:BI$TABLE NEMATI C LI QUI D CRYSTAL DEVI CES This invention rel ates f;zl& ?(o‘l-(ﬂ'?
blstable nematic liquid crystal devices. Liquid crystal devices typically -

corrprl se'athin layer of a liquid crysta{tldzateri al contai ned between cell
“walls. Optically transparent el ectrode s tures on the walls allow an .
electric field to be applied across the layer causing a re- orderlng of the

liquid crystal nol ecules. F‘g 1
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%There are three known types of liquid crystal material, nematic,
;cholest I c, and snectic each having a different nDIecuIar orderlng The
* present.-fnvention concerns devices using,jematic materials. In order to
s provide displays with a | arge nunber of 3ﬂﬂressable elenents it is common
-to make the electrodes as a series of row el ectrode on one wall and a

-series of colum electrodes on the other cell wall. These formeg an X.y
matri x of addressable elenents or pixels and, for twi sted nematic types of
devi ces, are comonly addressed using EFQ' ssi ng net hods. Twi sted -
nemati ¢ and phase change type of |iqui i\« devices are switched to an

ON state by appllcatlon of a suitable voltage, and allowed to switch to an
OQFF state mhen;?h? @d voltage_falls below a | ower voltage level, ie

. these devi ces nest-aéé%éérx;l-tw s{-eel-ﬁ-em-i-e-i-y-p,e of device . .

. (90[err] or 270[err] deVd as in US-4,596, 446),
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" the nusber of elenents that can be rnms addressed is limted by the
steepness of a device transm ssion vs voltage curve as details by Alt and
Pl eschko 'in I EEE Trans ED vol ED 21 197 ages 146-155. One way of

i mproving the nunber of pixels is to in Eborate thin filmtransistors
adj acent each pixel; such displays are ternmed active matrix displays. An
advant age of nematic type of devices is the relatively |low volta

requi renents. They are al so nmechani cal | tabl g and have wide te ratyure
operating ranges. This allows constructﬁaﬁggt. gal | and

power ed di spl ays.
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'bi st abl-¢ device with the use of snectic 4fgquid crystal mat €r'i al s “and

-stabilised ferroelectric liquid crystal device (SSFELCDs) as descri bed

quthén-may of addressing |large displays i's to use a bistable quhid
crystaTﬁpevice. Ferroelectric liquid crystal displays can be nmade-intg

suitable cell wall surface alignnment tredtnent. Such a devi:ce is :a suf

L J Yu, HLee, CS Bak and M M Labes, Phys Rev Lett 36, 7. 388 (1976):-
Meyer, Mol Cryst Liq Cryst, 40. 33 (1977); N A dark and S T Lagerwal I*
Appl Phys Lett, 36. 11, 899 (1980). One di sadvantage of ferroelectric:
devices is the relatively large voltage needed to switch the nmaterial .:
Thi s high vol tage makes | portable, battery poweregedi Sp S _.expen
Al so these displays suff Lg] &her problems such asﬁﬁg} hock
resistance, limted tenperadire Tange and al so el ectrical¥ induged . de
such as needl es. | f bistable surface anchoring can be achi evediusi ng

nematics then a displ ay CTbﬁﬂ‘j%?EF#;i ch has the goTTOM OSUR‘FACEhe a

ment i oned.pechnol ogi es bu probl ens.
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4. has .al ready been shown by Durand et al that a nematic can be sw tched
between two alignnent states via the use of chiral ions or flexoelectric
coupling; A Gharbi, R Barberi, G Durand B? P Marti not-Largarde, Patent

- Application No WO 91/11747, (1991) "Bistg e ‘electrochirally controlled
liquid crystal optical device". G Durand, R Barberi, M G ocondo, P
Martinot-Largarde, Patent Application No WO 92/ 00546 (1991) "Nematic liquid

crystal display with surface bistability |l ed by a flexoelectric
effect”. These are summarised as foll ows: Wat ent plication No WO
91/ 11747 a device is described with the follow ng chapa®teristics: 1.
The cell is made using two surfaces which have Si O cogatiwgs of appropriate

to exist on each'
ned to differ in

stable state

t hi ckness and evaporation angle to all ow
g e are desi

surface. Furthernore the two states on a s{yr

azi nmut hal angle by 45[err] and the surface ori ent t hat each of
the two resulting domains are untmﬁsaﬁg. '
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?5 3. 2. The cell (of 6pmthickness) is filled with 5CB doped 22&“67
- benzyhﬂqplnlnlun1bron1de and 1. 8% phenyl Iactlc acid. The for an

e el ectrical ly positive chiral ion wth lTeft hand twist while the latter is
“. a negative chiral ion with a right hand twi st. The concentrations ensure
. that the final mxture has a very long pitch so that the states :in the
Cthin cell are uniform .

i BISTABLE NEMATIC LIQUID CRYSTAL DEVICES

This invention relates to bistable nematic liquid crystal devices.:

Liquid crystalldevices'typically comprise a thin layer of a liquid
: ygrystal material éontained between cell walls. Optically transparent
- electrode structures on the walls allow an electric field to be applied
across the layer causing.a re-ordering of the liquid crystal molecules.

There are three known types of liquid crystal material, nematic,
-cholesteric, and smectic each having a different molecular ordering.

