Embodiment of the Invention

Referring to drawings, the following description will
discuss an embodiment in accordance with the present
invention.

FIG. 1 is a cross-sectional view schematically showing a
structure of a major part of a reflective liquid crystal display
device of an example in accordance with the present inven-
tion. As can be seen from F1G. 1, the reflective liquid crystal
display device includes a liquid crystal layer 1 that contains
twisted nematic liquid crystal having a positive dielectric
anisotropy, sandwiched between a substrate 4 on which an
alignment-processed alignment layer 2 is formed and a
substrate 5 on which a similarly alignment-processed align-
ment layer 3 is formed. Further, on the lower substrate 5,
there is disposed a light reflective film 7; preferably, the
reflecting surface of the light reflective film 7 has such
smooth concavities and convexities that preserve the polar-
ization throughout the reflection of light. More preferably,
the smooth concavities and convexities are such that the
concavity and convexity cycle varies according to the azi-
muth direction on the reflecting surface of the light reflective
film 7.

On the upper substrate 4, there is provided a transparent
electrode 6. The light reflective film 7 on the lower substrate
5 is formed from a conductive material and doubles as an
electrode. Voltage is applied across the liquid crystal layer 1
through the transparent electrode 6 and the light reflective
film 7. As means for applying a voltage to the thus arranged
electrode pair, an active switching element may be used;
however, there are no limitations in particular. Note that if a
member that does not serve as an electrode is employed as
the light reflective film 7, an electrode should be provided to
the side on which the substrate 5 is disposed.

Further, on a display surface of the liquid crystal drive cell
thus arranged from the substrates 4 and 5 and the liquid
crystal layer 1, the display surface being on the side where
the substrate 4 is disposed, there is provided circularly
polarizing means 100 for filtering natural light and selec-
tively passing either right handed or left handed circularly
polarized light. In the present example, the circularly polar-
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izing means 100 is constituted by an optical retardation
compensator plate 8, an optical retardation compensator
plate 9, and a polarizer plate 10 stacked in this sequence on
the display surface on the side where the substrate 4 is
disposed side.

The following description will discuss optical properties
and functions of these optical elements, i.e., the optical
retardation compensator plate 8, the optical retardation com-
pensator plate 9, and the polarizer plate 10.

The reflective liquid crystal display device of the present
embodiment allows illumination light, such as external light,
to enter the liquid crystal layer 1 through the polarizer plate
10, and is viewed from the side of the polarizer plate 10
through which the illumination light enters. The polarizer
plate 10 selectively passes only a linearly polarized light
component in a particular direction, and the optical retarda-
tion compensator plate 9 and the optical retardation com-
pensator plate 8 change the polarization state of the incom-
ing linearly polarized light component.

Here, the incoming light, after having passed through the
optical retardation compensator plate 8, is substantially
circularly polarized under the conditions that the retardation
is not smaller than 100 nm and not greater than 180 nm in
the substrate normal direction of the optical retardation
compensator plate 8 and not smaller than 200 nm and not
greater than 360 nm in the substrate normal direction of the
optical retardation compensator plate 9, and the value of
12%62-011 is not smaller than 35° and not larger than 55°,
where 61 is the angle formed by the slow axis of the optical
retardation compensator plate 8 and either the transmission
axis or the absorption axis of the polarizer plate 10 and 62
is the angle formed by the slow axis of the second optical
retardation compensator plate 9 and either the transmission
axis or the absorption axis of the polarizer plate 10. In such
an event, whether the light in circularly polarization is right
handed or left handed depends on the configuration of these
three optical elements (i.e., the optical retardation compen-
sator plate 8, the optical retardation compensator plate 9, and
the polarizer plate 10).

To further illustrate this, a detailed description will be
given below by reference to FIG. 2 which shows a configu-
ration example. It should be noted, however, that in this
example the reflective liquid crystal display device is viewed
from the direction in which light enters. Incident light,
which enters the liquid crystal display device, passes
through the polarizer plate 10, the optical retardation com-
pensator plate 9, and the optical retardation compensator
plate 8, and therefore becomes substantially right handed
circularly polarization, if the three optical elements are
configured as shown in FIG. 2, or more specifically, if the
three optical elements are configured so as to satisfy 01=75°
and 62=15°, where 11 represents the transmission axis of the
polarizer plate 10, 13 represents the slow axis of the optical
retardation compensator plate 8, 12 represents the slow axis
of the optical retardation compensator plate 9, 01 represents
the angle formed by the transmission axis 11 of the polarizer
plate 10 and the slow axis 13 of the optical retardation
compensator plate 8, and 02 represents the angle formed by
the transmission axis 11 of the polarizer plate 10 and the
slow axis 12 of the optical retardation compensator plate 9.

Further, the incident light, which enters the liquid crystal
layer 1, changes its polarization state by means of a polar-
ized light conversion function of a twisted birefringent
medium (liquid crystal) in the liquid crystal layer 1 that
aligns according to an applied voltage, and reaches the
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reflector plate. In such an event, the polarization state on the
light reflective film 7 varies depending on the alignment of
the liquid crystal molecules.

First, the dark state will be explained. If the liquid crystal
molecules, upon the application of voltage, align parallel to
the gradient direction of the applied voltage, and has no
polarized light conversion function on the light travelling
parallel to the normal to the device, the incoming circularly
polarized light reaches the light reflective film 7 while
allowing no changes in the polarization thereof, and a dark
state is achieved. By establishing a dark state across the
whole visible range, a black display is achieved.

The inventors of the present invention have found that to
prepare a polarization state similar to this one virtually
across the visible range, the following conditions need to be
fulfilled. The optical retardation compensator plate 8 needs
to have such a property to provide the light in the main
visible range of 400 nm to 700 nm with a phase difference
that is equivalent to a quarter wavelength, e.g., to provide the
light having a wavelength of 550 nm with a retardation of
100 nm to 180 nm. Further, the optical retardation compen-
sator plate 9 needs to have such a property to provide the
light in the same main visible range with a phase difference
that is equivalent to half the wavelength, e.g., to provide the
light having a wavelength of 550 nm with a retardation of
200 nm to 360 nm.

Further, according to the configuration of the polarizer
plate 10 and the optical retardation compensator plates 8 and
9 shown in FIG. 2, since 01=75° and 62=15° as mentioned
earlier, 12x82-811=45°, and the following equation is satis-
fied:

35°=12x02-011=55° 0y

Although obviously the values of 01 and 02 may be
changed as long as this equation is satisfied, the specific
values are preferably determined by a combination of dis-
persion of the birefringence of the two optical retardation
compensator plates 8 and 9 used. In addition, the value of
12x02-011 may vary in a 20° range according to the angle
setting stipulated in Equation (1), and the preferable value
within this range further varies depending on the polarized
light conversion function of the liquid crystal layer 1 in a
case where a voltage is applied across the liquid crystal layer
1. In other words, the configuration is preferably specified so
that light is circularly polarized on the light reflective film 7
while taking birefringence at the optical retardation com-
pensator plates 8 and 9 and the liquid crystal layer 1 into
consideration. In such an event, the polarized light conver-
sion function of the liquid crystal layer 1, when a voltage is
substantially applied across the liquid crystal layer 1, does
not critically depend on precision in the manufacture of the
liquid crystal layer 1, the liquid crystal layer 1 can be thereby
easily fabricated and manufactured.

Next, the function of the bright state will be explained. A
bright state can be achieved by altering the substantially
circularly polarized incident light into a linearly polarized
light on the light reflective film 7 with the optical retardation
compensator plates 8 and 9 that are configured so as to fulfill
aforementioned Equation (1). In other words, irrespective of
whether the light having wavelengths in the visible area is
linearly polarized in directions that vary depending on the
wavelengths or linearly polarized light in the same direction
irrespective of the wavelengths, a similarly bright state can
be achieved.

This renders it important to realize a liquid crystal layer
1 having such an optical function that the incoming light to
the liquid crystal layer 1, which is substantially circularly

20

25

40

45

60

65

16

polarized to realize the aforementioned dark state, becomes
polarized linearly in arbitrary directions in a visible wave-
length range.

Taking the electric drive which facilitates the fabrication
and manufacture of the liquid crystal layer 1 into consider-
ation, since the dark state is achieved in a voltage applied
state, the bright state needs to be realized either in a
non-voltage applied state or in a state where the alignment
of the liquid crystal molecules changes with voltage, how-
ever, in a greatly different manner from the changes in a dark
state.

The inventors of the present invention have diligently
worked and successfully found a range across which to
realize a practically sufficient function of a bright state, in
other words, a range across which to ensure sufficient
brightness in the visible range of spectrum and to enable
development of liquid crystal composition that is suitable to
liquid crystal display devices that can be readily manufac-
tured with high yields.

Specific conditions to achieve that is to set the twist angle
of the twisted nematic liquid crystal in the liquid crystal
layer 1 to not smaller than 45° and not greater than 100°, and
to set the product, And, of the birefringence difference An of
the liquid crystal in the liquid crystal layer 1 and the
thickness d of the liquid crystal layer 1 to not smaller than
150 nm and not greater than 350 nm.

Here, more preferably, the twist angle is set to not smaller
than 60° and not greater than 100°, and the product, And, of
the birefringence difference An of the liquid crystal in the
liquid crystal layer 1 and the thickness d of the liquid crystal
layer 1 to not smaller than 250 nm and not greater than 300
nm. Even more preferably, the twist angle is set to not
smaller than 65° and not greater than 90°, and the product,
And, of the birefringence difference An of the liquid crystal
in the liquid crystal layer 1 and the thickness d of the liquid
crystal layer 1 to not smaller than 250 nm and not greater
than 300 nm. Even under such a condition in fabrication of
the liquid crystal display device that the thickness of the
liquid crystal layer 1 is set to 4.5 pm for example, the even
more preferable range conditions can be fulfilled with a
practical liquid crystal material that includes a liquid crystal
layer 1 of which An is approximately 0.0667, allowing a
highly practical liquid crystal display device to be manu-
factured.

Specific examples will be discussed in the following in
accordance with the present embodiment.

EXAMPLE 1

First, as Example 1, the description below will explain an
evaluation of specifications of the liquid crystal layer by
means of calculation, that are required to specifically design
the liquid crystal layer with the optical functions thereof
being taken into consideration. For optimum design of the
liquid crystal layer, the evaluation function given by Equa-
tion (2) is used to evaluate specifications of the liquid crystal
layer:

flesy @

Here, s; is a Stokes parameter to specify a polarization
state, more specifically, a Stokes parameter regarding the
polarization state of the light that has passed through the
liquid crystal layer only once on the reflecting surface. Note
that the Stokes parameter used here is normalized.

When the intensity of light is normalized, the polarization
state of the perfectly polarized light of which the polariza-
tion state can be described by a Stokes parameter having
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three components: s, and s, represent the respective linearly
polarized light components of which the vibration surfaces
differ from each other by 45°, while s, denotes the circularly
polarized light component. s, s, s; are not less than -1 and
not more than 1: among them, s, equals 1 for circularly
polarized light, O for linearly polarized light, and a value
between these two values for elliptically polarized light.

