FERRCELECTRI C LI QUI D CRYSTAL DEVI CE AND METHOD OF DRI VI NG THE SAME lezili%e‘og
present I nvention relates to a liquid crystal device and, nore
particularly, to a ferroelectric |iquid drystal device having both a

hi gh- speed response charac- teristic and a nmenory effect and a nethod of
driving the 10 same. It is expected that a ferroelectric liquid crystal
Is-applied to a high-speed liquid crystal shutter for a printer and

| arge-capacity display by utilizing its nmenory 15 ef fect and hi gh-speed
response characteristic. Most of ferroelectric liquid crystal devices man-
ufactured as test sanpl es RERRQBLEGTRICOBEQVEDWARESTALf BEVEEEedNPi ¢ |i qui d
crystal is sandw ched between two gl ass pl ates each having alignnent filns
conmposed of rubbed 20 or gani MEHQDEPF  PRE¥ING BHE| §4MEdeposi t ed

i norgani c in- sulating nenber as of Si O on opposing surfaces. For exam

pl e, Japanese Patent Lai d-Open No. 62-173433 discloses a liquid crystal
devi ce using a rubbed polyimde thin film In a liquid crystal device of
this type,Sall the liquid 25 crystal nolecules are aligned in the sane
direction to be -2- parallel to the glass substrate surfaces, i.e.,

form ali gned state upon Hibl PEAERBE dMveniiqmgeelavpgnte a liquid Jrystal

device and, more particularly, to a ferroelectric 1liquid

crystal device having both a high-speed response charac-
teristic and a memory effect and a method of driving the

10 same.

It is expected that a ferroelectric liquid crystal
is applied to a high-speed liquid crystal shutter for a
printer and large-capacity display by utilizing its memory
15 effect and high-speed response characteristic.
Most of ferrcelectric liquid crystal devices man-
ufactured as test samples so far are those in which a
ferroelectric 1liquid crystal is sandwiched between t@o
- glass plates each having alignment films composed of rubbed
20 organic polymer £ilms or oblique deposited inorganic in-
sulating member as of Si0O on opposing surfaces. For exam-
ple, Japanese Patent Laid-Open No. 62-173433 discloses. a
liquid crystal device using a rubbed polyimide thin £film.
In a liquid crystal device of this type, all the liquid

25 crystal molecules are aligned in the same direction to be



driving voltage is reset to zero, the uniformalignment is disordered, and
the liquid crystal nolecules define a 5 tw sted structure between the

gl ass substrates, i.e., are in a tw sted2akigned state. As a result, a
menory effect is considerably inpaired. In contrast to this, as in a nethod
di scl osed in Japanese Patent Laid-Open No. 62-250418, a liquid crystal 10
device in which two substrates having alignment filnms formed by Si O
obl i que deposipavalied &o ariyedgdesshaubsstutatié r surfecesf, demnsi timnai n_the
sane inclination state can provide a nenory effect. However, nenory
nonuni formi ty Eotal laligned sstavel upphompmhicationy ofiamactektage cs Whenla
difficult to obtain. Japanese Patent Lai d-Open No. 62-160420 di scl oses a
liquid crystal ddévieg vielusgeh 3 abesett fpegegio | i the duniferml akbhemends is
include two different uniformaligned states and a tw sted aligned state.

It is denDnstréiéQrQGIEd:théﬂdthtgelié&ﬂuléry§ﬁdﬁt@évim@hﬁgaiaﬁﬁ dafdne a
suffer fromdisplay nonuniformty caused by nenory nonuniformty. How

ever, a d2fini teistedctshrugtuze | bgtwges: yshel gdasscsustorates, t dke.vhase
stabl e display states and a satisfactory nethod of driving the same have

not been devel éped ye¥istegd alignednstade pr obfem F&HEn 3 pemerycgffect
application of | ) ) )
is considerably impaired.

In contrast to this, as in a method disclosed in

Japanese Patent Laid-Open No. 62-250418, a liquid crystal
10 device in which two substrates having alignment filméwj

formed by SiO oblique deposition are arranged so that each

direction of deposition in the same inclination state can

provide a memory effect. However, memory nonuniformity

locally occurs, and uniform switching characteristics are
15 difficult to obtain.

Japanese Patent Laid-Open No. 62-160420 discloses a
liquid crystal device in which stable states of 1liquid
crystal molecules include two different uniform aligned
states and a twisf_'-.l y a..l.igned state. It is demonstrated-

20 that this liquid cryéfal device does not much suffer from
display nonuniformity caused by memory nonuniformity. How-
ever, a definite structure of a liquid crystal device which
can take three stable display states and a satisfactory

method of driving the same have not been developed vet.