The present invention concerns devices using nematic materials.

In order to provide displays with a large number of addressable elements
it is common to make the electrodes as a series of row electrode on one

» wall and a series of column electrodes on the other cell wall. These

e

form eg an x.y matrix of addressable elements or pixels and, for twisted

nematic types of devices.'afe commonly addressed using ros addressing

methods. i ;

Twisted nematic and phase change type of ligu.: crystal devices are

sﬁitched to an ON state by application of a suitable voltage, and
- allowed to switch to an OFF state when the applied voltage falls below a
' lower voltage.level. ie these devices are monostable. For a twisted
nematic type of device (90° or 270° degree twist as in US-4,596,446),
the number of elements that can be rms addressed is limited by the
steepness of a device transmission vs voltage curve as details by Alt
and Pleschko in IEEE Trans ED vol ED 21 1974-pages 146-155. One way of
improving the number of pixels is to incorporate thin film tran51sto%s
adjacent each pixel; such displays are termed active matrix displays.
An advantage of nematic type of devices is the relatively low voltage
-requirements. They are also mechanically stable and have wide
temperature operating ranges. This allows construction of small and

portable battery powered displays.
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3.. Appl:i cation of a 110V dc pulse for 40[érr]s enabled switching between
the two states. Alower threshold is observed for |onger pulse eg an 80V
threshold is observed for 300[err]s pul ses.2 4. -Addition of suitably 'I'
oriented pol arisers caused one state to appear black while the other
appears white with a contrast ratio of about 20. 5. A variant device is
al so nent i ofegther seyusfsaddrensing diarse dlsplays 11501'40 rHSet ar blmb@oée-hlquj-d

monost abl e sy @&fsde%fh HRpeess b TRk aZEsaR! 41 A0 b8 Rl Ao

Swi t chi ng bet tw state an orn1state I s observed
in a 4pm celtistabledeviee mrx i/ use of rﬁmatéthtlmppduwmh nAteg2abH3RE a

deV' ce IS degGLhbR ctht Nd11e subfldeP Wh fighnfeliR! Bfdatinbit) CBuch a device is a

surface stabilised ferroelectric liquid crystal device (SSFELCDs) as
described by:- L J Yu, H Lee, C S Bak and M M Labes, Phys Rev Lett 36,
PRE 388 (1976); R B Meyer, Mol Cryst Liq Cryst, 40, 33 (1977); N A
Clark and S T Lagerwall, Appl Phys Lett, 36, 11, 899 (1980). One
disadvantage of ferroelectric devices is the relatively large voltage
needed to switch the material. This high voltage makes small portable,
'battery powered displays expensive. Also these displays suffer from
other problems such as lack of shock resistance, limited temperature
range and also electrically induced defects such as needles.

If bistable surface anchoring can be achieved using nematics then a
display can be made which has the merits of both the above mentioned

technologies but none of the problems.

It has already beenn shown by Durand et al that a nematic can be switched
between two alignment states via the use of chiral ions or flexoelectric
coupling; A Gharbi, R Barberi, G Durand and P Martinot-Largarde, Patent
Application No WO 91/11747, (1991) "Bistable electrochirally controlled
liquid crystal optical device". G Durand, R Barberi, M Giocondo,

P Martinot-Largarde, Patent Application No WO 92/00546 (1991) "Nematic
liquid crystal display with surface bistability controlled by a

flexoelectric effect". These are summarised as follows:

In Patent Application No WO 91/11747 a device is described with the

following characteristics:

1. The cell is made using two surfaces which have Si0 coatings of
appropriate thickness and evaporation angle to allow two stable states
to exist on each surface. Furthermore the two states on a surface are
designed to differ in azimuthal angle by 45° and the surfaces are

oriented such that each of the two resulting domains are untwisted.
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The celd is nmade using two surfaces which have Si O coatings of approprlate
t hi ckness and evaporation angle to allow two stable states to exist on Qé
each surface. Furthernore the two states og a surface are ‘designed to L
differ in azinuthal angle by 45[err] and the surfaces are oriented such:
that each of the two resulting domains are untw sted. The surfaces are
al so orientgd iTheSu6ll qooéun RALckAEssPr £4 iflilked snzthesccm dopaé witthf @¢c%% | i nes .

up with the untllted st.ate on .the of heg, surfa Vi, Hence mhen

71 e i ¢ oS! BT rpaae S ok HHEnEh AT R S6°0r o1/ LEFAS o &R
electrically positive chiral ion with left hand tw1st while the latter
is a negative chiral ion with a right hand twist. The concentrations

N ensure.that the final mixture has a very long pitch so-that the states

in the thin cell are uniform.

H

3. Application of a 110V dc pulse for 40us enabled switching between

the two states. A lower threshold is observed for longer pulse eg an

80V threshold is observed for 300us pulses.

"4, Addition of suitably oriented polarisers caused one state to appear

black while the other appears white with a contrast ratio of about 20.

5. A variant device is -~.s0 mentioned which uses a short pitch chiral
7 ion mixture between mor. :a2ble surfaces which possess different zenithal
i anchoring energies. S&i:ching between a 180° twisted state and a

uniform state is observed in a 4um cell for pulses over 50V.