In other words, the evaluation function f produces three
values according to the polarization state on the reflecting
surface: =0 for circularly polarized light, 0<f<1 for ellip-
tically polarized light, and f=1 for linearly polarized light,
irrespective of the handedness of polarized light as a result
of the squaring of s,.

It has been confirmed by an analysis conducted by the
inventors of the present invention that supposing that light
enters, any given birefringence medium sandwiched
between a single polarizer plate and a reflecting surface that
reflects as a specular surface from the polarizer plate side,
the reflected light is completely absorbed by the polarizer
plate through which the light has passed upon entering in the
case of =0 (circularly polarized light) on the reflector plate,
and can pass through the polarizer plate without being
absorbed in the case of f=1. When the evaluation function f
produces a value between these two values, the reflected
light is partially absorbed by the polarizer plate, and the rest
of the reflected light passes through the polarizer plate,
resulting in a display with an intermediate reflectance.

Further, it has been found that the evaluation function f is
directly proportional to the reflectance of such a reflective
liquid crystal display device with a single polarizer plate that
reflects incident light at the reflector plate, and that the
reflectance of the single polarizer plate mode can be evalu-
ated. Therefore, by using the evaluation function f, it is
possible to predict both whether or not satisfactory bright-
ness can be obtained in the bright display and whether or not
a satisfactory dark state can be obtained.

As seen from the above, the evaluation function f can be
used to predict display performance, and the inventors of the
present invention have worked to find a liquid crystal
display mode whereby the single polarizer plate mode is
expected to show best performance. A specific scheme will
be explained in the description below.

First, a consideration is given to mass productivity in the
fabrication of liquid crystal display devices. A special atten-
tion is paid to maintaining precision of the thickness of the
liquid crystal layer, because the thickness determines optical
properties of the liquid crystal display device and the
maintenance of precision greatly affects productivity.

As a method of maintaining the thickness of the liquid
crystal layer, a method of providing spherical spacers fab-
ricated to have a single diameter and disposed between the
substrates sandwiching the liquid crystal layer would result
in an excellent balance between precision and practical
performance. However, even with this method being
employed, requirement for high precision in mass produc-
tion leads to a rise in mass production costs. As can be
understood from this, it is important for industrial purposes
to develop a method that does not require precision in the
thickness of the liquid crystal layer.

It is also important to consider characteristics of human
visual sense with respect to display quality of the fabricated
liquid crystal display device. It is known regarding human
visual sense that the perceived brightness is not in direct
proportion to the actual intensity of light that stimulates the
retina of an eyeball, but rather shows a non-linear charac-
teristic. More specifically, the same variations in the light
intensity from a display device feels like a small variation in

10

15

20

25

30

35

40

45

50

55

60

65

18

brightness (when the background presents a strong stimu-
lation) or a great variation in brightness (when the back-
ground presents a weak stimulation), depending on the
strength of stimulation presented simultaneously to the
retina. With the non-linear characteristic of visual sense
being taken in consideration, it would be understood that the
same level of irregularity in reflectance could degrade
display quality further when that happens to a dark display
than to a bright display.

As can be understood from the above description, if there
exist two states, one with a relatively large irregularity in
reflectance and the other with a relatively small irregularity
in reflectance, the state with a relatively small irregularity in
reflectance is preferably assigned to dark display, and the
state with a relatively large irregularity in reflectance to
bright display, so as to enable the fabrication of liquid crystal
display elements of satisfactory display quality.

Further, when the polarized light conversion function is
lost by applying a substantial voltage across the liquid
crystal layer, irregularity in thickness of the liquid crystal
layer is less likely to result in a great variation in the
polarized light conversion function.

Taking the above three items above, it could be under-
stood that satisfactory display can be achieved by assigning,
to dark display, an alignment state wherein a substantial
voltage is applied. In other words, it is preferable to assign,
to bright display, a state wherein no voltage is applied across
the liquid crystal, and also to assign, to dark display, a state
wherein a voltage is applied across the liquid crystal, that is,
to adopt a so-called normally white operations.

Next, on the basis of the evaluation function f the
description below will explain the specifications of optical
retardation compensator plate and of the liquid crystal layer
portion to realize these specifications.

First, in a case where a substantial voltage is applied
across the liquid crystal layer, the liquid crystal layer does
not have a polarized light conversion function. The optical
retardation compensator plate is required to have a property
to change light so that light has passed through the liquid
crystal layer and reached the reflector plate to become
circularly polarized light on the reflector plate. Here, the
handedness of the circularly polarized light is either right
handed or left handed.

The aforementioned specifications regarding the optical
retardation compensator plate enables this property to be
obtained across a wide band of spectrum. In such an event,
since the polarized light conversion function of the liquid
crystal has been lost, the evaluation function f equals 0 and
a satisfactory dark state occurs.

In contrast, in a case where no voltage is applied across
the liquid crystal layer, in order to examine conditions to
obtain sufficient reflective brightness, it is necessary to
evaluate the evaluation function f with the optical retarda-
tion compensator plate specified as above to produce circu-
larly polarized light. The inventors of the present invention
have obtained an evaluation function f for such an alignment
that the liquid crystal layer is uniformly twisted, in a state
where no voltage is applied across the liquid crystal layer. As
a result, it has been found, from analytic calculation of s,
using Jones Matrix method, that when circularly polarized
light enters the liquid crystal, the evaluation function f is
given by Equation (3).
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r=1-{1- 2¢i,(sinc\/ P+ 82, )2}2 @
And
¢m‘ = T
sinX
sincX = —

¢,,: Twist angle between the upper and lower substrates

FIG. 3 shows, as a contour plot, values of the evaluation
function f at a wavelength that produces the highest visual
sensitivity (A=550 nm) against And and the twist angle of the
liquid crystal layer, which are design parameters thereof.
Note that since the function fis an even function, values of
the function f are shown only for positive values of the twist
angle ¢,,,; however, needless to say, the actual twist direction
of the alignment of the liquid crystal may be either right
handed or left handed.

FIG. 3 only shows values for a single wavelength (550
nm). The same method of evaluation can be used for
wavelengths in a visible range, i.e., from 380 nm to 780 nm.
The application of the method to incident light having
wavelengths other than 550 nm only requires changes in An
and A among other variables of the evaluation function f.

The consideration of effects on human vision that vary
depending on the wavelength as detailed above and the
calculation of an overlapping integral with the function fon
assumptions of the visual sensitivity and a standard illumi-
nation light source enables more precise optimization. Spe-
cifically, it is useful to substitute the visual sensitivity curve
(¥54z) of the color matching function of CIE1931) and the
spectrum density Spe5(A) of a Dgs standard light source into
aforementioned Equation (3), and to define it as Equation

CF

780
fus =k f F(A)Spes(A)f(A)dA

380

780
k= 1/ r y(/\)SD@(/\)dA
380

Here, f(M), being obtained from calculation of Equation
(3), clearly shows that the function is dependent to the
wavelength A.

Thus defined f,,, is calculated for And and the twist angle
in the same manner as in FIG. 3, and shown in FIG. 4. Here,
the calculation is done taking the dispersion of An into
consideration, and And on the axis of ordinates shows values
for the light having a wavelength of 550 nm.

Further, since the evaluation function f given by Equation
(2) shows values that are in direct proportion to the reflec-
tance of a display, by changing the color matching function
Vs4r (&) of Equation (4) to X, (M) or z,, () that are
similarly specified in CIE1931, it becomes possible to
calculate chromaticity. Hence, the chromaticity (x, y) at the
Dgs light source is calculated for the same parameters as in
FIG. 4. The resultant x and y values are shown in FIGS. 5
and 6 respectively.

With all these taken into consideration, conditions are
specified to produce a sufficient luminous reflectance (f ,, is
0.7 or higher) and satisfactory hue in a white display (x is not
less than 0.27 and not more than 0.35, and y is not less than
0.28 and not more than 0.36), and a suitable And and range
of twist color are obtained. Results are shown in FIG. 7.
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In this manner, the ranges of parameters of a liquid crystal
layer are obtained which are required to realize sufficient
brightness and hue. However, the specifications of the liquid
crystal layer further include a limitation as a result of
specification of the thickness of the liquid crystal layer of the
liquid crystal material. Therefore, not every part of the
hatched range in FIG. 7 would be suitable for practical
purposes. In addition, satisfactory conditions can be found
slightly out of the range too. A further description will be
given regarding this.

Tt is known that an optical property, An, of the liquid
crystal material and a temperature range in which the liquid
crystal material functions properly has a certain correlation.
Specifically, the liquid crystal material for actual use, typi-
cally being adjusted to have necessary properties by blend-
ing with some compositions, will have a narrower tempera-
ture range to obtain nematic phase when An decreases as a
result of a change in the blend ratio. In such a case, it is
difficult to dramatically narrow the operational and preserv-
able temperature ranges of the liquid crystal display device.
That is, in view of the temperature range to stably obtain a
nematic phase, An of the liquid crystal material has a lower
limit. For these reasons, An at room temperature, although
depending on necessary temperature range, etc., is required
to be approximately not less than 0.05, preferably not less
than 0.065.

In addition, the thickness of the liquid crystal layer has
limitations due to the rate of defective products that are
caused during the fabrication process of the liquid crystal
display device by undesirable dust and the like, and also due
to level differences in fabricating elements for driving the
liquid crystal, flatness of the substrate used, etc. Further,
when the liquid crystal layer is adopted in a part of an
arrangement in accordance with the invention as defined in
this application, the concavities and convexities of a con-
cave and convex diffuse reflector plate that is located near
the liquid crystal layer adds to the limitations.

For transmissive liquid crystal display devices, the thick-
ness of the liquid crystal layer is set to approximately 5 pm
and manufacturing technology has been well established for
such an arrangement. To dramatically reduce the thickness
of the liquid crystal layer further would be extremely
difficult and not practical. Therefore, the liquid crystal layer
should be fabricated so as to have a thickness of approxi-
mately not less than 3 pum, preferably not less than 4 um.

From those viewpoints laid out above, it is useful to set
And, that is the product of the refractive index difference,
An, of the liquid crystal and the thickness, d, of the liquid
crystal layer, to not less than 150 nm, preferably to not less
than 260 nm.

Further, in actual liquid crystal of a liquid crystal display
device which is in a driven state, a voltage that is more than
a close proximity of the threshold value of the liquid crystal
which shows threshold value characteristics is applied for
driving the liquid crystal in many cases. In such an event, the
liquid crystal, across which a voltage near the threshold
value is applied, somewhat inclines in comparison to the
state where no voltage is applied, and the refractive index
difference in the substrate normal direction in the somewhat
inclining state appears in an actual display.

As can be understood from this, An determined by the
liquid crystal material may take a value approximately 10%
larger than effective An with respect to the inclined liquid
crystal. Note that since it is possible to carry out a display
at the threshold value or lower of the liquid crystal, appro-
priately this change in the value of And is not applied to the
lower limit of And.
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As detailed above, the inventors of the present invention
have found that from the specific calculation using actual
specifications of the liquid crystal layer, it is useful in the
reflective liquid crystal display device in the single polarizer
plate mode to set And to not less than 150 nm, with 350 nm
being the upper limit thereof, and to set the twist angle of the
liquid crystal to 45° to 100°.