25



a ferroelectric liquid crystal device is that a bright state of a
ferroelectric liquid crystal device is unde- sirably colored in a variety
of col ors depending on refrac- 5 tive=iddex ani sotropy of liquid crystal
nol ecul es and a thickness of a liquid crystal layer, and the ferroelectric

liquid crystal devi ce IS not easy to perform bl ack-and-white
di splay. Furthernore, when a ferroelectric liquid crystal 10 device is

put into a practical apphnoahen prabiiemymsedrity &cpta&ceitalohpplisation of
transmttance in a nultiplex driving node poses a serious technical

probl em For axafipteoelaptniése Puqweid ledystapkn dewvice?- 1604e0atriesbgighit
scale display in the nultiplex driving node by utilizing three 15

states, i.e., tstatief fefea fertoeheakrdeedl fquids crydtal wievdédealignadde-
state. However, in this prior art, only three gray scale |levels can be

di spl ayed. JapasdsabRyt entldrsidl-i®pen Wori&y 1084@31ldrscdepesdangeohnrgficac-
I n which the nunber of driving pulses is changed to cause bistable 20

states to cSexi sttivieheindex matiimptuory t ofpt Lbquid acrystial dinopegples and a
However, according to the experinents of the pre- sent inventors, halftone

| evel changed ovdhigkness) qhea nbigupdesrysibalngattnre, amd thabfermaefestsic
di splay coul d not be obtained. 25 -4-
liquid crystal device is not easy to perform

black-and-white display.
i Furthermore, when a ferroelectric liquid crystal
10 device is put into a practical application, continuocus gray
. scale control of a transmittance in a multiplex driving
mode poses a serious technical problem. For example,
Japanese Patent Laid-Open No. 62-160420 tries gray scale
display in the multiplex driving mode by utilizing three
15 states, i.e., two different uniform aligned states and a
twisted aligned state. However, in this prior art, only
three gray scale levels can be displayed. Japanese Patent
Laid-Open No. 59-193427 discloses a technique in which the
-~ number of driving pulses 1is changed to cause bistable
20 statés to coexist, thereby making an attempt of gray scale
display. However, according to the experiments of the pre-
sent inventors, halftone level changed over time in the
multiplex driving mode, and stable halftone display could

not be cbtained.

25



It is afirst object of the present invention to provide a ferroelectric
liquid crystal device which has a good nenory effect and nenory uniformty,
and can provide a 5 bright state closger-to white. It is a second object
of the present invention to provide a nethod of driving the ferroelectric
liquid crys- tal device attained by the first object. It is a third object
of the present invention to 10 provide a nethod of driving a :
ferroelectric liquid crystal device which can precisely reproduce
continuous gray scale levels even in a multiplex driving node. In order to

achieve the first objectt ke #resest ioBsIUL 0OHf PP Ctﬁses?eﬂlewlﬁbéwi&wne to
and driving nethod of a 15 liquid crystal device which has a tw sted

aligned state asronfdetablfervodilectriorléquia cedlstad Advitd dwRiyht Has a
devi ce which has a stable twi sted aligned state and two uniform aligned

state, alignnenjodd Imemefy a@ff@@tgaﬂdeemauyahmricfdmm?r ARd caH rids a
by oblique deposition on opposing surfaces of a pair substrates havi ng

transparemns el entidgitiessoate helopppstogwhirkaces so that each direction of
the deposition is reverse, and a ferroelectric liquid crystal is sand-
wi ched between the subsItatesa sze¢dmd abtjeictkeSstind phes@ht inviegitiitbn to
crystal layer is set to fall within the range of
provide a method of driving the ferroelectric liquid crys-
tal device attained by the first object.
{ It is a third object of the present invention ¢tr
10 provide a method of driving a ferroelectric liquid crystal
device which can precisely reproduce continuous gray scale
levels even in a multiplex driving mode.
In order to achieve the first object, the present
invention provides a new structure and driving method of a
15 liquid crystal device which has a twisted aligned state as

one stable state.

In order to realize a liquid crystal device which
has a stable twisted aligned state and two ﬁniform aligned
state, alignment films of an inorganic insulating member

20 are formed by oblique deposition on opposing surfaces of a
pair of substrates having transparent electrodes on the
opposing surfaces so that each direction of the deposition
is reverse, and a ferroelectric liquid crystal is sand-
wiched between the substrates, so that a thickness of the

25



1.5 [err] to 4 [err]. Furthernore, in order to achieve the second object,
the-twi sted aligned state and one of thq_tgg) uni form5 al i gned states of
the liquid crystal device are used as two stable states to perform binary
phot oel ectric control. A nethod of driving the liquid crystal device for
perform ng the binary photoelectric control is as follows. That is, a pair

of positive and negative lL.ses having.a 10 magpi § pde .capabl e of '
changi ng an ali gﬂ]e 3 af':ég rtgﬁ'l oﬂ%y%'f e T80 &7 fg?#af'iléﬁé‘& s’fe}é‘? eSANFY R
ot her are appligg icr S§ tge ransparent electrodes in order to set the
uni - form alignet 3tle Phat"'s one of the two stable states for bi nary

Ot oL LML 52, 5P phenkhaLEd, 3 9155 Sk 34 Hp K p8ece,
pulses, et 101, ol 8400 UL AGRA'! B0ehSALE, 1% B! el LEGH, {fedem
decrenced S5 26edsglikeh oot A sl cev (O RAL RS £ e

1 DOt SEaByith GBS BN HLA Y SRS il
gfgice1_g? 25 which  AhgedhWSISH a20¢ing"Gnd'MIQEIA BELER8Y HIAIES for
performing the binary photoelectric control is as follows.
, That is, a pair of positive and negative pulses having a
10 magnitude capable of changing an aligned state from one of
the two uniform aligned states to the other are applied
across the transparent electrodes in order to set the uni-
form aligned state that is one of the two stable states for
binary control. In order to set the twisted aligned state
15 as the other of the two stable states for binary control,
the same positive and negative pulses used for setting the
uniform aligned state are applied first, and a pair of
pulses in which a product of a voltage value and a ﬁulse
width is decreased stepwise so as not to set the other uni--

20 form aligned state are then applied.