In Patent Application WO 92/00546 a device is described with the f

following characteristics: 1

The cell is made using two surfaces which have Si0 coatings of
appropriate thickness and evaporation angle to allow two stable states to
exist on each surface. Furthermore the two states on a surface are

designed to differ in azimuthal angle by 45° and the surfaces are

oriented such that each of the two resulting domains are untwisted.

The surfaces are alsq_ oriented in such a way that the pretilted state on
one surface lines up with the untilted state on the other surface agd-

vice versa. Hence when filled with 5CB, the two states are seen as shown

in Figure 7B and 7C.
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M4 . Application of a 14V dc pulse across a I[err]Jmcell. for 10Jerr]s

alTows switching between the states. The fijpal state is dependent on the

# sign of the pulse due to its coupling to the flexoel ectric polarisation.
| The 'sane voltage threshold is observed for switching in both directions. -

The surface ,used by Durand btain bistable.aliqgr i n. | ayer of
Si O evapor alAé’th‘Eaéé“’Br‘égi%éhgb G & s%nﬁrgggl—%v@\?e?&ﬁ?érm%d% ers the
di sadvant agewi betiingnpetissnathenstates he Theafinalt soatearigl depdnsigat. ¢rhithenetsn
or indeed any of the depositipn paraneters | .I'E [ ; fa

O "9eE o Bhe SRR £ DRIBITCED b, ook BBl S Bt e

t echni que - uanet wlltage othreshyldliifsf bbsenvedf Bor |swigehinge in dhcihl dysectionsot her .

bi stabl e nenmatic device is described in US Patent 4333708.

The surface uéed by Durand to cbtain bistable alignment was a thin layer

_éof Si0 evaporatéd'at a precise oblique angle. However this method _

) suffers the disadvantage that any deviation in the evaporation angle,
layer thickness or indeed any of the deposition parameters is likely to
produce a surface with only monostable alignment. This makes the oblique
evaporation technique unsuitable, or very difficult, for large area

displays.
Another bistable nematic device is described in US Patent 4333708.

According to this invention the above disadvantages are overcome by the
f .use of accurately formed gratings on cell walls; such gratings permit

nematic liquid crystal molecules to adopt either of two uniform alignment

directions. These two alignment directions may be switched electrically

to form displays.

According to this invention a bistable ne: :ic liquid crystal device

comprises

two cell walls enclosing a layer of liquid crystal material;
electrode structures on both wall;

a surface alignment on both cell walls providing alignment direction

to liquid crystal molecules;

means for distinguishing between switched states of the liquid crystal

material;

e
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Accordi:ng to this invention the above di sadvant ages are overcone by the use

of'accugately formed gratings on cell walls; such gratings permt nematic
‘rystal nolecules to adopt either & two uniform alignment
directions. These two alignnent directions may be switched electrically to

form di spl ays.. According to this invention a bistable nematic |iquid
crystal deCHARAGTERPSER&SY two cell walls enclosing a |ayer of |iquid
crystal material; el ectrode structures on both wall; a surface

al i gnnent on both cell walls provi di ng al i gnnent direction to liquid
crystal nokesudfasce alignment bigrating on at least one cell wall that permits

liquid crystal molecules to adopt two different angular aligned
T directions when suitable electrical signals are applied to the

electrodes.
- The angle between the two alignment directions may be varied and depends

. upon the shape of the bigrating.

The bigrating may be a profiled layer of photopolymer formed by a
“photolithographic process; eg M C Hutley, Diffraction Gratings (Acedemic
Press, London 1982) p95-125; and F Horn, Physics World, 33 (March 1993).
Alternatively, the bigrating may be formed by eﬁbossing; M T Gale, J
Kane and K Knop, J Appl Shoto Eng, 4, 2, 41 (1978), or ruling; E G
Loewen and R S Wiley, P». 3PIE, 815, 88 (1987), or.by transfer from a

i carrier layer.

One or both cell walls may be formed of a relatively thick non flexible
material such as a glass, or one or both ceils walls may be formed of a {
flexible material such as a thin layer of glass or a plastic material egéﬁ
polypropylene. A plastic cell wall may be embossed on its inner surface
to provide a grating. Additionally, the_embossing may provide small
pillars (eg of 1-3um height and 5-50um or more width) for assisting in
correct spacing apart of the cell walls and also for a barrier to liquid
crystal material flow when the cell is flexed. Alternatively the piiiars

may be formed by the material of the alignment layers.

. ‘\f_'
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ﬁ neans ,f,or di stingui shing between switched states of the liquid crystal
“ material;

CHARACTERI SED BY 6 - .

The bigrating may be symmetric or asymmetric; in the later case this
results in both surface alignment and a surface tilt. Two bigratings may
be arranged so that a high surface tilt on one wall is opposite a low

- surface tilt on the other cell wall so that liquid crystal molecules

adopt a splayed configuration is both switched states.

jA bigrating surface may be described as a surface satisfying:

W(x,y) =‘P(x+mkz,y+nk’)

where m and n are integers while k and k  are periodicities and \5? is a

function describing the surface amplitude.

Consider a simple theoretical description of the surface energy of a

bigrating. The grating surface is described by

2% .2
A= as;n;;x + b~-nE;Y

where a. b are constants, L., L, are pitches of the two gratings.