[Example 2]
In Example 2, reflective liquid crystal display devices
structured as in aforementioned FIG. 1 were fabricated with

parameters listed in table 1 to obtain five Samples #2a
through #2f.

TABLE 1

Sample

Parameter #2a #2b #e #2d #e o #2f
And 260 330 120 380 260 260
03 (%) 40 40 40 40 55 20
Twist Angle (°) 70 70 70 70 40 110
01 (%) 75 75 75 75 75 75
Retardation Caused 135 135 135 135 135 135
by Optical Retardation

Compensator Plate 8

02 (%) 15 15 15 15 15 15
Retardation Caused 270 270 270 270 270 270

by Optical Retardation
Compensator Plate 9

Display results of Samples are shown roughly in Table 2.
TABLE 2
Sample
Voltage #2a #2b #ec  #2d #2e #2f
0 White  Yellowish Gray Orangish Reddish  Gray
Display White White ‘White
Display Display  Display
Vth White ~ White Gray Yellowish Yellowish Gray
Display Display White ‘White
Display  Display
1.5 x Vth Gray Gray Dark White White Dark
Gray Display  Display  Gray
2.0 x Vth Dark Dark Gray Dark Gray Gray Black
Gray Gray
3.0 x Vth Black  Black Black Dark Gray Dark Gray Black

Note that Vth refers to threshold voltage values where
change in the alignment of the liquid crystal layer 1 is
observed with each sample, and takes different values due to
And that is set to different values.

As shown in the above, as for Samples #2a and #2b whose
parameters fell in the range of the reflective liquid crystal
display device in accordance with the present invention, a
white display changed into a black display when the voltage
changed from the actually used voltage, i.e., Vth to 3.0xVth.
In contrast, as for Samples #2¢ through #2f whose param-
eters did not fall in the range of the reflective liquid crystal
display device in accordance with the present invention, the
display was dark (Samples #2¢ and #2f), or colored
(Samples #2d and #2e).

Those display results shown in Table 2 show that such
large changes in properties that happened to Samples #2a
through #2f were not observed if only the specified relative
angle, 63, formed with the alignment direction of the liquid
crystal is changed without changing the relative angles, 01
and 02, between the polarizer plate 10 and the optical
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retardation compensator plates 8 and 9, and confirm rather
the dependency on the specifications of the liquid crystal
layer 1.

In addition, similar displays as shown in Table 2 were
observed with all combinations: for example, such specifi-
cations that the light polarized circularly in reverse hand-
edness enters the liquid crystal (i.e., 61 and 62 simulta-
neously increased by 90°, or both 81 and 62 altered in sign)
and such specifications to obtain the light polarized circu-
larly in the same direction (i.e., both 81 and 62 changed in
sign and increased by 90°).

The above description shows that by specifying the liquid
crystal layer 1 so that the product of the birefringence
difference of the liquid crystal in the liquid crystal layer 1
and the thickness of the liquid crystal layer is not less than
150 nm and not more than 350 nm, and the twist angle of the
liquid crystal layer is in a range of 45° to 100°, a satisfactory
display can be realized in the limited range.

Following Examples 3 and 4 show optimization examples
in which the inventors of the present invention examined
conditions to achieve more satisfactory display.

EXAMPLE 3

As Example 3, a reflective liquid crystal display device
will be described that includes a liquid crystal layer of which
the twist angle of the twisted nematic liquid crystal is set to
90° and two optical retardation compensator plates have
retardation of 135 nm and 270 nm respectively.

In Example 3, a reflective liquid crystal display device
structured as shown in aforementioned FIG. 1 was fabri-
cated. The light reflective film 7 on a substrate 5 was made
of aluminum and served as a light reflective electrode. In
addition, the liquid crystal drive cell was a 90° twisted liquid
crystal layer 1 that was adjusted to have a thickness of 4.2
wm after the introduction of liquid crystal, the introduced
liquid crystal material used here having the same liquid
crystal physical properties (dielectric anisotropy, elasticity,
viscosity, nematic temperature range, and voltage retaining
property) as the liquid crystal used in a typical TFT trans-
missive liquid crystal display device only except An which
was adjusted to 0.065. Here, the product of the thickness of
the liquid crystal layer 1 and the birefringence difference of
the liquid crystal was set to 273 nm.

In the present example, the polarizer plate 10, the optical
retardation compensator plate 8, and the optical retardation
compensator plate 9 were configured as shown in FIG. 8.
Note in FIG. 8 that 11 refers to the transmission axis
direction of the polarizer plate 10, 12 refers to the slow axis
direction of the optical retardation compensator plate 9, 13
refers to the slow axis direction of the optical retardation
compensator plate 8, 14 refers to the direction of the
alignment of the liquid crystal molecules that are in contact
with the alignment layer 2 formed on a substrate 4, i.e., that
are in a close proximity of the alignment layer 2, and 15
refers to the direction of the alignment of the liquid crystal
molecules that are in contact with the alignment layer 3
formed on a substrate 5, i.e., that are in a close proximity of
the alignment layer 3, and also that the figure is viewed from
the direction of the incident light on the liquid crystal display
device.

Further, the positional relationship, as shown in FIG. 8,
stipulates that the angle, 81, formed by the transmission axis
direction 11 of the polarizer plate 10 and the slow axis
direction 13 of the optical retardation compensator plate 8
was set to 75°, the angle, 02, formed by the transmission axis
direction 11 of the polarizer plate 10 and the slow axis
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direction 12 of the optical retardation compensator plate 9
was set to 15°, and the angle, 83, formed by the alignment
direction 14 of the liquid crystal molecules on the substrate
4 and the transmission axis direction 11 of the polarizer plate
10 was set to 30°.

The optical retardation compensator plate 8 and the
optical retardation compensator plate 9 were both formed
from an oriented film made of polyvinylalcohol; the optical
retardation compensator plate 8 introduced a phase differ-
ence controlled to 130 nm to 140 nm to the light having a
wavelength of 550 nm that traveled therethrough in a normal
direction, and the optical retardation compensator plate 9
introduced a phase difference controlled to 265 nm to 275
nm to the same kind of light.

The optical retardation compensator plates 8 and 9 were
configured in such a manner to enhance the optical proper-
ties of the fabricated liquid crystal display device in the front
direction; however, their configuration, including the liquid
crystal layer 1, may be changed while considering charac-
teristics in observation from an oblique direction. For
example, either or each of the optical retardation compen-
sator plates 8 and 9 may be replaced with a biaxial optical
retardation compensator plate, so as to alter the phase
differences introduced to the light passing in an oblique
direction by the optical retardation compensator plates 8 and
9 while satisfying conditions on the settings of the angles in
accordance with the present example as shown in FIG. 8. In
addition, needless to say, the settings of the angles may be
altered within the range given by aforementioned Equation
D).

Further, as the polarizer plate 10, a polarizer plate was
used that included an AR layer made up of multi-layered
dielectric films and showed a transmittance of 45% when
measured in a single piece.

A graph is shown in FIG. 9 illustrating a voltage depen-
dency of reflectance of the reflective liquid crystal display
device arranged in the aforementioned manner. The reflec-
tance was measured, as shown in FIG. 10, in a driven state
where voltage was applied across the reflective liquid crystal
display device in accordance with the present example,
using an optical detector detecting the light that radiated
from an illumination light source device, travelled via a half
mirror to enter on the side where the substrate 4 is disposed,
and reflected at the light reflective film disposed on a
substrate 5. Further, in FIG. 9, the reflectance at 100%
represents a measurement on the same liquid crystal display
device as that of the present example. except that it includes
no optical retardation compensator plates, but only the same
polarizer plates as those in the device on which measure-
ment is conducted as above, in a state where liquid crystal
is not filled. In addition, luminous reflectance (Y values) is
employed as the reflectance.

As can be seen from the measurement results shown in
FIG. 9, a high reflectance was obtained at a drive voltage as
low as about 1V or even lower.

EXAMPLE 4

As Example 4, a reflective liquid crystal display device
will be described that includes a liquid crystal layer of which
the twist angle of the twisted nematic liquid crystal is set to
70° and two optical retardation compensator plates have
retardation of 135 nm and 270 nm respectively.

In Example 4, a reflective liquid crystal display device
structured as shown in aforementioned FIG. 1 was fabri-
cated. The light reflective film 7 on a substrate 5 was made
of aluminum and served as a light reflective electrode. In
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addition, the liquid crystal drive cell was a 70° twisted liquid
crystal layer 1 that was adjusted to have a thickness of 4.5
pum (Sample #4a) or 4.2 um (Sample #4b) after the intro-
duction of liquid crystal, the introduced liquid crystal mate-
rial used here having the same liquid crystal physical
properties (dielectric anisotropy, elasticity, viscosity, nem-
atic temperature range, and voltage retaining property) as the
liquid crystal used in a typical TFT transmissive liquid
crystal display device only except An which was adjusted to
0.06. Here, the product of the thickness of the liquid crystal
layer 1 and the birefringence difference of the liquid crystal
was set to 270 nm (Sample #4a) or 250 nm (Sample #45).

In the present example, the polarizer plate 10, the optical
retardation compensator plate 8, and the optical retardation
compensator plate 9 were configured as shown in FIG. 11.
Note in FIG. 11 that 11 refers to the transmission axis
direction of the polarizer plate, 12 refers to the slow axis
direction of the optical retardation compensator plate 9, 13
refers to the slow axis direction of the optical retardation
compensator plate 8, 14 refers to the direction of the
alignment of the liquid crystal molecules that are in contact
with the alignment layer 2 formed on a substrate 4, i.c., that
are in a close proximity of the alignment layer 2, and 15
refers to the direction of the alignment of the liquid crystal
molecules that are in contact with the alignment layer 3
formed on a substrate 5, i.e., that are in a close proximity of
the alignment layer 3, and also that the figure is viewed from
the direction of the incident light on the liquid crystal display
device.

Further, the positional relationship, as shown in FIG. 11,
stipulates that the angle, 61, formed by the transmission axis
direction 11 of the polarizer plate 10 and the slow axis
direction 13 of the optical retardation compensator plate 8
was set to 75°, the angle, 62, formed by the transmission axis
direction 11 of the polarizer plate 10 and the slow axis
direction 12 of the optical retardation compensator plate 9
was set to 15°, and the angle, 63, formed by the alignment
direction 14 of the liquid crystal molecules on the substrate
4 and the transmission axis direction 11 of the polarizer plate
10 was set to 45°.

The optical retardation compensator plate 8 and the
optical retardation compensator plate 9 were both formed
from an oriented film made of polyvinylalcohol; the optical
retardation compensator plate 8 introduced a phase differ-
ence controlled to 130 nm to 140 nm to the light having a
wavelength of 550 nm that travelled therethrough in a
normal direction, and the optical retardation compensator
plate 9 introduced a phase difference controlled to 265 nm
to 275 nm to the same kind of light.