In order to achieve the third object, a voltage
signal in which a product of a voltage peak value and a
pulse width is modulated is applied across transp;reﬁt
electrodes of the ferroelectric liquid crystal device, in

25 which the twisted and two uniform aligned states are



sufficiently stable, to control a coexistence ratio of twi sted and uniform
al i gned states, thereby achieving con- tinuous gray scale display. 5

Fig. 1 is a sectional view show ng an engodi ment of a ferroelectric liquid
crystal device according to the pre- sent invention; Fig. 2 is a view for
expl ai ni ng nmovenents of liquid crystal nolecules; 10 Figs. 3(a),
3(b), and 3(c) are views respectively showing two uniformaligned states

howi ng 1 he. postirtaaetara, Heabihy ¥ CelhERbT | AP hishthee Hrdisi

arrays and a il g a d e shgw ng _transm ssian
I i ght char- act é’?‘l stt | cg4 corﬁ%ﬁ%ghl %g]gégéaa | gneoess‘t @é%r%?yl FﬁﬁF‘SV&Ws-cqneﬂ

nol ecul es and o) ting the cor responding aligned
states; 20 Uitk \Ifélaq} %@%% %ﬁ‘gghowi ng driving signal waveforns
for matrix-driving the ferroelectrlc liquid crystal device according to the
present invention; Figs. 7A, 7B, and 7C are waveform charts show ng

fluctuatigns of stableefgles o Jersoeigrbl! ¢1blIuh8uihy® an’Imbodiflent of
device in~a nultiplex driving node; - /-
a ferroelectric liquid crystal device according to the pre-
sent invention;

Fig. 2 is a view for explaining movements of liquid

{ crystal molecules;

—

10 Figs. 3(a), 3(b), and 3(c) are views respectively
. showing two uniform aligned states and a twisted aligned
state of the liquid crystal device;
Fig. 4 is a view showing the positional relation-
ship between 1liquid crystal molecule arrays and a
15 polarizer;
Fig. 5 is a table showing transmission light char-
acteristics corresponding to aligned states of liquid crys-
tal molecules and driving waveforms for selecting the cor

—~—"

responding aligned states;

20 Fig. 6 is a chart showing driving signal waveforms
for matrix-driving the ferroelectric liquid crystal device
according to the present invention;

Figs. 7A, 7B, and 7C are waveform charts showing
fluctuations of stable states of ferroelectric liquid crys-

25 tal device in a multiplex driving mode;



Fig. 8 is a table showing nultiplex driving waveforns of the ferroelectric
liquid crystal device ac- cording to the present invention; and Figs. 9(a)
and 9(b) are charts for explaining an 5 optical response of the
ferroelectric liquid crystal device in Thé mul tiplex driving node. The
present invention will be described hereinafter with reference to the
acconpanyi ng draw ngs. 10 Fig. 1 is a sectional view show ng an
enbodi ment of a ferroel &kFi B i e darysabledeshowiageormihyipbexhe driaring
sent invention. 1,200-[err] thick In203 transparent electrodes 3 are

deposi ted on opavekpmg f afesths Spprordgcyrics biawid acxystal devipe 2c-
SiOinclined alignnent layers 4 are deposited on the transparent el ectrodes
to have opposit€anftingetP skthe Rregeptpineentéans handwo al i gnment | ayers 4
is set to fall within the range of 1.5 [er%L to 4.0 [err]. Aliquid, crystal
m xture 6 which contai nF¥@swt? bahoand of (br arer elpaess eforerevplaining an
liquid crystal (e.g,, a liquid crystal conposition CS-1014 available from
Chi sso Corp.) wWARR Gal kRFP9NER | @hctiteyLeREOSLECERAF AdGUAR GRYETRY Apice

4 is filled in a liquid crgstal cell constituted by the two gl ass
substrates 1 and™® Bhbipbex driying meders 5 arranged at two ends
of the two glass substrates. Pol ari zation plates 7 and 8 1in a

crossed
The present invention will be described hereinafter
with reference to the accompanying drawings.

10 Fig. 1 is a sectional view showing an embodiment of
a ferroelectric liquid crystal device according to the pre-
sent invention.

1,200-3 thick In203 transparent electrodes 3 are
deposited on opposing surfaces of opposing glass substrates
15 1 and 2. SiO inclined alignment layers 4 are deposited on
the transparent electrodes +to have opposite inclined
states. A gap between the two alignment layers 4 is set to

fall within the range.of 1.5um to 4.0 ym.

~ A liquid crystal mixture 6 which contains 40 wt.%°

20 or more of an ester ferroelectric liquid crystal (e.g., a
liguid crystal composition CS-1014 available from Chisso
Corp.) which 1is easily aligned by the Si0 inclined
alignment layers 4 is filled in a 1liquid crystal cell
constituted by the two glass substrates 1 and 2 and epoxy