Let a nematic be in contact with this surface such that its directdf

field is given by:

n = (cosbcosd, cosbsind, 8inf)

ie 8 is the zenithal angle and Q the azimuthal.

Let & = 8 (x,y,z,) but assume ¢ to be a cons;ant.

is Sheet Has Been Repl aced

T




~-suitable electrical signals are applied t

. ‘a.surface alignment bigrating on at |east one cell wall that permts liquid -

crystal -nol ecul es to adopt two different gngular al i.gned directions when
the el ectrodes. = The angle
between the two alignment directions may be varied and depends upon the -

shape of the bigrating The rating my be a rofjled | ayer o

phot opol ymE#k¥gr e, Weﬁt%d’f’oﬁglﬁﬁgﬁ W#’i e ot&?sg i%“tel é the

Di ffracti ognddiaktiogks tor6€HHALLIoWr @8Sb ¢OMPIL,}98ken p95 125 and F Hor n,
Physics World, 33 (March 1993). Alternatlvely, the b ratlng may be forned

by enbossing; MT Gale, J Kane amd hﬁgg g, 4, 2. 41
(1978), or ruling; E CB{zndleft "ﬁ ' oc 815 88 (1987).-
by transfer froma carrier Iayer.

and away from the grating surface

2 |
- . . 0= (mZ)e -

Assuming the splay and bend elastic constants to be equal to each other,
K,, = K33. but different from the twist constant, Kzz;' then the elastic

‘free energy density is given by

2w,

= 02 (1sin®d + cos?P) + ei(lcosz¢ + sin?¢)
Kas x

2 »
-+ 67 + 0,0, (1-1) 2sinfcosé
where L= K.‘,.‘,/K33 and 0 , is the derivative of O.with respect to x, and
similarly for O v and O ,. {

The Euler-Lanrange equation is then

Bex (1sin? + cos?®) + Oyy (lcos?¢ + sin¢) + 62z + (1-1)8in2¢ 6y = .0

—_—

\.—.
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4 One or .both cell walls may be forned of a relatively thick non flexible

t material such as a glass, or one or both c%ls walls may be fornmed of a

#| flexible material such as a thin |layer of glass or a plastic¢ material eg
pol ypropyl ene. A plastic cell wall may be enbossed on its inner surface to
provi de a_grbl iurAdfl ddiaapvide chlCcaasshalhally Riaytimesl | pillars
(eg of 1-3[err]m hel ght and -ﬁerr]mor nore wdth) for assisting in
correct spacing.apart of the cell walls and also for a barrier to liquid

crystal material flgy when tde cell ‘ifs—fﬁ(-ed.—-ﬁd?-ermtivel y the pillars
may be forned b§ < i restsas xorxpirY &4 RehtCoRiPe 5 21
6 .

+ bz—zsindacosg’-:y exp(=V (lcos2¢ + sin2¢) Ez}.
Lo L - Lz

')?efining

A = b2 (%’ZE :.’a_'z (i_:: -

ie A is the relative energy of the two orthogonal gratings, then the surface

energy per unit area, F,, follows

¥ (K22K2») 2y 3 -,
Fg = —':—"L a2 (-I: (1 + (‘E;i- - 1) cos%) cos2¢

| ' + A ‘\/ (1 + (%g - 1) ainzdl) sinztb}.

For gratings of equal pitch ie L, = L,

A = (a/b)?

The bigrating has a profile having 0.5¢A<2.0, preferrably 0.8¢Ac¢1.2,
typically 0.9¢A<1.1. A typical symmetric, sinusoidal grating may have a
pitch of 0.8um and an amplitude (half peak to peak) of O0.lum. An
asymmetric grating may have a similar pitch and amplitude but may be of

approximate sawtooth shape.
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"The bi.grating may be symmetric or asymetric; in the later case this _
results~in both surface alignment and a surface tilt. Two bigratings may be -

-arranged so that a high surface tilt on ofle wall is opposite a | ow surface
tilt on the other cell wall so that liquid crystal nolecul es adopt a

spl ayed configuration is both swi tched states. A bigrating surface may be
descri bed as a surface satisfying: [err] where m

and n are A\tRgRhStM be tﬂa‘iéfi]biag‘i‘itkﬁ§rdab 86 QidTehb® HsClat b@Sra28dfor which

is a function describing the surface anplitude.
there does not éxist a value of h such that:

¥ (h—x)="F (h+x)

* gpr all values of x, where ¥ is the function describing the surface.

- 'A similar expression can be written if the blaze is along the y
direction. In the case of a sine/blaze bigrating each bistable state
possesses the same pretilt. However the symmetry can be further reduced
by employing a blaze/blaze bigrating ie one in which the modulations in
-both the principle directions are asymmetric, eg the gratings are
sawtooth in section. In this case it is found that one. of the bistable

states is pretilted while the other has zero pretilt.

The device may further include means for applying addressing voltages to
o the electrodes whereby the device may be switched into two different

alignment states for displaying information.

The liguid crystal material may include chiral ions so that the device i.
may be switched by application of a large ac voltage followed by N

application of a suitable unidirectional voltage pulse.

The liqﬁid crystal material may have a suitably high flexoelectric value
so that the device may be electrically switched by application of a

pulse of appropriate polarity.
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Consi der a sinple theoretical description of the surface energy of a

bigrating. The grating surface is descri'bedlcpy . .'-:;.!