The optical retardation compensator plates 8 and 9 were
configured in such a manner to enhance the optical proper-
ties of the fabricated liquid crystal display device in the front
direction; however, their configuration, including the liquid
crystal layer 1, may be changed while considering charac-
teristics in observation from an oblique direction. For
example, either or each of the optical retardation compen-
sator plates 8 and 9 may be replaced with a biaxial optical
retardation compensator plate, so as to alter the phase
differences introduced to the light passing in an oblique
direction by the optical retardation compensator plates 8 and
9 while satisfying conditions on the settings of the angles in
accordance with the present example as shown in FIG. 11.
In addition, needless to say, the settings of the angles may be
altered within the range given by aforementioned Equation

(1).
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Further, as the polarizer plate 10, a polarizer plate was
used that included an AR layer made up of multi-layered
dielectric films and showed a transmittance of 45% when
measured in a single piece.

The reflectance of the reflective liquid crystal display
device arranged in the aforementioned manner showed the
same voltage dependency as that illustrated in the graph in
aforementioned FIG. 9. As can be seen from these results, a
high reflectance was obtained at a drive voltage as low as
about 1V or even lower. Note that the reflectance was
measured, shown in FIG. 10, using the same optical mea-
suring system as in aforementioned Example 3 and also that
the reflectance at 100% was set in the same manner as in
aforementioned Example 3.

In addition, Table 3 shows contrast, coloring in white, and
coloring in black for a variety of angles, 63, formed by the
transmission axis of the polarizer plate 10 and the alignment
direction of the liquid crystal in a close proximity of the
upper substrate 4.

TABLE 3

10

15

26

missive liquid crystal display device only except An which
was adjusted to 0.0667. Here, the product of the thickness of
the liquid crystal layer 1 and the birefringence difference of
the liquid crystal was set to 300 nm.

In the present example, the polarizer plate 10, the optical
retardation compensator plate 8, and the optical retardation
compensator plate 9 were configured in two kinds as shown
in FIGS. 12(a) and 12(b), and two kinds of samples were
fabricated accordingly. Note in FIGS. 12(a) and 12(b) that,
similarly to aforementioned FIG. 8, 11 refers to the trans-
mission axis direction of the polarizer plate 10, 12 refers to
the slow axis direction of the optical retardation compensa-
tor plate 9, 13 refers to the slow axis direction of the optical
retardation compensator plate 8, 14 refers to the direction of
the alignment of the liquid crystal molecules that are in
contact with the alignment layer 2 formed on a substrate 4,
i.e., that are in a close proximity of the alignment layer 2,
and 15 refers to the direction of the alignment of the liquid
crystal molecules that are in contact with the alignment layer

Sample #4a

Sample #4b

03/ Colering
degree Contrast In White

Coloring
In Black

Overall Coloring
Evaluation Contrast In White

Coloring ~ Overall
In Black Evaluation
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(In Table, o is for excellent, A for good, and x for unsuitable for use)

As can be confirmed by these results, a reflective liquid
crystal display device could be realized with high display
quality by setting 03 to not less than 20° and not more than
70° or not less than 110° and not more than 150°.

EXAMPLE 5

As Example 5, a reflective liquid crystal display device
will be described that includes a liquid crystal layer of which
the twist angle of the twisted nematic liquid crystal is set to
70° and two optical retardation compensator plates have
retardation of 135 nm and 270 nm respectively.

In Example 5, a reflective liquid crystal display device
structured as shown in aforementioned FIG. 1 was fabri-
cated. The light reflective film 7 on a substrate 5 was made
of aluminum and served as a light reflective electrode. In
addition, the liquid crystal drive cell was a 70° twisted liquid
crystal layer 1 that was adjusted to have a thickness of 4.5
um after the introduction of liquid crystal, the introduced
liquid crystal material used here having the same liquid
crystal physical properties (dielectric anisotropy, elasticity,
viscosity, temperature properties, and voltage retaining
property) as the liquid crystal used in a typical TFT trans-
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3 formed on a substrate 5, i.e., that are in a close proximity
of the alignment layer 3, and also that the figure is viewed
from the direction of the incident light on the liquid crystal
display device.

Further, the positional relationship of one of the samples,
as shown in FIG. 12(a), stipulates that the angle, 61, formed
by the transmission axis direction 11 of the polarizer plate 10
and the slow axis direction 13 of the optical retardation
compensator plate 8 was set to 75°, the angle, 62, formed by
the transmission axis direction 11 of the polarizer plate 10
and the slow axis direction 12 of the optical retardation
compensator plate 9 was set to 15°, and the angle, 63,
formed by the alignment direction 14 of the liquid crystal
molecules on the substrate 4 and the transmission axis
direction 11 of the polarizer plate 10 was set to 40°. This
sample will be called Sample #5a.

The positional relationship of the other sample, as shown
in FIG. 12(b), stipulates that the angle, 01, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 13 of the optical retardation com-
pensator plate 8 was set to 75°, the angle, 82, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 12 of the optical retardation com-
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pensator plate 9 was set to 15°, and the angle, 63, formed by
the alignment direction 14 of the liquid crystal molecules on
the substrate 4 and the transmission axis direction 11 of the
polarizer plate 10 was set to 130°. This sample will be called
Sample #5b. As a result, Samples #5a and #55 differed from
each other in 63 and shared common 61 and 2.

Note that as to these Samples #5a and #3b, similarly to
aforementioned Example 3, the optical retardation compen-
sator plate 8 and the optical retardation compensator plate 9
were both formed from an oriented film made of polyviny-
lalcohol; the optical retardation compensator plate 8 intro-
duced a phase difference controlled to 130 nm to 140 nm to
the light having a wavelength of 550 nm that travelled
therethrough in a normal direction, and the optical retarda-
tion compensator plate 9 introduced a phase difference
controlled to 265 nm to 275 nm to the same kind of light. In
addition, as the polarizer plate 10, a polarizer plate was used
that included an AR layer made up of multi-layered dielec-
tric films and showed a transmittance of 45% when mea-
sured in a single piece.

A graph is shown in FIG. 13 illustrating voltage depen-
dencies of reflectance of the reflective liquid crystal display
devices (Sample #5a and #5b) arranged in the aforemen-
tioned manner. In FIG. 13, the curve 13-1 represents mea-
surement results of Sample #5a, and the curve 13-2 those of
Sample #5b. Note that the reflectance was measured, as
shown in FIG. 10, using the same optical measuring system
as in aforementioned Example 3 and also that the reflectance
at 100% was set in the same manner as in aforementioned
Example 3. As can be understood from the measurements
shown in FIG. 13, a high reflectance was obtained at a drive
voltage as low as about 1.5V or even lower; a comparison of
the two curves shows that a higher reflectance was obtained
with Sample #5a represented by the curve 13-1.

In addition, Table 4 shows results of the examination of
voltage versus reflectance property on the reflective liquid
crystal display devices (Samples #5a and #5b) of Example
5 as detailed here and the reflective liquid crystal display
device of aforementioned Example 3.

TABLE 4

Brightness in

Bright State Contrast Ratio
Example 3 90% 10
Example 5 95% 8
(Sample #5a)
Example 5 95% 15
(Sample #5b)

As understood from Table 4, in either case, a sufficient
reflectance and contrast ratio was achieved in a bright state;
the reflective liquid crystal display devices were satisfactory
in visual observation too.

Note that in Table 4 the contrast ratio is defined as the
quotient obtained by dividing the reflectance in the bright
state by the reflectance in the dark state. Here, the voltage
that produces the highest reflectance for each example was
used as the voltage applied in the bright state, while the
voltage applied in the dark state was set to 3V.

EXAMPLE 6

As Example 6, a reflective liquid crystal display device
will be described that was fabricated following the same
conditions as in those in aforementioned Example 4. Optical
properties were measured on the reflective liquid crystal
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display device with different combinations of An(450)/An
(550) and An(650)/An(550), ie., (1, 1), (1.003, 0.993),
(1.007, 0.987), (1.01, 0.98), (1.03, 0.96), (1.06, 0.95), and
(1.1, 0.93), and the results are shown in Table 5. Note that
An(450)/An(550) and An(650)/An(550) represent the ratios
of the refractive index anisotropies, An(450) and An(650), of
the optical retardation compensator plate 8 and the optical
retardation compensator plate 9 with respect to light having
a wavelength of 450 nm and with respect to light having a
wavelength of 650 nm respectively to the refractive index
anisotropy, An(550), of the optical retardation compensator
plate 8 and the optical retardation compensator plate 9 with
respect to light having a wavelength of 550 nm.

TABLE 5
An{450)/An(550) An(650)/An(550) Properties
1 1 o
1.003 0.993 o
1.007 0.987 o
1.01 0.98 A
1.03 0.96 A
1.06 0.95 A
1.1 0.93 X

(In Table, > is for excellent, A for good, and x for unsuitable for use)

These results confirm that a reflective liquid crystal dis-
play device display could be made with high display quality
by such settings to satisfy the relationships:

1 =AR(450)/An(550)<1.06,

and

0.95ZAn(650)/An(350)<1,

and with even higher display quality by such settings to
satisfy the relationships:

1 SAR(A50)/An(550)<1.007,

and

0.987 SAn(650YAn(550)=<1.

EXAMPLE 7

As Example 7, a reflective liquid crystal display device
will be described that was fabricated following the same
conditions as in those in aforementioned Example 4. Bright-
ness, contrast, coloring were measured, and overall evalu-
ation was made on the reflective liquid crystal display by
altering the angle, 04, formed by a direction 16 on the plane
defined by the viewing direction and the normal to the
display surface shown in FIG. 14 and the direction 14 of the
liquid crystal molecules in a close proximity of the second
substrate, and the results are shown in FIG. 15. The results
confirm that a reflective liquid crystal display device was
obtained with high display quality, in particular, substan-
tially excellent brightness, contrast, and parallax from the
achromatic axis by setting 04 to not less than 0° and not
more than 30° or not less than 180° and not more than 210°,

EXAMPLE 8

As Example 8, the following description will explain an
example using a light reflective film having smooth con-
cavities and convexities and an active matrix driving system.

FIG. 16 is a cross-sectional view showing a structure of
a major part of a reflective liquid crystal display device of
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Example 8. As shown in FIG. 16, the reflective liquid crystal
display device 16 included a first substrate 5 and a second
substrate 4 that was made of transparent glass and further
includes as an active switching element an TFT element 17
formed on each pixel on the first substrate 5. On the TFT
element 17 and drive wires (not shown) were formed an
interlayer insulating film 18. The drain terminal (not shown)
of the TFT element 17 was electrically connected to a light
reflective pixel electrode 19 via a contact hole. On the light
reflective pixel electrode 19 was formed an alignment layer
3 with a 100 nm thickness.

Here, the light reflective pixel electrode 19 was made of
conductive metal, such as aluminum, nickel, chromium,
silver, and an alloy including one or more of these metals,
and was light reflective. Further, as to the shape, the light
reflective pixel electrode 19 had smooth concavities and
convexities at a portion where there was provided no contact
hole so as to prevent the metallic reflecting surface from
serving as a specular surface.

Next, a method of forming the light reflective pixel
electrode 19 will be explained in detail.