25 resin seals 5 arranged at two ends of the two glass



nicols state are arranged outside the glass substrates 1 and 2. A heater 9
for holding a constant tenperature of the liquid crystal device is attached

to the outer surface 5 of one pol ar+zér-8. The liquid crystal

devi ce in whi ch the ferroelectric liquid crystal is sandw ched
between the two gl ass substrates having the alignnent |ayers of an inorgan-
I ¢ insulating nmenber oblique. deposited in opposite di- 10 rections has

di ff t 1iqui I | t his £k
011t L0 fpsicls o | ekt alerode pREce) 1 Ohidcal NpKOES Ll

ayer ows ITDVEITEI’I'[ erroelectric Ti qu

crystal = mol ecyl£s,14 étaltlaqwh £E¥§h§'ed '@i@&i’é% the (é‘fhééog%tsg%agﬁsa 1

hat ched portion) can take three positi a position

near 'side of a faney 100, kst o it A8Ladukl nedqofs ORRL kBATRZAIRA o

side of the cone 100 (opposite side I ndicated i ne),

i nterme- d'atetHQ§'ii@ﬂl&hEE?QQEWe@%vﬂaéﬁxs3£€ia&9ea(ﬁb %m%\6&%§k5§@%fﬂae
possible liqg- 20 urd crys aligned states of the liquid crystal

nol ecul es § n t hee fond Bstizér! 8Quid crystal device. Figs. 3(a) and 3(b)
show uni form aligned states, and Fig. 3(c) shows a twi sted aligned state.

In Figs. 3(a) to 3(c), pnéar Bighid mardeydtal ndi gevesea came WREHEIH a the
liquid crystal nolecule 25 takes the position Pl of the cone 100, as
shown in Fig. 2ferrocefectric liquid crystal is sandwiched between the two
glass substrates having the alignment layers of an inorgan-
ic 1insulating member oblique deposited in opposite di-
10 rections has different 1liquid crystal aligned states de:d
. pending on the thickness of the liquid crystal layer.
Fig. 2 shows movements of ferrocelectric 1liquid
crystal molecules. A liquid crystal molecule M (an
elongated hatched portion) can take three positions, i.e.,
15 a position Pl on a near side of a cone 100 (indicated by a
solid line), a position P2 on a far side of the cone 100
(opposite side indicated by a broken line), and an interme-
diate position therebetween. -
Figs. 3(a) to 3(c) are views showing possible lid:'
20 uid crystal aligned states of the liquid crystal molecules
in the ferroelectric liquid crystal device. Figs. 3(a) and
3(b) show uniform aligned states, and Fig. 3(c) shows a
twisted aligned state. In Figs. 3(a) to 3(c), a bar with a.

mark "o" indicates a case wherein a liquid crystal molecule

25 takes the position Pl of the cone 100, as shown in Fig. 2,



a bar with a mark "[err]" indicates a case wherein a liquid crystal
nol ecul e takes the position [err], and a bar with no mark indicates a case
wherein a liquid crystal nolecule takes anglnternmedi ate position between

the positions P1 and 5 [err]. In Figs. 3(a) to 3(c), reference nunerals
1 and 2 de- note the gl ass substrates; and 4, the alignment |ayers. In the
uni formaligned state shown in Fig Eﬁ onI liquid crystal nolecules
near the gl ass saubQPFa{“'étPntaer‘F%tE’és tW%’t%t%%uﬁt SaScxhpseinTide liquid

twi sted aligned state shown 10 in Fig I,ngl udes both
count er cl ockwi sé:%t%fo’éﬂ%ﬁggl?w@ﬂ‘&f a*l"?‘E;nEGséF&PQS Pyt 314 o2 plarmitittd |50

bl S ol
aver s 4 Lerr iaRe w%yi%arraeébgF?. BS&Flﬁ@g&%@%l%@q%ﬂ%} Fy 8

N
2T B i, B

both the aligned™s es’”s ntai'n’ those ‘upo

application of fc)éfé'EQ?a eflte‘éhlte@e %%??gg YI£s5€t sﬁgsggate 3 er £ s | Sre

a so-called bis can be
. twisted counterclockwise. The twisted aligned state shown

10 in Fig. 3(c) includes both counterclockwise and clockwise
twisted aligned states. It is experimentally revealed that
the aligned states shown in Figs. 3{a), 3(b), and 3{c) have
different stable states depending on the thickness of the
liguid crystal layer. More specifically, when the thick-

15 ness of the liquid c¢rystal layer is 4 uym or more, and a
positive or negative voltage 1is applied thereto, liquid
crystal molecules are aligned once in the uniform aligngd
state shown in Fig. 3(a) or 3(b). However, when a voltége

- is reset to zero, the liquid crystal molecules tend to be-

20 stable in only the twisted aligned state shown in
Fig. 3{c). 1In contrast to this, when the thickness of the
liquid crystal layer is set to be 1.5 ym or less, both the
aligned states shown in Figs. 3(a) and 3(b) maintain those
upon application of a voltage after the voltage is reset to

25 zero, that is, a so-called bistable state can be exhibited.



- 10 - However, the stability of these states tends to be [err] to one
state. More specifically, threshold voltage |argely varies |ocally,
resulting in nonuniformty of menory char- acteristics. Wien the thickness
of the liquid crystal lay- 5 er faFl 40wt hin the range of 1.5 [err] to 4
[err], according to the experinmental results of the present inventors,
three stable aligned states shown in Figs. 3(a), 3(b), and 3(c) can be

i ndependent |y yplesaM, theSistabilitey Sfi gRede Statessbawdsi RoFbhé adWak ¢ 3
corresponds to an internediate state of 10 the uniformaligned states

shown in Figs. +3(3heaRtatd)) . Mdr&adpdei £86aLYyObtALBSHORN 2BNItagR! 1akq@fly
positive and nega- tive voltages decreasing a peak value or a pulse wdth

whil e swi tchi ngairiesalicerl ) at€susbong iin Mdfunifovmind 8fbkemory char-
Thereafter, this state can be sem permanently main- 15 tai ned unless