[err] where a. b are constants, L, L2 are pitches of the two gratings.
Let a nematic be in contact with this surface such that its director field

I's"given by:’I‘he cell may be arrangedlﬂaEﬁéen two coloured or neutral polarisers,
both with or without a small amount of a pleochroic dye (eg D 82 Merck)
in the liquid crystal material. The polarisation axis of the
polarisers, the layer tﬁickness. and the material birefringence may be
arranged to optimise display contrast between ON and OFF states. For
example the polarisers optical axis may be up to a few degrees away from
being parallél or perpendicular to an adjacent alignment direction. '

The invention will now be described, by way of example only, with

reference to the accompanying drawings in which:-

Figure 1 is a plan view of a matrix multiplex addressed liquid crystal

display:
Figure 2 is a cross section of the display of Figure 1:

- Figure 3 is a set of waveform diagrams showing four rows and one column.

The resultant voltage as a function of time per one pixel is given;

Figure 4 is a diagrammatic view of apparatus for producing symmetric

bigrating surfaces of a cell wall;

Figure 5 is a theoretical graph of surface energy density as a function

of azimuthal angle;

Figures 6a, b are diagrams showing direction of alignment and amount of
tilt of cell walls;

Figures 7a, b, ¢ are diagrams showing two oppositely splayed states.

Figure 8 is diagrammatic views of apparatus for producing asymmetric

(blazed) gratings.

Figure 9 is a section of a cell wall being treated by the apparatus of

Figure 8.
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Is the zenithal angle and = the azinuthal. Let [err] = [err]

but assune to be a constant.
11

The display of Figures 1, 2 comprises a liquid crystal cell 1 formed by
a layer 2 of cholesteric liquid crystal material contained between glass
walls 3, 4. A spacer ring 5 maintains the walls typically 2um apart.
Additionally numerous polymer spacef beads of 2um diameter may be -

' E dispersed in the liquid crystal material to maintain an accurate wall.
%- ;I spacing. Strip like row electrodes 6 eg of Sn02 are formed on one wall
{1 ° '7- g;and simular column electrodes 7 formed on the other wall 4, with
£ %' ' np-row and n-column electrodes this forms an m.n matrix of addressable

G -fuﬁ elements or pixels. Each pixel is formed by the intersection of a row

and column electrode.

A row driver 8 supplies voltage to each row electrode 6. Similarly a
column driver 9 supplies voltages to each column electrode 7. Control
of applied voltages is from a control logic 10 which receives power from

a voltage source 11 and timing from a clock 12.

Either side of the cell i are polarisers 13, 13'. For devices where

both cell walls 3, 4 have bigrating alignment and the two alignment
directions are at 45° to one another, then the polarisers are arranged

with their polarisation axis crossed with respect to one anothér with ;
the axis of one polariser parallel to one of the two alignment A
directions on an adjacent wall 3 or 4. For devices having a bigrating
oﬂ-one wall 3, and a monograting (eg a rubbed alignment) on the other

wall 4, then the polarlser 13' has its axis parallel to the monograting
allgnment on wall 4 and the polariser 13 has its axis parallel to one of

the two alignment directions on the wall 3.

A partly reflecting mirror 16 may be arranged behind the cell 1 together
with a light source 15. These allow the display to be seen in
reflection and lit from bohind in dull ambient lighting. For a a

-

tranmission device, the mirror may be omitted.

——
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Taking the director to lie tangential to the grating surface and the
undul ations to be shallow (a, b << L[err], fierr]) t hen B [er

and away fromthe grating surface [err]
Assum ng the splay and bend elastic constants to be equal to each other, -

Klerr] =K| rné but dif#er nt fromthe tws nstant. Klerrla en_t he

elastic -f rZ’é‘l Rety=gen "{ﬁﬁf'scedﬂ\/gh w8k sh, %Oaé[%'fﬁt She'deh1 wit is
surface treated to provide a bigrating; the other wall may have either
a bigrating or a monograting or a conventional eg rubbing alignment
treatment. Apparatus for producing this bigrating is shown in Figure 4.

As shown in Figure 4 light 20 from an argon ion laser 21 is focuéed by a
.; first lens 22 onto a fixed first diffuser 23 and a rotating second 24 |
™ diffuser. A second lens 25 recollimates the now expanded laser beam
onto a semi aluminised beamsplitter 26. Light is reflected from the
beamsplitter 26 onto a first mirror 27 and thence onto a substrate 28
supported in é holder 29. Light transmitted through the beam splitter
26 is reflected off a second mirror 30 and a third mirror 31 onto the
substrate. Thus the substrate 28 receives two beams 20a, 20b which sets
up a stationary fringe pattern. The pitch of the fringe pattern depends
upon the angle between the two beams 20a, 20b coming from the first and

second mirrors 27, 31.

A sinusoidal bigrating may be produced by the apparatus of Figure 4 as

follows:~-
Example 1.