Relatively large protrusions 20 and relatively small pro-
trusions 21 were made in great numbers from photosensitive
resin material on the surface of the substrate 5 on which the
TFT elements 17 and the drive wires (not shown) had been
fabricated in advance. The relatively large protrusions 20
and relatively small protrusions 21 were formed in great
numbers in a circular shape using photolithography tech-
nique so as to have bottom diameters of DI and D2
respectively (see FIG. 16). The D1 and D2 were set to 5 pm
and 3 pm respectively for example. In addition, the interval,
D3, between the protrusions was set to 2 um or greater. In
addition, the heights of the protrusions, which were control-
lable during fabrication of the film from photosensitive resin
material, was set to 1.5 um in the present example, and the
heads of the protrusions were made smooth in exposure and
baking processes that followed.

Subsequently to this, the protrusions 20 and 21 were
covered, and a planarization layer 22 was formed from a
similar photosensitive resin material to plug the flat portion
between the protrusions 20 and 21. Hence, the surface of the
planarization layer 22, being affected by the protrusions 20
and 21, had a smoothly curved surface, that was the required
target shape. Note that the protrusion and the planarization
layer 22 were not fabricated in the contact hole portion.

Through the fabrication of the TFT element substrate 23
having such a structure, a reflective liquid crystal display
device that had a high so-called aperture ratio and was
therefore bright was obtained wherein no parallax existed
because the light reflective pixel electrode 19 doubled as a
reflector plate and was disposed near the liquid crystal layer
1, and no light, having passed through the liquid crystal layer
1 and reflected at the light reflective pixel electrode 19, was
damaged by the TFT element 17 and the element drive wires
(not shown) portion.

In contrast, the other substrate, which was used in com-
bination with the TFT element substrate 23, included a
highly bright color filter 24 in accordance with a reflective
mode. The color filter 24 was provided with a black matrix
25 that prevented color mixture between the pixels and
leakage of reflected light in a dark display caused by
no-voltage applied portions between pixel electrodes and
electric field disturbance.

The black matrix 25, even if being made from an inex-
pensive metal film for example, did not reflect light to
degrade visibility, since the incident light, which was
already substantially circularly polarized, was reflected at
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the black matrix 25, and then absorbed again by the polarizer
plate upon exiting, due to the function of the optical retar-
dation compensator plate. Note that the black matrix 25, if
being further subjected to a low reflection process, was more
preferable to be used for a high contrast display.

Opposite electrodes 6 were formed, on the color filter 24
in such a manner to oppositely face the light reflective pixel
electrode 19, with a 140 nm thickness and a desired pattern
to drive the TFT elements, by mask depositing ITO (Indium
Tin Oxide) as a transparent electrode 6 using a sputtering
technique. Then an alignment layer 2 was formed further
thereon, which completed the process to fabricate a color
filter substrate 26.

Note that even if the transparent electrode 6 had a
thickness other than 140 nm, since part of incident light that
was reflected without reaching the liquid crystal layer 1 due
to interference effects by the thickness of the transparent
electrode 6 was absorbed by the optical retardation com-
pensator plates 8 and 9 and the polarizer plate 10, there were
no adverse effects on a dark state, and visibility did not
deteriorate.

In addition, the color filter 24 used here was suitably
designed to produce brightness that was suited for high
contrast display mode using a polarizer plate, and the color
filter substrate 26 had a transmittance of 50% at Y value with
the black matrix 25 having an aperture ratio of 90%.

The TFT element substrate 23 and the color filter substrate
26 prepared in this manner were subjected to an alignment
layer treatment through rubbing, a process to dispose plastic
spacers (not shown) for maintaining the thickness of the
liquid crystal layer 1, and a process to dispose a sealing
material along edges, and thereafter were aligned with each
other so as to oppositely face each other, and sealed through
curing under pressure, so as to prepare a liquid crystal cell
into which liquid crystal would be filled. Further, in the
liquid crystal layer 1, liquid crystal material having a posi-
tive dielectric anisotropy Ae was introduced using vacuum
filling. Hereinafter, the direction around the liquid crystal
display device would be described as viewed by a viewer
who oppositely faced the device, with the upward direction
being defined as the 12 o’clock direction in reference to a
clock face.

On a side of the color filter substrate 26, opposite to the
liquid crystal layer 1, were disposed optical retardation
compensator plates 8 and 9 that were formed from an
oriented film made of polyvinylalcohol. A polarizer plate 10
was disposed further on the optical retardation compensator
plates 8 and 9.

In the present example, the polarizer plate 10, the optical
retardation compensator plate 8, and the optical retardation
compensator plate 9, which constituted the circular polarizer
plate 100, were configured as shown in FIG. 17. Note in
FIG. 17 that 11 refers to the transmission axis direction of
the polarizer plate 10, 12 refers to the slow axis direction of
the optical retardation compensator plate 9, 13 refers to the
slow axis direction of the optical retardation compensator
plate 8, 14 refers to the direction of the alignment of the
liquid crystal molecules that are in contact with an alignment
layer 2 formed on the color filter substrate 26, i.c., that are
in a close proximity of the alignment layer 2, and 15 refers
to the direction of the alignment of the liquid crystal
molecules that are in contact with an alignment layer 3
formed on the TFT element substrate 23, i.e., that are in a
close proximity of the alignment layer 3. Here, the align-
ment layer 2 on the color filter substrate 26 is fabricated so
that the alignment processing direction 14 is in the 3 o’clock
direction relative to the device.
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Further, the positional relationship, as shown in FIG. 17,
stipulates that the angle, 81, formed by the transmission axis
direction 11 of the polarizer plate 10 and the slow axis
direction 13 of the optical retardation compensator plate 8
was set to 75°, the angle, 62, formed by the transmission axis
direction 11 of the polarizer plate 10 and the slow axis
direction 12 of the optical retardation compensator plate 9
was set to 15°, and the angle, 83, formed by the alignment
direction 14 of the liquid crystal molecules on the color filter
substrate 26 and the transmission axis direction 11 of the
polarizer plate 10 was set to 130°.

In addition, the liquid crystal layer 1 used here was
adjusted to have a thickness of 4.0 to 5.0 um after the
introduction of liquid crystal material, the liquid crystal used
here had a An of 0.0667, the product of the thickness of the
liquid crystal layer and the birefringence difference was set
to substantially 300 nm. The thickness of the liquid crystal
layer 1 differed depending on the place due to the concave
and convex surface of the light reflective pixel electrode 19.

Further, a drive circuit was mounted around the liquid
crystal display fabricated in the above manner to complete
the process of fabricate a reflective liquid crystal display
device.

In the reflective liquid crystal display device of the
present example, since the light reflective pixel electrode 19
was located near the liquid crystal layer 1, there was no
parallax being produced, and a satisfactorily high resolution
display was realized. Those concavities and convexities
provided to the light reflective pixel electrode 19 prevented
the viewer from being reflected in the device, thereby
realizing a satisfactory white display. Further, since nothing
was disposed in front of the liquid crystal display device to
randomly reflect incident light, the liquid crystal display
device showed a satisfactory dark state. For these reasons,
the liquid crystal display device achieved a high contrast
ratio display.

In addition, since a highly bright color filter 24 was used,
even when a polarizer plate was used, sufficient brightness
could be ensured, the reflectance was low in the dark state,
and color purity did not deteriorate because of the simulta-
neous viewing of the light reflected on color elements
selected to this dark state and the light reflected on the color
elements selected to a bright state. This allowed a highly
satisfactory color reproduction without damaging the color
reproduction range of the color filter 24 despite the poor
saturation of the highly bright color filter 24.

In addition, since the voltage applied across the pixels
were set to an intermediate state between a dark state and a
bright state, there were no problems in producing gray
scales. Therefore, there were no problems in reproducing
half tones with the colors of the color filter 24. In addition,
it was confirmed that in actual driving the response speed
posed no problems in reproducing moving pictures.

As mentioned above, a reflective liquid crystal display
device could be obtained, using a practicable fabrication
method, that could display half-tones and moving pictures
while maintaining a satisfactory color reproduction range.

EXAMPLE 9

As Example 9, a reflective liquid crystal display device
will be described that is an example to enhance brightness
through the fabrication of a concave and convex light
reflective film having an in-plane anisotropy and to specify
the direction in which the inclined viewing angle of the
liquid crystal layer is satisfactory to a direction in which the
brightness is high.
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In Example 9, the light reflective pixel electrode 19 of the
reflective liquid crystal display device was fabricated to
have concavities and convexities according to a pattern
different from that in Example 8, so that the concavities and
convexities varied depending on the direction on the plane
on which the reflective electrodes were formed.

In the present example, a pattern was formed that satisfied
the aforementioned conditions, as shown in the major-part-
showing enlarged plan view constituting FIG. 18, wherein
the convexities were not circular, but elliptical, and had
properties that are dependent to directions. Reflection prop-
erty was measured on a light reflector plate constituted only
by a light reflective film having such concavities and con-
vexities, using a measuring system shown in FIG. 19. To be
more specific, as shown in FIG. 19, illumination light was
directed to enter from a 30° oblique direction, and the
intensity of reflected light was measured in the normal
direction to the light reflector plate surface by rotating the
light source to detect reflective anisotropy.

The results, shown in FIG. 20, confirm that the light from
a particular direction was efficiently guided toward the front
of the liquid crystal display device. It should be noted,
however, that considering that the refractive index of the
liquid crystal material was greatly different from that of air,
immersion oil (matching oil) having a refractive index of
1.516 was dropped on the light reflector plate surface and a
transparent glass was attached thereonto for measurement.
In addition, measured values were subjected to a conversion
so that 100% would represent the value obtained when
measurement was made in the same manner on a perfect
reflecting diffuser (standard white board) made of MgO. In
FIG. 20, the curve 20-1 represents measured and then
converted values for the anisotropic diffuse reflector plate of
the present example, and the curve 20-2 represents measured
and then converted values for a diffuse reflector plate similar
to that used in Example 8.

The results are shown in FIG. 20. With the curve 20-1
representing such a reflector plate of the present example
that the concavities and convexities are formed at a mean
cycle that varies according to the direction on the reflector
plate surface, the reflective brightness (reflected light inten-
sity) changes greatly with a change in the incident direction,
¢, of illumination light. In contrast, with the curve 20-2
representing such a reflector plate (Example 8) that the
concavities and convexities are formed isotropically, the
reflective brightness (reflected light intensity) does not
change greatly with a change in the incident direction, ¢, of
illumination light.

From these results, the inventors of the present invention
have found that the direction dependent property (anisot-
ropy ), where the mean concavity and convexity cycle varies
according to the direction on the reflector plate surface as
can be seen with the reflector plate used in the present
example, is useful means to increase reflective brightness.
Further, in FIG. 20 the directions ¢=90° and 270° in which
the mean cycle of the concavities and convexities is short; it
has been thus confirmed that illumination light from a
direction in which the mean cycle is short has high reflective
brightness.