anot her vol t agactiey idtildsid. Whdnirther eRieknakBCcoft hhei Niguiadickiye tilatiay-
shown in Fig. 3(c) is present, wite voltages of the uniformaligned states

shown in Bigs. e3 PaXigl Bibhisakheavmmjevsf 1h6 samtoad ugs, asdording to
nonuni formty of menory characteristics can be considerably 20

elimnated. Tothgmaxpeeimbangds resaltgned sthéeprefsemt | inventoys| althree
dependi ng on the thickness of the liquid crystal |ayer, when the liquid
crystal layer asmkdd halkgmed statesersiiown dor &1igs .nohiesdt,abl ébkt atadof3 (c)
only the tw sted 25 aligned state tends to be established. Wen the
t hi ckness can be independently present. Since the aligned state
shown in Fig. 3(c) corresponds to an intermediate state of
10 the uniform aligned states shown in Figs. 3(a) and 3(b), iéﬁ
can be easily obtained by application of positive and nega-
tive voltages decreasing a peak value or a pulse width
while switching the aligned states shown in Figs. 3(a) and
3(b). Thereafter, this state can be semipermanently main-
15 tained unless another voltage is applied. Furthermore,
since the intermediate state shown in Fig. 3(c) is present,
write voltages of the uniform aligned states shown in
Figs. 3(a) and 3(b) can have almost the same valu'es,.ana
nonuniformity of memory characteristics can be considerabl?i
20 eliminated.
To summarize changes in aligned states of a liquid
crystal depending on the thickness of the liquid crystal
layer,. when the 1liquid crystal layer has a thickness of

4 um or more, a monostable state of only the twisted

25 aligned state tends to be established. When the thickness



falls within the range of 1.5 [err] to 4 [err], the three stable states,
l.e., the two uniformaligned states and the twist- ed aligned state are
establ i shed. Wen the thickness of the lilquid crystal |ayer is decreased
below 1.5 [err], only 5 the two uniformaligned states are stable, but
asymmetry nenory characteristics locally occur. On the other hand, when the

f lectric ligyid crystal ' ' ' d ' t he tw st | i gned
State and the Uil SLATLoet of BR9SCBror A haY £ of phe EPa: ENERR Beaple
| i m nat ed 10 dt ti I L tchi Ly the,

i form al | gned EAEEEY. M 0| B ISR ERaEm A LoRrdneEELEE 2p8  hes -

This is b t.h | st ed gl d state h | f tical . .

char act eri sti oo S G FFORE Gatho GFET AN TSR ot JFBER then: tpickappse of
liquid t al I . 15 | i d._i t wi t at | i k
nthe Cunif o maBe ohtdigacEuAt ErbPRG ey Sefuedbenobadineol oy iy i iy
' di ti t tes,. .|y ght t at

1 passes ohrougia hev | qmigati cbLPohed e e hEE Rnp el Bty

iquid crystal Gl cns PEULES: scdSSNONLITY Fllout, Wogn dile BRLEL! i,

are ar - ranged on“Fh upper an }OMEF substrat®es so that an axis o

pol ari zati on 44‘3111;,{ thE“ﬁ?ﬁ%é&i&%éi tfiti%\ﬁ(i?!i NEL{IEEa Y td*évqgfy re6t QN iheq
nol ecul e a aar

liquid crystal s 41 1 n one uniform-aligned state, k state Is

fﬁﬁ gbghfgiegi gé WS R | gRed Geisted! A8 gifed NBLhEUI £heT ¥hkal uAPESAH! @3 ithed
‘ states, coloring of a bright state can be eliminated as
10 compared to conventional switching between only the uniform
aligned states, and clear black-and-white display can be

attained. This is because the twisted aligned state has

different optical characteristics from those of the uniform

aligned states. That is, since liquid crystal molecules

15 are aligned in a twisted state unlike in the uniform
aligned state in which liquid crystal molecules are aligned

in one direction between the upper and lower substrates,

light rotates when it passes through the 1liquid crystal

- device. Fig. 4 shows aligned states of liquid crystal mol--
20 ecules. As shown in Fig. 4, when the polarizers are ar-

ranged on the upper and lower substrates so that an axis of

polarization 44 in the crossed nicols state coincides with

a direction of liquid crystal molecules 41 in one uniform

aligned state, a dark state is established by the aligned

25 state of the ligquid crystal molecules 41, thus obtaining



- 12 - black level of the polarizers whose polarization [err] are
perpendi cul ar to each other. On the other hand, a bright state established

by the uniformaligned states of |iquid xzystal nolecules 42 5 S
colored, and transmssion light T is expressed by equation (1) as
a function of refractive I ndex ani sotropy [err]n of a liquid

crystal, a thickness d of a lig- uid crystal layer, and a wavelength [err]
of the transm ssliauk |leel ¢ERRje VEdbharispest whosae [perlanizatiion adifedt_ufs
a typical ferroelectric liquid crystal, when d exceeds 2 [err], coloring
consi der abl y oaxa sperpemd icwl&r Stpeceath atberght state is colored in
yellow, when d = 3 [err], red; and when d = 4 [err], 15 light blue. In
contrast to this, a colomi theplshmmenbands e i birighéd skate oespabddished by
rotation in the twisted aligned state in which liquid crystal nolecul es 43
in Fig. 4 are cominodforp aldggead stakeshifd ddspuidiherygtalo moliesyles g42
bright state is colored in white; when d = 3 [err], cream  and 20 when d
= 4 [err] 5 |ighis yetolred Thuand ugctansmisshpeknbsghds Thelsi expressedal by
| ayer of about 4 [err], a ferroelectric |iquid crystal device which can
perf orm bl ack- @anakier di bl ay 3% nosd f rEaneEdancol F i ngFeER2BERIBSt ai hadex

by switching the twisted aligned state and the uniforn1aILgned 5 )
st at es. anisotropy An of a liquid crystal, a thickness d of a lig-

uid crystal layer, and a wavelength ) of the transmission
light:

10 T = sin®(rand/2) cee (1)
With respect to a An value of 0.15 of a typical

ferroelectric liquid crystal, when d exceeds 2 um, coloring

considerably occurs; when 4 = 2.5 ym, a bright state is
colored in yellow; when 4 = 3 um, red; and when 4 = 4 unm,
15 light blue. In contrast to this, a coloring phenomenon is

eliminated due to optical rotation in the twisted aligned
state in which liquid crystal molecules 43 in Fig. 4 are
continuously changed. In this case, when 4 = 2.5 um, a
bright state is colored in white; when d = 3 um, cream; and-
20 when 4@ = 4 um, light yellow. Thus, up to the thickness of
the liquid crystal layer of about 4 um, a ferroelectric
ligquid crystal device which can perform black—and-white.
display almost free from coloring can be obtained by

switching the twisted aligned state and the uniform aligned

25 states.



- 13 - Fig. 5 shows operation nodes of a liquid crystal device which has a
thickness of a liquid crystal layer of 3.0 [err], and is fornmed of the
ferroelectric liquid crystal conposition ¥% 1014 avail able from Chisso
Corp. 5 A uniformaligned state (a) with reddish trans- m ssion
light is obtained by a positive-negative symmet- rical voltage waveform
having a pul se wdth of 1 ns and peak values of [err] and [err] ([err] = 15
V). A uniformaligned stBig-(B) Htouf aererakden medesi AEd dy lagyidmarystal
volt- 10 age waveform having the same pul se wi dth as above and_peak
val ues of [err] &@Wife,Which Bas o Frekngsgniodt & higyHddcsvatal( da¥mexs rof
transm ssion |ight: al nost %Iqse Eo white is obtgined Eé a sénagtrLcal
vol t age wavef or i whokBe p@RA A - fopmed, ofkhe jtegrpekgctrig, Jiquid, crystal
[err]. Wen the 15 .val ue gf h@g firs siggve/n ative, value [err]
equal s to 30 Vv, FPMPRaLIELQR GaArdll4r aypd I &85 GFRo v, an
aligned staje is changed_to the tw sted aljgned, state, These _three
aligned states (a), (B ,umaijrm( @)tll%eéi s&rP5E n&ﬁ’ent‘ﬂ’&s’bt 589913Pﬂ ekkans-
another voltage is_applied, .20 ._ and t.here {s no local .variation in _
conver si on vort ABEsanBRg LI ipaBEAVE Y g RESTceXPrbRYaRdry” synmes
swi tching operation,,Th reseng | or I ne o] i f
liquid crystal nﬁf"é‘?‘ﬂ'alve%%ﬁqsﬁ e%aggﬁﬁg%‘ni@%&es erg f Lg‘gsoéel g(%a}hcrl?dfqgi s and
crystals, and foypd,t e thi_glkne the d iypui d gcr
Wiih which the aP® ﬁeggggépegk Q%O %%d?%VO (Vo Eaé ! ﬁ;dﬁifgr$ayf£gned
‘ state (b) of black level is obtained by a symmetrical volt-
- 10 age waveform having the same pulse width as above and peak
values of ZVO and -ZVO. Furthermore, a twisted aligned
state (c) with transmission light almost close to white is
obtained by a symmetrical voltage waveform whose peak val-
ues are decreased like ZVO, -ZVO, VO' and -Vy- When the
15 value of the first positive/negative value (ZVO) equals to
30 Vv, if the peak value of the second pulse is 5 to 20 V,
an aligned state is changed to the twisted aligned state.
These three aligned states (a), (b), and (é) are
_ semipermanently stable unless another voltage is applied,
20 and there is no local variation in conversion voltage among
these states, thus allowing a satisfactory switching
operation. The present inventors examined 10 to 20 kinds
of 1liquid crystal material mixtures containing ester

ferrcelectric liquid crystals, and found that the thickness

25 of the liquid crystal layer with which the aligned states



- 14 - (a), (b), and (c) could stably appear w thout nonuniformty fel
within the range of 1.5 [err] to 4.0 [err], and preferably fell within the
range of 2 [err] to 3.5 [err]. Wen thejkiguid crystal layer had a

t hi ckness falling within this range, 5 the aligned states exhibited

al nost identical stable states without nonuniformty. The present inventors
prepared a 2.7" ferroelectric liquid crystal device having 128 scanni ng

. el ectrodes and (&0, sighal apdedtd) odesldnedahlye appatn ivicht radreni fox ht'y