A piece of ITO coated glass 28 to form a cell wall was cleaned in
acetone and isopropanol and was then spin coated with a photopolyimide
(Nissan RN901) at 4000 rpm for 20 seconds to give a coating thickness of
1.2um. Softbaking was then carried out at 80°C for 30 minutes. The
sample 29 was then exposed to an interference pattern of light generated
from the argon ion laser 21 (wavelength of 457.9nm) as shown in Figure
4,

ARAAT
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‘wher é.L= K22/ K33 and O [err] is the derivative of O with respect to x, and

simlar
Lerr]

y for O [err] and O [err]. The Eul er - Lanr ange equatlon S then

13

The.sample 28 was given a 90 second exposure at a power density of
1.5mW/cm®. A second exposure also of 90 seconds duration was then
carried out after the sample 28 had beeh removed from the holder 29,
rotated by 90°and replaced. Development was then carried out by a 60

second immersion in microposit MF319 developer followed by a 30 second

rinse in deionised water. Finally the photopolyimide was crossed linked

.;by a 60 minute bake at 170°C followed by a 30 minute bake at 350°C. In

this case the resulting sample contained a surface relief bigrating in
which the two principle modulations were at 90° to each other. However
it may be advantageous for particular applications if the modulations

were at less than 90° to each other, eg 45°.

The dimensions of the bigrating are critical; outside a relatively

narrow range of values the grating will not provide a two directional

alignment.

This is explained by reference to Figure 5 which shows a theoretical
plot of the surface energy density at the liquid crystal/grating
interface as a function of the azimuthal orientation of the nematic
director at that interface. Several curves are plotted for different
values of A(=(a/b)?) and in each case the pre&icted nematic orientation
on the surface is located at the function minima. In this modelling the
1iquid crystal material constant ky3/k,, is set to 1.25 which is
reasonable for a typical nematic. For A=0.8 there exists two degenerate
minima at +/-90°, ie the nematic director lies along the y direction.
Similarly when A=1.2, the nematic director lies along the x directior-i;
both x and y are axes in the plane of the grating surface. However when
the groove depths in the two principle directions are of similar
amplitudes (A close to 1) there exists two stable states at angles
intermediate to the groove directions. For A<0.9 or A>1.1 this ¢
bistability is lost and so the theory suggests that groove depth control
to less than 5% is required. This constraint is not a problem for

photolithographic or interferographic grating manufacture.

—
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% 8 . The sblution satisfying the earlier.boundary condi.tions is [err :ff
Def i ni ng . 14 -

Hence for the above example bistability requires an accurate energy
balance between two directions which is easy to achieve with gratings

but is very hard to achieve via oblique evaporation; ie 0.9<A<1.1.

Example 2

Using two ceil walls having bigratings produced as in Example 1 with

A = 1.0, a 10um thick layer of nematic material in a cell was
constructed so that the grooves on one cell wall were in the same
directions as the grooves on the other. This cell was filled with a
nematic liquid crystal E7 (a Merck material). Microscopic observation
revealed two uniform alignment directions at +/-45° to the groove
directions in agreement with theory. Roughly equal areas of each state
were seen. Either of the two states could be favoured by

temperature cycling in a magnetic field. For example the cell was
heated into the isotropic phase of E7 and then cooled in a magnetic

- field of 2.0 T directed along the +45° direction. This lead to only one
! state in which the director pointed along the +45° direction. Similarly
cocling in a field along the -45° direction favoured the -45° state.
Finally cooling in no field returned the cell to a random structure in
which both stéteé share the cell area. This particular configuration
could also be switched by doping the nema: : with chiral ions using the

method of Durand.
Example 3

A sinsusoidal bigrating may also be made by the following method. A
piece of ITO coated glass 28 to form a cell wall was cleaned in acetone
and isopropanol and was then spin coated with a photo-resist (Shipley
1805) at 4000 rpm for 30 seccnds to give a coating thickness of 0.5um.
Softbaking was then carried out at 90°C for 30 minutes. The sample 29
was then exposed through a contact photolithographic mask containing a

A bigrating of 1.5um by 1.5um pitch to light from a mercury lamp.

heet Has Been Reﬁaced
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. lerr]’s . e Ais the relative ehergy of 'the two orthaogonal gratings, then ? 
the surface energy per unit area, Flerr], follows [err] L
' 15 _

Eprsure was carried out for 25 seconds at 1.5aW/cm?® followed by 10
seconds developing in MF319. Cells wefe constructed after a 10 hour
hard bake at 105°C. Liquid'crystal material thickness was Spm.
Switching behaviour was found to be the same as Example 2.

For a cell constructed with a bigrating on one cell wall and a
y ';monograting (eg é rubbed alignment treatment), then two twisted states
" are observed in which the liquid crystal material director follows the
groove direction on the monograting surface and lies at an intermediate
angle to the groove directions on the bigrating surface. This assumes
that the anchoring strength of the grating of the same order of
" magnitude as the elastic constants of the liquid crystal. This

configuration could also be switched with chiral ions..

It has been found that pretilt can be added to the bistable states: by
fabricating a bigrating which is blazed (asymmetric) along one of its
- principle groove directions. This may be carried out using a modified
interferometer as described in N K Sheridon, Appl Phys Lett, 12, 316

(1968).