Four kinds of samples were fabricated by forming align-
ment films 2 and 3 in the same manner as in Example 8 on
a TFT element substrate 23 having a light reflector plate
characterized by these features and on a color filter substrate
26 fabricated in the same manner as in Example 8, and then
subjecting the substrates 23 and 26 to an alignment layer
treatment (the twist angle 70°).
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The samples differed from each other in the configuration
of the polarizer plate 10, the optical retardation compensator
plate 8, and the optical retardation compensator plate 9, as
shown in FIGS. 21(a) to 21(d). Note in FIGS. 21(a) to 21(d)
that, similarly to aforementioned FIG. 17, 11 refers to the
transmission axis direction of the polarizer plate 10, 12
refers to the slow axis direction of the optical retardation
compensator plate 9, 13 refers to the slow axis direction of
the optical retardation compensator plate 8, 14 refers to the
direction of the alignment of the liquid crystal molecules
that are in contact with an alignment layer 2 formed on the
color filter substrate 26, i.c., that are in a close proximity of
the alignment layer 2, and 15 refers to the direction of the
alignment of the liquid crystal molecules that are in contact
with an alignment layer 3 formed on the TFT element
substrate 23, i.e., that are in a close proximity of the
alignment layer 3. These figures are viewed from the direc-
tion in which light enters the liquid crystal display device.

In other words, as to a sample shown in FIG. 21(a), the
positional relationship stipulates that the angle, 81, formed
by the transmission axis direction 11 of the polarizer plate 10
and the slow axis direction 13 of the optical retardation
compensator plate 8 was set to 75°, the angle, 62, formed by
the transmission axis direction 11 of the polarizer plate 10
and the slow axis direction 12 of the optical retardation
compensator plate 9 was set to 15°, and the angle, 63,
formed by the alignment direction 14 of the liquid crystal
molecules on the color filter substrate 26 and the transmis-
sion axis direction 11 of the polarizer plate 10 was set to
130°. This sample will be referred to as Sample #9a (the
same as Example 8). Note that the alignment direction 14 of
the liquid crystal molecules on the color filter substrate 26
was set parallel to the 3 o’clock direction.

Further, as to a sample shown in FIG. 21(5), the positional
relationship stipulates that the angle, 61, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 13 of the optical retardation com-
pensator plate 8 was set to 75°, the angle, 82, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 12 of the optical retardation com-
pensator plate 9 was set to 15°, and the angle, 63, formed by
the alignment direction 14 of the liquid crystal molecules on
the color filter substrate 26 and the transmission axis direc-
tion 11 of the polarizer plate 10 was set to 130°. This sample
will be referred to as Sample #9b. Note that the alignment
direction 14 of the liquid crystal molecules on the color filter
substrate 26 was set parallel to the 12 o’clock direction.

Further, as to a sample shown in F1G. 21(c), the positional
relationship stipulates that the angle, 61, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 13 of the optical retardation com-
pensator plate 8 was set to 75°, the angle, 02, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 12 of the optical retardation com-
pensator plate 9 was set to 15°, and the angle, 63, formed by
the alignment direction 14 of the liquid crystal molecules on
the color filter substrate 26 and the transmission axis direc-
tion 11 of the polarizer plate 10 was set to 40°. This sample
will be referred to as Sample #9¢. Note that the alignment
direction 14 of the liquid crystal molecules on the color filter
substrate 26 was set parallel to the 3 o’clock direction.

Further, as to a sample shown in FIG. 21(d), the positional
relationship stipulates that the angle, 81, formed by the
transmission axis direction 11 of the polarizer plate 10 and
the slow axis direction 13 of the optical retardation com-
pensator plate 8 was set to 75°, the angle, 02, formed by the
transmission axis direction 11 of the polarizer plate 10 and
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the slow axis direction 12 of the optical retardation com-
pensator plate 9 was set to 15°, and the angle, 63, formed by
the alignment direction 14 of the liquid crystal molecules on
the color filter substrate 26 and the transmission axis direc-
tion 11 of the polarizer plate 10 was set to 40°. This sample
will be referred to as Sample #9d. Note that the alignment
direction 14 of the liquid crystal molecules on the color filter
substrate 26 was set parallel to the 12 o’clock direction.

Note that the samples were fabricated in the same manner
as in aforementioned Example 8, except the process in
which concave and convex patterns were fabricated on the
light reflector plates.

Visual observation of these sample reflective liquid crys-
tal display devices that included the light reflector plates
having such concavities and convexities revealed that a
display was realized with a higher brightness with Samples
#9a to #9d than with foregoing Example 8 when viewed
from the front direction, and also revealed that anisotropic
concavities and convexities enhanced brightness. In such an
event, reflective brightness was high when illumination light
entered in the 12 o’clock direction or the 6 o’clock direction.
Further, brightness was similarly high when the devices
were illuminated from the front direction and viewed from
the oblique 12 or 6 o’clock direction.

Further, the sample liquid crystal display devices were
illuminated from the front direction with incident illumina-
tion light and viewed from various oblique angles that were
45° off the front direction; Samples #9a and #94 achieved a
satisfactory display in the 6 and 12 o’clock directions that
were oblique directions in which reflective brightness was
high, and also achieved a satisfactory contrast in display in
the same directions, whereas when viewed from an oblique
viewing direction in which brightness was high, the samples
did not seemingly show any particular inclination-induced
changes in the display. In contrast, observation revealed that
Samples #9b and #9¢ degraded the contrast ratios in display
when viewed from the 6 or 12 o’clock direction in which
brightness was high.

This shows that the viewing angle direction in which the
liquid crystal display modulation layer (the liquid crystal
layer 1) showed excellent visibility varied according to the
three different values of 03. In addition, Samples #9a and
#9d, wherein the direction to give satisfactory visibility
coincided with the direction in which the anisotropic con-
cavities and convexities of the light reflector plate yielded
high brightness, realized a high quality display featuring the
high contrast ratio of the polarizer plate, the optical retar-
dation compensator plate, and the liquid crystal modulation
layer (the liquid crystal layer) in accordance with the present
invention.

Note that the direction of the anisotropic concavities and
convexities of the light reflector plate employed in the
present example may be set differently according to princi-
pal ambient conditions in which the liquid crystal display
device in accordance with the present invention is actually
used; in such a case, needless to say, in order to obtain the
same effects, the angles formed by the alignment of the
liquid crystal, the polarizer plate, and the optical retardation
compensator plate should be set so that the direction giving
satisfactory oblique viewing angle properties coincides with
the direction yielding high brightness.

EXAMPLE 10

Next, as Example 10, the following description will
explain an example of a reflective liquid crystal display
device incorporating a touch panel as information input
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means installed in a personal digital tool, which is a major
application field of the reflective liquid crystal display
device in accordance with the present invention.

First, a reference is made to FIG. 22 constituted by a
cross-sectional view schematically showing a major part of
an arrangement of a touch panel used in the present example.
As shown in FIG. 22, the touch panel 31 was a planar
pressure sensitive element including a supporting substrate
28 on which a transparent electrode 30 was formed for
detecting a pressed position and a movable substrate 27 on
which a transparent electrode 29 was formed for detecting a
pressed position, the transparent electrodes 29 and 30 being
disposed so as to oppositely face each other with an air gap
sandwiched therebetween. Note that both the movable sub-
strate 27 and the supporting substrate 28 used here had no
birefringence.

A major part of the structure of the present example is
schematically shown in a cross-sectional view constituting
FIG. 23. As shown in FIG. 23, a reflective liquid crystal
display device incorporating a touch panel of the present
example included an optical retardation compensator plate
8, an optical retardation compensator plate 9, and a polarizer
plate 10 being attached onto the movable substrate 27 of the
touch panel 31, and all these were disposed on the display
surface side of a liquid crystal drive cell having the same
structure as the liquid crystal display device of aforemen-
tioned Example 8 except that no polarizer plate and no
optical retardation compensator plates 8§ and 9 were
attached.

In such an event, the alignment direction of the liquid
crystal layer 1, the polarizer plate 10, and the optical
retardation compensator plates 8 and 9 were configured in
the same manner as in aforementioned FIG. 17 (Example 8),
and further, the same arrangement was done except the touch
panel. Note that an air gap 32 was provided so as to maintain
the distance between the supporting substrate 28 of the touch
panel and the color filter substrate 26 of the reflective liquid
crystal display device and to thereby produce a pressure
propagation prevention effect, the pressure on the touch
panel being prevented from propagating to a color filter
substrate 26, without using a pressure buffering member
which otherwise would have added to the weight of the
device.

In addition, as a comparative example, a reflective liquid
crystal display device incorporating a touch panel was
fabricated including a structure whose major part is shown
in a cross-sectional view constituting FIG. 24. In other
words, the structure of the comparative example was equiva-
lent to the touch panel 31 shown in FIG. 22 being disposed
on the polarizer plate 10 of the liquid crystal display device
having the structure of aforementioned Example 8. There-
fore, the only difference between the present example and
the comparative example was the relative position of the
touch panel 31.

Next, comparison was made between the present example
and the comparative example. First, as to the comparative
example, the light component reflected at the touch panel
was directly viewed, thereby greatly degrading visibility.
That reflected light included the light reflected due to the gap
sandwiched between the touch panel supporting substrate 28
and the polarizer plate 10 as well as the light reflected due
to the gap sandwiched between the transparent electrodes 29
and 30.

In contrast, as to the present example, no reflected light
component, such as that occurred with the comparative
example, was observed; a very satisfactory display was
observed similarly to the case where no touch panel is used
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(Example 8). Further as to the present example, unlike the
comparative example, no light was observed to be reflected
due to the gap sandwiched between the transparent elec-
trodes 29 and 30.

Further, no reflection was observed either at the interface
between the air gap 32 for preventing pressure propagation
and the touch panel supporting substrate 28 nor at the
interface between the touch panel supporting substrate 28
and the color filter substrate 26 of the liquid crystal display
device. Therefore, according to Example 10, a reflective
liquid crystal display device incorporating an input device
(touch panel) was realized that was lightweight because of
the lack of need for a pressure buffering member, and
effectively utilized, for display, a circularly polarized state of
light created by reflection preventive means of the input
device.

In addition, a more convenient and lightweight arrange-
ment was feasible, if, to mention briefly, the movable
substrate 27 of the touch panel 31 was omitted, and the
transparent electrode 29 was directly disposed on the liquid
crystal layer side of the optical retardation compensator
plate 8.

Second Embodiment of the Invention

Referring to drawings, the following description will
explain another embodiment in accordance with the present
invention. For convenience, members of the present embodi-
ment that have the same function as members of the previous
embodiment are indicated by the same reference numerals
and description thereof is omitted.

So far, the description has discussed examples wherein as
to the case when substantially high voltage is applied across
the liquid crystal layer, the liquid crystal layer has no
polarized light conversion function, and satisfactory prop-
erty is obtained in such approximation. However, consider-
ing that the voltage applied across the liquid crystal has
practical limitations, optimization in detail is more effective.

To be more specific, referring to aforementioned FIG. 1,
a black display is achieved when the voltage applied across
the liquid crystal is at its maximum value; the liquid crystal
here does not entirely align in the substrate normal direction,
and a consideration should be given to the component
parallel to the substrates 4 and 5 remaining in the alignment
of the liquid crystal. Conditions for a dark display with this
taken into consideration are, similarly to cases above, that in
a state where a practically maximum voltage is applied
across the liquid crystal, the incident light entering the
polarizer plate 10 be circularly polarized after passing both
the optical retardation compensator plates § and 9 and the
liquid crystal layer 1.

In this state, since a practically maximum voltage is
applied across the liquid crystal 1, the liquid crystal display
device is in a state where no polarized light conversion
function is produced. However, there remains a little polar-
ized light conversion function (hereinafter, will be referred
to as a residual phase difference) in accordance with the
component of the alignment of the liquid crystal that is
parallel to the substrate. By slightly modifying the previous
conditions for the optical retardation compensator plates 8
and 9 to conform to this, a satisfactory dark display is
achieved at practically maximum voltage.