10 above enbodi nent, being 3.0 [err] thickness of the Iliquid crystal
| ayer and usi ngfehk wigbid dthestxdngenpdsiliommCkd0440 pmad and epreferably
driving display. As driving waveforns, as shown in Fig. 6, two pairs of

posi - tive-negafeld withdrrithd vangeagefnwd/afmrhe BrSwhimeh Wien tme liggydd
peak val ues and pulse widths are decreased are applied to, the scanning

el ectrodes ([eryital.)layem hadaa tthicknessi ikakhingt vithinwdhdior range,
applied to the signal electrodes ([err],....) in a wite node of a white
state, andSa pothei adigngdt stategmexhibidied\almestn idenpirabdstabre stages
wite node of a black state. A pixel [err] selected in a white state is
once set in a udWitbputanpgned figradtystate witten by a positive-negative
symmetrical voltage waveform having a peak value of 20[err

wi dth of 2[err], and isTPﬁeGQﬁﬁﬁﬂﬁwkﬁYQQﬁ%FﬁvP%?%ﬂr%?F%n%g7aﬂgng8giggt5}c
2 liquid crystal device having 128 scanning electrodes and
i' 160 signal electrodes under the condition described in the
10 above embodiment, being 3.0 um thickness of the liquia“
crystal layer and uéing the 1liquid crystal composition
CS-1014, and tried actual driving display. As driving
waveforms, as shown in Fig. 6, two pairs of posi-
tive-negative symmetrical voltage waveforms in which volt-

15 age peak values and pulse widths are decreased are applied
to the scanning electrodes (Tl, Tz, T3,...). A nega-
tive-positive symmetrical waveform is applied to the signal
electrodes (S,, S,,...) in a write mode of a white state,

and a positive-negative symmetrical waveform is applied in

20 a write mode of a black state. A pixel T,-S, selected in a
white state is once set in a uniform aligned black state
written by a positive-negative symmetrical voltage waveform
having a peak value of 20V0 and a- pulse width of 2t0, and

is then converted to a twisted aligned white state by a

25 positive-negative symmetrical voltage waveform having a



25 positive-negative symmetrical voltage waveform having a peak
val ue of 5[err] exceeding a threshold value for convert- ing an aligned
state to a twisted state and a pul se wi-dt¥b of [err]. This state is not

di sturbed by a bias voltage in a non-selection node of [err], and the pixel
[err] is kept in5 the white state. On the other hand, a pixel [err]
selected in a black state is_converted tq black |evel by a ierr] vol t age
wavef orm and tl?é?aé‘af‘fa‘}et?lg Vof SKFESANY & fhreshetd WRriver e wpnyvert-
[err] voltage waveform _Thus, the pixel T2-Sl is kept at black level. |In
particul ar, as an an Pé%ﬁpﬁdoﬁqﬁgéeﬁﬁe?iﬁ@ﬁ§§%4N take jand ja5pylggy width
4 nms, black-and-white display having a contyast ratjo = 10 coul d be )
obt ai ned, which stonpogg?ﬁlﬁtFﬁeogﬁaWﬁqr#%ﬁﬁ4¥9ﬁ%gb%e?w9éﬁsuNP#GPHP in a

e, 1 LR TSR W 6, S
Cryetal 1 ayer oftAEIMELSe {Stdkar 0 08  He,AtngE ninde. o POFed By 15 R kReTed
aper at i on havi ng-tnfir SHASD So ke oBREpAERHT T REASK VNPT a2y
erroeioctric |1tk nes , HRLELaERy BpdichaBenstisy’ o MERR Bpoy stace
liquid crystal |fg95JU é&ééﬁ£$e&rﬁy”§-:%%o voltage waveform. Thus, the

pixel TZ-S1 is kept at black level. 1In particular, as a

- 10 result of the experiments for V0 = 1.5 V and £t = 4 ms,

10 could

black-and-white display having a contrast ratio
be obtained, which was impossible to cobtain in switching
between uniform aligned states when the thickness of the
conventional liquid crystal layer = 3 um..

15 As described in the above embodiment, a
ferroelectric liquid crystal device which has a thickness
of a liguid crystal layer of 1.5 um to 4.0 ym and can take
three stable states according to the present invéntion can

- perform a satisfactory switching operation having uniform-

20 memory characteristics, and can realize black-and-white
display which cannot be realized by a conventional
ferroelectric liquid crystal display device having a thick-

ness of a liquid crystal layer of 2 um or mofe.

25



- 16 - Adriving nethod for gray scale control using ferroelectric liquid
crystal device according to the pre- sent invention will be descri bed

bel ow. The tenperature of a liquid crystl®d -device was set 5 by the heater
9 (Fig. 11) at a tenperature |ower by about [err] than an upper limt
tenperature of a chiral smectic phase within a tenperature range of the
chiral snectic phase. This 1is because when a nultiplex driving test
wavef orm of a sel ecti om vétiagrg+viettwdn for Fgpay7AdalelOcontappl iwsina .
driving tenperature Tmin for mnimzing fluc- tuation of a stable state
shown in Fig. EBrirakelectdit Nlideidacgystial adevic® hecokrdliagertd htlnet pere-
upper limt tenpera- ture of the chiral snectic phase within the

t enper at ur e r agga tofinviem tdlunm ali Kiremd | de piesbedxbebowi ng ferroel ectric 15
characteristics, as shown in Fig. 7C. At the driving tenperature, mnultiplex

driving was perforned Thengtemmperdtuxei off af lscprind neryes exl rdeeioavwasr set
and 5-pul se signal waveforns obtai ned by nodulat- ing the voltage peak

val ues shd@w i byFithe Sheatler She(Rign. T atdiat itempengtung) lewex (Obyvabowt
a pulse width of 60 [err]. Figs. 9(a) and 9(b) show operation _
characteri sti c4d56C ttiraheanosipper | imiguiterperatureeofca | ghinal msmeighisx
driv- ing node. Fig. 9(a) shows a driving voltage waveform and Fig. 9(b)
shows a transnipseisen Wightin naertgmperaterer gange of the chiral =~ smectic
phase. This is because when a multiplex driving test
waveform of a selection voltage #+V, shown in Fig. 7A is
10 applied, a driving temperature Tmin for minimizing fluc-
tuation of a stable state shown in Fig. 7B falls within the
range of 10°C to 20°C lower than the upper limit tempera-
ture of the chiral smectic phase within the temperature
range of the chiral smectic phase exhibiting ferrocelectric
15 characteristics, as shown in Fig, 7C.