Figure 8 shows apparatus for producing a blazed grating. As shown lighti
40 from an argon ion laser 41 (of wavelength 457.9nm) is focused by a
first lens 42 onto a fixed diffuser 43 and a rotating diffuser 44. A
second lens 45 recollimates the now expanded laser beam 40 which is then
amplitude split by a semi aluminised beamsplitter 46 onto two mirrors

7, 48. A substrate 49 to be formed into a grating is mounted in a -
sample holder 50 located between.the two mirrors 47, 48. The
_counterpropagating beams in between the two mirrors 47, 48 set up an
optical standing wave, ie interference fringes, having a period of half

L.



1 A typical synmmetric, sinusoidal grating nafﬁhave a pitch ofi0.8;[err]

For gratings of equai pitch ie L[err] = L[err] A = (alb)2 The bi g
has a profile having 0.5<A<2.0. preferrably 0.8<A<l1.2, typically O 9

an anplitude (half peak to peak) of Ol[err]m An asymetric grating:

imlar pitch and anplitude but nmay be of approximate saw oot i
Qﬁgge? > Prioé)to being moggted in the samee holder éH)a substrate 49 of i'i;}ijum=

tin oxide (ITO) coated glass is cleaned in acetone and isopropanbl d
then spin coated with a photopolyimide (Ciba Geigy 343) at 4000 rpﬁ”for;
30 seconds to give a coating 41 thickness of 3.5um. Softbaking is

- 100°C. The substrate 49 is then mounted in the sample holde# 50 _
éjFigure 4 and exposed at an oblique angle to a standing wave pattern of
light from the argon ion laser 41. This is a specific example of

The interference fringes are recorded into the photopolyméf_layeru
shown in Figure 9. The pitch of the grating depends on thefhngle:
between the substrate 49 and the standing wave. Typical exposuréﬁ
seconds with a power density at the sample of 1.5mW/cm?. After a.pos
exposure bake (105°C, 5'minutes) the sample is spin developéd fornisf

} seconds in QZ3301 (Ciba Geigy) and then rinsed in QZ3312 for 15 seconds.

The use of two blazed gratings giving zero pretilt in one bistableystaté'
is explained by reference to Figures 6a, b. Figure 6 represents thé top_
surface (shown'face down) of a cell. The =._aze directions is | .
represented by arrows and in practice thes: iirections could correspond"ﬁ
to the long facets of a sawtooth modulation (shown in section along each
of the principle grating directions). The symmetry of the surface then .
dictates that the state lying in the quadrant between the blaze S
directions A, will be pretilted while the other state B, is non tilf:ed
(if the two principle modulations have different amplitudes or-differentf?
amounts of asymmetry then both states will be pretilted but by differené-i_'
amounts). Figure 6Q_shows the bottom cell wall shown face up, wiph '

blaze direction indicated bty arrows. If this top surface,

“
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9 . "An asymmetric or blazed bigrating may be defined as a surface for

whi ch.iT’yere does not exist a value of h such that: [err] for all val ues
of x, "Where [err] is the function describing the surface{'A simlar
expression can be witten if the blaze is along the y direction. In the
case of a sine/blaze bigrating each bistable state possesses the sane
pretilt. HPimurer 6aheshpwnetace down)odsf consiteuctasddnetheyphown|aniengation |

o azol bl azg, Bl Gk s RIGCED WILED 6° (HRUM FLEOND) Bned o LiGusa

principle ctTons are as ati
crystal states are obtalned A B and B A, as shown in Figures 7a, b,

c. These splayed configurations are important as the.two states have

opposite sign of splay and so dc codpling to the flexoelectric
polarisation (shown as p) by a field applied between electrodes on the
_gell walls allows switching between the states in a similar manner to
that described in Patent Application No WO 92/00546 described above:-

A display using a cell similar to the above cell, but with an angle of
45° petween two bigrating induced, liquid crystal alignment directions,
‘may be addressed with voltages as shown in Figure 3.

As shown pixels in four consecutive rows R1, R2, R3, R4 in one column
are to be switched. Two possible alignﬁent directions may be
s  arbitrarily defined as ON and OFF states. Rows R1, R4 are to be
switched to an ON state, rows R2, R3 are in the OFF state.

Sﬁrobe pulses of +Vs for three time periods ts followed by -Vs for 3 ts
are applied to reach row in turn as shown. A data waveform is applied f
to the column as shown and comprises a -Vd for 1 ts followed by a +Vd p
for 1 ts for an ON pixel, and -Vd for 1 ts followed by +Vd for 1 ts for
an OFF pixel. :
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i'sawtoot.-h in section. In this case it is found that one of the bistable

states is pretilted while the other has zero pretilt. The devi ce nmay 'I'-
further include means for applying addressityy voltages to the el ectrodes,

wher eby the device nay be switched into two different ali gnment states for

di spl ayi ng i nformati on. The liquid crystal material may include chiral

i ons so t haiResubtapdy vottages bre slargehvol tagespfilristaof musdtive |thegenagative

The I1quid CPrereri PR el g nclndiliiR Lindd% Pl S0Griad pdfbulen C,
that the deJmore morreetiy dber dixgdtyrwidrsiaddtd\thapgeilc ahlls), de sheul se of -
appropri at e napbMidopic condition. These are.followed by the small selection pulse
eg of positive potential to switch to an ON state. This small positive
pulse is sufficient to cause chiral rows in the liquid crystal material .
to move to one éell wall and favour switching to the ON state alignment
direction as the liquid crystal molecules relax back to a homogeneous
state in the absence of an applied voltage. The following small

negative potential pulse provides dc balance and is of insufficient

magnetude to cause further switching.