In contrast, conditions to realize a satisfactory bright
display using the optical retardation compensator plates 8
and 9 and the alignment of the liquid crystal layer 1 that are
optimized so as to achieve a satisfactory dark display in the
above manner are similarly that the polarization state on the
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surface of the reflector plate 3 be linearly polarized. How-
ever, design parameters for the liquid crystal layer 1 to
satisfy those conditions are still decided on the same
assumption that such a sufficiently high voltage can be
applied that the residual birefringence of the liquid crystal
becomes ignorable.

In other words, in a case where the optical retardation
compensator plates 8 and 9 are used that are slightly
modified in accordance with the residual phase difference of
the liquid crystal. the specifications for the liquid crystal
layer 1 do not greatly differ from those before the modifi-
cation, and are predicable from the previous specifications.

FIG. 25 shows schematically an arrangement of a reflec-
tive liquid crystal display device of the present example. As
shown in FIG. 25, the reflective liquid crystal display device,
including the arrangement of the reflective liquid crystal
display device of aforementioned Embodiment 1, is
arranged to have a third optical retardation compensator
plate 101 between the substrate 4 and the optical retardation
compensator plate 8 of the circular polarizer plate 100 to
cancel the residual phase difference of the liquid crystal
layer 1. FIG. 26 shows a configuration example of the three
optical retardation compensator plates 8, 9, and 101 in the
reflective liquid crystal display device.

As to the direction of the slow axis of the residual phase
difference of the liquid crystal layer 1, if the twist angle of
the liquid crystal layer 1 is set to about 70°, which is
approximately the middle value of the setting range for the
twist angle in accordance with the present invention, there
remains a birefringence component of the slow axis which
is parallel to the alignment direction of the liquid crystal
between the centers of the substrates 4 and 5 of the liquid
crystal layer 1. To cancel this, an optical retardation com-
pensator plate having a slow axis in a direction perpendicu-
lar to the alignment of the liquid crystal is appropriately
disposed as the third optical retardation compensator plate
101. Although depending on the maximum voltage applied
across the liquid crystal, the residual phase difference of the
liquid crystal layer 1 can be cancelled if the magnitude of
retardation is set to approximately 10 to 50 nm.

Next, the following description further discusses a
method of achieving a satisfactory display by improving the
viewing angle characteristic with the reflective liquid crystal
display device shown in FIG. 25.

In the reflective liquid crystal display device shown in
FIG. 25, a satisfactory dark display is achieved at a maxi-
mum value of an actual driving voltage; according to a
method whereby a satisfactory display is obtained in this
manner, in a state where a sufficient voltage is applied across
the liquid crystal layer 1, the cancellation of the residual
birefringence of the liquid crystal is effective.

Therefore, the viewing angle becomes expandable by
expanding such a viewing angle range that the residual
birefringence of the liquid crystal layer 1 can be satisfacto-
rily cancel. In order to achieve this, the use of an optical
retardation compensator plate is effective with the three-
dimensional configuration of the alignment of liquid crystal
being taken into consideration.

FIG. 27 shows schematically a three-dimensional align-
ment in an actual driven state of the liquid crystal layer 1.
Note that FIG. 27 shows the alignment of the liquid crystal
of the reflective liquid crystal display device shown in FIG.
25 more faithfully to the actual alignment. In such a state,
the residual birefringence of the light passing through the
liquid crystal layer 1 in the normal direction of the display
surface can be cancel by a uniaxial optical retardation
compensator plate having the slow axis direction thereof on
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an ordinary plane; however, as to the light obliquely passing
through the liquid crystal layer 1, the use of an optical
retardation compensator plate is effective with the inclina-
tion of the alignment of the liquid crystal layer 1 being
further taken into consideration.

First, since the liquid crystal aligns approximately per-
pendicular to the substrates 4 and 5, the refractive index of
the liquid crystal layer 1 has a large component with respect
to the electric field that is in the substrate normal direction.
In order to cancel this, an optical retardation compensator
plate having a smaller refractive index with respect to the
electric field that is in the layer thickness direction of the
third optical retardation compensator plate 101 is effective;
this is achieved by employing an optical retardation com-
pensator plate that is optically uniaxial and has a smaller
refractive index with respect to the electric field that is in a
film thickness direction than with respect to the electric field
that is in a film surface direction as the optical retardation
compensator plate 101. Further, the optical retardation com-
pensator plate 101 may be an optically biaxial index ellip-
soid with the purpose of canceling the residual phase dif-
ference of the aforementioned liquid crystal layer in a
direction on a layer surface.

In addition, more strictly, it is effective to take into
account that the alignment of the liquid crystal is not
completely perpendicular to the substrates 4 and 5. Espe-
cially when a diffuse reflector film or a reflective film are
configured obliquely to the display surface of the reflective
liquid crystal display device, or more generally when such
a reflecting surface is used that has a function to reflect light
in a direction other than the specular reflection direction of
the display surface, it is effective in achieving a satisfactory
viewing angle characteristic to cancel the residual birefrin-
gence of the liquid crystal with respect to the optical path
that extends from the transmission through the liquid crystal
layer 1 to the arrival to the light reflective film 7 and also
with respect to the outgoing optical path that extends from
the light reflective film 7 to the transmission through the
liquid crystal layer 1.

Referring to FIG. 28, a more detailed explanation will be
given. As illustrated in FIG. 28, changes in illumination-
associated environment brought onto the viewer who is in
the front direction of the reflective liquid crystal display
device as a result of the switching of illumination from
ambient illumination light A to illumination light which is
principally composed of illumination light B will be exam-
ined.

In such an event, while the viewer and the liquid crystal
display device are fixed in position, the brightness and hue
in a dark display alter with a change in the ambient illumi-
nation light. This is because the residual birefringence of the
liquid crystal is cancel to a variable degree according to the
direction of the optical path in the liquid crystal layer 1
through which light passes; a more satisfactory display can
be achieved by preventing this from happening.

EXAMPLE 11

As Example 11, two Samples #lla and #116 were
obtained by fabricating reflective liquid crystal display
devices incorporating the arrangement shown in aforemen-

tioned FIG. 25 in accordance with the parameters listed in
Table 6.
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TABLE 6
Sample
Parameter #1la #11b
And (nm) 260 260
03 (°) 40 40
Twist Angle (°) 70 60
Angle, 81, of Optical Retardation 75 75
Compensator Plate 8 (°)
Retardation Caused by Optical 135 nm 135 nm
Retardation Compensator Plate 8
Angle, 82, of Optical Retardation 15 15
Compensator Plate 9 (°)
Retardation Caused by Optical 270 nm 270 nm
Retardation Compensator Plate 9
05 (°) 165 165
Retardation Caused by Optical 30 nm 30 nm

Retardation Compensator Plate 101

FIG. 29 shows voltage versus reflectance curves for
Samples #11a and #11b. For comparison, FIG. 29 also
shows a voltage versus reflectance curve for the reflective
liquid crystal display device of Example 3.

Tt is understood from this that as to Sample #11a of the
present example, the reflectance slightly decreased in a
bright display, but a satisfactory dark display was achieved
and also that as to Sample #1154, the brightness did not
decrease and a satisfactory dark display was achieved.

Here, a further research was made to replace the two
optical retardation compensator plates 101 and 8 with only
one optical retardation compensator plate that offered the
same function as the two plates, which would eventually
enable the fabrication of liquid crystal display devices
having the same function as these arrangement examples at
lower costs through reducing the number of optical retar-
dation compensator plates used.

In such an event, the inventors exploited the fact that two
optical retardation compensator plates can be substituted for
a single optical retardation compensator plate that has a
retardation equivalent to the sum of the retardations of the
two optical retardation compensator plates if the two optical
retardation compensator plates are stacked so that their slow
axes are parallel to each other, and can be substituted for a
single optical retardation compensator plate that has a retar-
dation equal to the difference between the retardations of the
two optical retardation compensator plates if the optical
retardation compensator plates are stacked so that their slow
axes are perpendicular to each other.

In other words, since the optical retardation compensator
plate 8 and the optical retardation compensator plate 101 in
Sample #115 of the present example were configured so as
to be stacked in a close proximity and also so that the slow
axis directions were perpendicular to each other, a single
optical retardation compensator plate having a retardation
equal to the retardation of the two plates could replace the
two plates. In other words, by changing the retardation of the
optical retardation compensator plate 8, the same effects
resulted as Samples #11a and #11b, etc.

To confirm these effects, Samples #11c and #11d were
additionally fabricated. Samples #11¢ and #11d each had the
cross-sectional structure as that shown in FIG. 1 mentioned
in aforementioned Embodiment 1. Table 7 shows the con-
figuration of the optical retardation compensator plates 8 and
9 in Samples #11c and #11d.
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TABLE 7
Sample Parameter #1lc #11d
And (nm) 260 260
03 (°) 45 135
Twist Angle (°) 60 60
03 (°) 75 7
Retardation Caused by Optical 105 165
Retardation Compensator Plate 8
02 15 15
Retardation Caused by Optical 270 nm 270 nm

Retardation Compensator Plate 9

The voltage versus reflectance curves of Samples #11¢
and #11d are similar to that of Sample #1156 shown in FIG.
29.

This shows that a more satisfactory property can achieved
by additionally including a third optical retardation com-
pensator plate and thereby cancelling the residual phase
difference of liquid crystal across which a practically maxi-
mum voltage is being applied. Further, it is confirmed that
when two optical retardation compensator plates are in use,
similar effects can be achieved by adjusting retardation. In
other words, it is confirmed that a more satisfactory black
display can be achieved by the addition and adjustment of an
optical retardation compensator plate with actual driving
being taken into account.

EXAMPLE 12

In Example 12, an optically uniaxial optical retardation
compensator plate having an inclined optical axis was used
as the third optical retardation compensator plate 101 so as
to cancel the residual birefringence of the liquid crystal layer
1 in more directions. The resultant reflective liquid crystal
display device including the arrangement shown in FIG. 30
was designated as Sample #12a. In addition, a biaxial optical
retardation compensator plate was used as the third optical
retardation compensator plate 101 to obtain a reflective
liquid crystal display device having the arrangement shown
in FIG. 31, which was designated as Sample #12b.

In this example, the index ellipsoid of the optical retar-
dation compensator plate 101 was not inclined to the sub-
strate.

Here, a concave and convex reflector plate made of metal
(not shown) was used as the light reflective film 7 similarly
to the reflective liquid crystal display device shown in FIG.
16 so as to provide a light diffusion property.

In addition, as Sample #12¢, a reflective liquid crystal
display device were fabricated having the same arrangement
as Samples #12a and #12b, except that a positively uniaxial
optical retardation compensator plate was used as the optical
retardation compensator plate 101.

Table 8 shows the configurations of optical elements of
Samples #12a to #12c.