At the driving temperature, multiplex driving was
performed using a combination of scanning electrode
waveforms and S~pulse signal waveforms obtained by modulat-
ing the voltage peak values shown in Fig. 8 under the con="

20 ditions of VO = 10 V and a pulse width of 60 us.
Figs. 9(a) and 9(b) show opera{:ion characteristics of the
ferroelectric liquid crystal device in the mult_iplex driv-
ing mode. Fig. 9(a) shows a driving voltage waveform, and

Fig. 9(b) shows a transmission light intensity. Reference

25 numeral 31 denotes a voltage waveform in a selection



25 nuner al

31 denotes a voltage waveform in a selection - 17

- period; 32 to 34 in Fig. 9(b), extracted_voltage waveforns of different
gray scale levels. Wth this driving net a,‘precise hal ft one di splay could
be attained to have a bl ack-and-white | evel contrast ratio of 1 to 12. Wen
lig- 5 uid crystal devices adopting ferroelectric liquid crystals

Fel i x005 and Fel
hal ft one di spl a

can be 10

PEETRAT 3o, T P TR I B o S e B tnem

Rt e e T R St T e

liquid crystal
between a pair o

surfaces t her eof ,) aag_hAquiphgBesTedaly

three stable states conprising a tw ste

5

15

20

25

dﬁi‘éggg' paﬁ’gg‘f ofte! eﬁ??g%g tri::Su'].hqu%Fr gg%&i‘hehs Eéf‘diéﬁ{}@eda

avi ng arent el e

_ ctrodes on oppasin

P Pl S G Wi Bia-

uid crystal devices adopting ferroelectric liquid crystals

Felix00S and Felix009 available from HOECHST Corp. were

used, precise halftone display could be similarly attained.
According to this embodiment, since the three sta-

ble states can coexist, continuous halftone display can be

precisely attained.



uniformaligned states, wherein alignnent filnms of an inorganic insulating
material, which are inclined with respect to surfaces of said substr

and have opposite inclination directientBare f tmmujll EH‘WEEWHSI ng
surfaces of said pair of substrates, and the t iquid
crystal |ayer between said substrates is set to fall within a range of 1.5
[err] to 4 [err]. 2. An device according to claim1l, wherein binary
phot oel ectric control is perforned usﬁhgaﬂﬁe tw sted aligned state and one

of the two unifornlaligned states. 3. A nethod of driving the ferroelectric
liquid crystal device of claim2, wherein a pair of positive and negative

I havi tud h .change, f t t f ' d
Ctates to the bther a 5 Sﬁg?gégea%?aés?Sgﬁag?gaﬁgbaPEﬂ?$§F§2%P3QE§3Engit
i f I d d_at f t d
negati ve pul cctoTRoaRreReacoEbafbe §FheE F%%ésgséﬁbgﬁsﬂdg BRPReow cih i s
decreased stepylpg 39 eabaekakgabgashﬁgggga@gg§ 9L BCcupLhaL gl gned

state are appl across” sal ransparen ereby setting

the tw sted a'bg?89f5§aEﬁrf4ceé qﬁggggfofagal h”Qh}Eﬁ Egggoelectric liquid

crystal device afm 1, wherein a voltage signal in 5 which a product
of a voltage peakr¥ahdetand Qlauhaecbygtﬁlléaﬁnéukéteﬂréé apabhed across

sai d transparent el ectrodes
states comprising a twisted aligned state and two
uniform aligned states, wherein alignment films of an
inorganic insulating material, which are inclined with ~—
respect to surfaces of said substrates and have opposite
inclination directions are formed on the opposing
surfaces of said pair of substrates, and the thickness

of the liquid crystal layer between said substrates is
set to fall within a range of 1.5 Jm to 4 Pm.

2. BAn device according to claim 1, wherein binary
photoelectric control is performed using the twisted
aligned state and one of the two uniform aligned states.

3. A method of driving the ferroelectric 1liquid
crystal device of claim 2, wherein a pair of positive and
negative pulses having a magnitude enough tc change one of
the two uniform aligned states to the other are applied
across said transparent electrodes to set one uniform
aligned state, and at least one or more pair of positive
and negative pulses in which a product of a voltage value
and a pulse width is decreased stepwise so as not to be

changed to the other uniform aligned state are applied



‘of said ferroelectric liquid crystal device to control a coexiste chatlo

SRR

15

20

25
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across said transparent electrodes, thereby setting‘the
twisted aligned state.

4. A method of driving the férroelectric liquid
crystal device of claim 1, wherein a voltage signal in
which a product of a voltage peak value and a pulse width
is modulated is applied across said transparent electrodes
of said ferroelectric liquid crystal device to control a
coexistence ratio of twisted and uniform aligned states,

thereby achieving continuous gray scale display.