TABLE 8
Sample
Parameter #12a #12b #12¢
And (nm) 260 260 260
03 () 45 43 45
Twist Angle (%) 60 60 60
o1 () 75 75 73
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TABLE 8-continued

Sample

Parameter #12a #12b #12c
Retardation Caused by 135 nm 135 nm 135 nm
Optical Retardation
Compensator Plate 8
Angle, 82, of Optical 15 15 15
Retardation Compensator
Plate 9 (°)
Retardation Caused by 270 nm 270 nm 270 nm
Optical Retardation
Compensator Plate 9
Type of Optical Retardation Inclined, Biaxial Negative,
Compensator Plate 101 negative, uniaxial

uniaxial
Angle, 05, of Optical 165% 165% 165%
Retardation Compensator
Plate 101 (%)
Retardation Caused by 30 nm* 30 nm* 30 nm*

Optical Retardation
Compensator Plate 101

*The directions of the optical retardation compensator plates 101 of
Samples #12a and #12b represent attachment directions in the x-direction
of the optical retardation compensator plate, while the retardation of the
optical retardation compensator 101 represents the value with respect to
light propagating in the substrate normal direction with the x-direction
being as the slow axis direction.

In addition, Table 9 shows results of the evaluation on
Samples #12a to #12¢ regarding viewing angles character-
istics.

TABLE 9

Sample

Parameter #12a #12b #12c

Bright Display White Display White Display White Display

Viewed from Front

Dark Display Viewed No Coloring  Coloring Coloring

from Front Caused by Observed Observed
Change in Depending on ~ Depending on
Tllumination Tllumination Illumination
Direction. No  Direction. No  Direction.
Increase in Increase in Increase in
Reflectance Reflectance Reflectance
in Black in Black in Black
Display Display Display

Bright Display White Display White Display White Display

Viewed from Oblique
Angle
Dark Display Viewed Black Display

Black Display  Black Display

from Oblique Angle  with no with Coloring  with Coloring

Coloring for  depending on  depending on

Every Inclination Inclination

Direction Direction Direction,
Increasingly
Bright with
Greater
Inclination

The optical retardation compensator plate 101 used in
Sample #12a was fabricated through working on stretching
process so that the index ellipsoid was inclined, and that the
resultant light passing in the front direction showed retar-
dation of approximately 30 nm.

As shown in FIG. 30, the film showed a negative uniaxi-
ality that only the refractive index for the z-component of the
electric field was smaller than the refractive indices for the
other, i.e., x- and y-, components, and the z-direction was
inclined from the normal direction of the optical retardation
compensator plate 101 of a planar film. The optical retar-
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dation compensator plate 101 was configured so that the
z-direction was similar to the direction of the alignment of
the liquid crystal at a practically maximum voltage, and the
x-direction functioned as the slow axis to the light travelling
in the front direction of the optical retardation compensator
plate 101.

The optical retardation compensator plate 101 satisfied

(=1, =(n,~1,)d =300 nm,

where d,,, represents the thickness of the optical function
layer, and n,, n, n, represent the respective refractive
indices in the x-, y-, and z-directions shown in FIG. 30.

Further, needless to say, polymer film for fixing nematic
liquid crystalline alignment or discotic liquid crystalline
alignment may be used to precisely cancel the three-dimen-
sional alignment of the liquid crystal layer 1.

The optical retardation compensator plate 101 used in
Sample #12b was fabricated through working on stretching
process so that the index ellipsoid was biaxial, and the
resultant retardation with respect to the optical axis for
transmission in the front direction was approximately 30
nm.

As shown in FIG. 31, the refractive indices of the film,
with respect to the components of an electric field, were the
x-component, the y-component, and the z-component in
descending order of magnitude. In addition, (n.-n )d,,,=30
nm, and (n,-n,)d,;,=300 nm.

As shown in Table 9, each bright display was a white
display; however, the most satisfactory dark display was
achieved with Sample #12q, followed by Sample #125, then
by Sample #12¢. In addition, an overall evaluation ranked
Samples #12a, #12b, and #12¢ in this order from the most
satisfactory to less satisfactory. This is because in a white
display the properties varied, but created no visual changes.
In contrast, in a black display, large visual changes were
created, affecting the overall evaluation.

As mentioned above, it has been confirmed that a liquid
crystal display device can be achieved with a satisfactory
viewing angle characteristic through working on the optical
retardation compensator plate with the three-dimensional
alignment of the liquid crystal taken into consideration. It
has been also confirmed that a more satisfactory dark state
can be achieved by rendering the optical retardation com-
pensator plates 8 and 9 biaxial.

Note, needless to say, in the present example that a
retardation compensator film may be used that double-
functions as the optical retardation compensator plate 8 and
the optical retardation compensator plate 101 to reduce costs
similarly to Example 11.

INDUSTRIAL APPLICABILITY

As detailed so far, with the reflective liquid crystal display
device in accordance with the present invention, the reflect-
ing surface of a light reflector plate, such as a light reflective
film, can be disposed on the liquid crystal layer side, and a
satisfactory dark state can be obtained. Consequently, reflec-
tive liquid crystal display devices are obtainable that are free
from parallax and displays high contrast, high resolution
images, as well as moving pictures.

In addition, by adopting a color filter geared for high
brightness in the reflective liquid crystal display device in
accordance with the present invention, a high quality, reflec-
tive-type color liquid crystal display device is obtainable
with a satisfactory color reproduction capability.

In addition, with the reflective liquid crystal display
device incorporating a touch panel in accordance with the
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present invention, when a touch panel is attached to the
reflective liquid crystal display device in accordance with
the present invention, by employing a touch panel consti-
tuted by a polarizer plate and two optical retardation com-
pensator plates, a high quality, reflective liquid crystal
display device incorporating a touch panel is obtainable with
a capability to prevent reflected light from adversely affect-
ing display properties.

As detailed so far, with the reflective liquid crystal display
device in accordance with the present invention, the reflect-
ing surface of a light reflector plate, such as a light reflective
film, can be disposed on the liquid crystal layer side, and a
satisfactory dark state can be obtained. Consequently, reflec-
tive liquid crystal display devices are obtainable that is free
from parallax and displays high contrast, high resolution
images, as well as moving pictures.

The invention claimed is:

1. A liquid crystal display device, comprising:

a liquid crystal layer sandwiched between a first substrate
having a light reflectibility and a second substrate
having a light transmissibility, the liquid crystal layer
including twist-aligned nematic liquid crystal having a
dielectric anisotropy; and

a circularly polarizing unit, including a single linear
polarizer plate that selectively passes either right
handed or left handed circularly polarized light out of
natural light,

wherein, the first substrate, the liquid crystal layer, and the
circularly polarizing unit are stacked in this order to
form at least a part of the liquid crystal display device,

the circularly polarizing unit is disposed such that a major
surface of the circularly polarizing unit is on a liquid
crystal layer side, the circularly polarized light exiting
the circularly polarizing unit through the major surface
when natural light enters the circularly polarizing unit,

a liquid crystal in the liquid crystal layer has a birefrin-
gence difference, which, if multiplied by a thickness of
the liquid crystal layer, produces a product of not less
than 85 nm and not more than 315 nm, and

the liquid crystal layer has a twist angle in a range of 0°
to 100°,

wherein said incoming circularly polarized light being
linearly polarized at a surface of said first substrate in
a plurality of directions respectively representative of
said plurality of wave lengths of said natural light to
thereby create a display.

2. The liquid crystal display device as set forth in claim 1,

wherein

the circularly polarizing unit includes,

a first optical retardation compensator plate having a
retardation in a substrate normal direction set to not
less than 100 nm and not more than 180 nm, and

a second optical retardation compensator plate having
a retardation in a substrate normal direction set to not
less than 200 nm and not more than 360 nm,

the first optical retardation compensator plate, the sec-
ond optical retardation compensator plate, and the
linear polarizer plate being stacked in this order
when viewed from the liquid crystal layer, and

12%02-011 has a value not less than 35° and not more than
55° where 01 represents angle formed by a slow axis of
the first optical retardation compensator plate and either
a transmission axis or an absorption axis of the linear
polarizer plate, and 02 represents an angle formed by a
slow axis of the second optical retardation compensator
plate and either the transmission axis or the absorption
axis of the linear polarizer plate.
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3. The liquid crystal display device as set forth in claim 2,

wherein

the twist angle of the liquid crystal layer is in a range of
60° to 100°,

the product of the birefringence difference of the liquid
crystal in the liquid crystal layer and the thickness of
the liquid crystal layer is not less than 250 nm and not
more than 330 nm, and

either the transmission axis or the absorption axis of the
linear polarizer plate forms an angle, 63, of not less
than 20° and not more than 70°, or not less than 110°
and not more than 150° with an alignment direction of
the liquid crystal molecules in a close proximity of the
second substrate.

4. A liquid crystal display device, comprising:

a liquid crystal layer sandwiched between a first substrate
having a light reflectibility and a second substrate
having a light transmissibility, the liquid crystal layer
being composed of twist-aligned nematic liquid crystal
having a dielectric anisotropy; and

a circularly polarizing unit, including a single linear
polarizer plate, that selectively passes either right
handed or left handed circularly polarized light out of
natural light,

wherein, the first substrate, the liquid crystal layer, and the
circularly polarizing unit are stacked in this order to
form at least a part of the liquid crystal display device,

the circularly polarizing unit is disposed such that a major
surface of the circularly polarizing unit is on a liquid
crystal layer side, the circularly polarized light exiting
the circularly polarizing unit through the major surface
when natural light enters the circularly polarizing unit,

a liquid crystal in the liquid crystal layer has a birefrin-
gence difference, which, if multiplied by a thickness of
the liquid crystal layer, produces a product of not less
than 90 nm and not more than 350 nm, and

the liquid crystal layer has a twist angle in a range of 0°
to 100°,

wherein said incoming circulary polarized light being
linearly polarized at a surface of said first substrate in
a plurality of directions repectively representative of
said plurality of wave lengths of said natural light to
thereby create a display.

5. The liquid crystal display device as set forth in claim 4,
wherein

the circularly polarizing unit includes,

a first optical retardation compensator plate having a
retardation in a substrate normal direction set to not
less than 100 nm and not more than 180 nm, and

a second optical retardation compensator plate having
a retardation in a substrate normal direction set to not
less than 200 nm and not more than 360 nm, and

the first optical retardation compensator plate, the sec-
ond optical retardation compensator plate, and the
linear polarizer plate being stacked in this order
when viewed from the liquid crystal layer, and

12x02-011 has a value not less than 35° and not more than
55°, where 01 represents a angle formed by a slow axis
of the first optical retardation compensator plate and
either a transmission axis or an absorption axis of the
linear polarizer plate, and 02 represents an angle
formed by a slow axis of the second optical retardation
compensator plate and either the transmission axis or
the absorption axis of the linear polarizer plate.
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6. The liquid crystal display device as set forth in claim 5, either the transmission axis or the absorption axis of the
wherein linear polarizer plate forms an angle, 83, of not less
the twist angle of the liquid crystal layer is in a range of than 20° and not more than 70°, or not less than 110°
60° to 100°, and not more than 150° with an alignment direction of
the product of the birefringence difference of the liquid s the liquid crystal molecules in a close proximity of the
crystal in the liquid crystal layer and the thickness of second substrate.

the liquid crystal layer is not less than 250 nm and not
more than 330 nm, and Xk ok k%
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