In one switched state all molecules align along the optical axis of one
polariser 13. Since the optical axes of the polarisers 13, 13' are

crossed polarised light from polariser 13 passes through the cell to be
blocked by the other polariser 13'; thus minimal light is transmitted
- through the device. When the cell is switched so that all molecules

align in one direction at 45° to a polariser 13, 13' then maximum light
is transmitted through the cell due to liquid crystal birefringence and

relative positioning of the polarisers 13, 13,

Similarly, for a nematic with a usefully ..rge flexoelectric constant,
eg about 10°% cgs or more, then the nematic may be switched between the

two splayed states described with reference to Figure 7.

Note that in both the switched states of a cell with two bigratings, the
nematic liquid crystal material has no twist across the layer; this
contrasts with twisted nematic devices where typically the material has
a 90° twist. For cells with a monograting on one cell wall and a
bigrating on the other wali there wiil be an amount of twist in both

switched states eg +45° & -45°,

This Sheet Has Been Re[ilaced :
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- *.0. ‘The cell may be arranged between two col oured or neutral polarisers,
both with or without a small amount of a pleochroic.dye (eg D 82 Merck) in-
‘the li.quid crystal material. The polarisatton axis of the polarisers, the
~layer thickness, and the material birefringence may be arranged to optim se
di splay contrast between ON and OFF states. For exanple the polarisers
optical axGsatimgsben uhet abavel examfeigsensad avpy téh af De8ing pawevdrela wide.

be. Hoscri DERPER By E0pR oAt P ity T (Ar RORRRBS T F3SHTE "h ey ol
dr awi ngs i pditdh ah grating greater than 0. 25um but smaller pitches could be made
with ul;rav1olet lasers. The azimuthal alignment energy per'unlt area
' for a single sinusoidal grating has been calculated (D W Berreman, Phys
Rev Lett, 28, 1683 (1972)) as U=2113K11(é?/L3) where a is the grating
.gmplitude (half the peak to trough grooves depth) and L is the pitch.
- In terms of liquid crystal alignment, a useful grating must have a
' profile such that U is greater than the thermal randomisation energy and
greater than the energy associated with any other surface irregularity
or material inhomogeneity. Further, small pitches are preferred to
“obtain sufficient energy because if a is too large then a large voltage

drop will occur across the grating when a field is applied to the cell.

Efficient bistable switching also reéuires the anchoring to be broken at
] the surface. The voltage required to do this is dependeht on the
f zenithal anchoring eneréy of the polymer forming the grating. Careful
: choice of this polymer material or processing allows this voltage to be
minimised. Alternatively or additionally the grating may be coated with

a surfacent such as lecithin. . : {

-
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e display of Figure 1,

Fi gu i;
rows‘anﬂ—fﬁw;JJHJﬂnl__Ibg ‘l' g

C S8 Figure 2 is a cross section of t
i's a set of waveform di agranms showing fo

: sultant voltage as a function of tinme per one p| iven; Flgure 4.
1 is-a diagrammatic view of apparatus for produ0|ng |ﬂlﬂumEg -
surfaces of a cell wall; Flgure 5is a theoreticals e

e?ergy denswnuiﬂ§.affunction of "azimuthal angl e;

1. A bistable nematic liqﬁid érygtéi device comprising

two cell wal;s gnclosing a layer of liquid crystal material;
?ﬁ{ : electrode structures on both wall;

a surface alignment on both cell walls providing alignment direction to

liquid crystal molecules;

means for distinguishing between switched states of the liquid crystal

material;

CHARACTERISED BY

a surface alignment bigrating on at least one cell wall that permits
liquid crystal molecules to adopt two different angular aligned
directions when suitable electrical signals are applied to the

electrodes.

2. The device of claim 1 wherein each bigrating has a profile in which

0.8¢A<1.2 where A is the relative energy of the bigrating.

3. The device of claim 1 wherein both cell walls carry bigrating
surfaces and the two alignment directions one both cells walls are in

register with one. another.

This Sheet
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h Rigures: 6a, b are diagrans showing direction of alignment and anount of -

o
\

'

Stilt dicell walls; Figures 7a, b, c areg, di agr:agﬂlﬂﬂmm,muﬂmumgosi tel)
% 'spl ayéd”st at es. Figure 8 is dlagrannati%lviews {0 tHpr oduci n
~ asynmetric (blazed) gratings. Figure 9 is a section of “a tell wal | being:
Str d by, t he appar.atus_of Figure 8. - '
_t cate yh. Thepﬁgvice of claimgl wherein one cell wall is provided with a
bigrating alignment and the other cell wall is provided with a
monostable single alignment diredticn treatment whose single alignment

direction lies between the two permitﬁed alignment directions of the

Y bigrating.
tt | % The device of claim 1 wherein at least one bigrating has at least
. one asymmetric grating profile. : -

6. The device of claim 1 wherein at least one bigrating has at least

one symmetric grating profile.

7. The device of claim 5 wherein the direction of asymmetric alignment

on the cell walls oppose one another in the same direction.

8. The device of claim 5 wherein the direction of asymmetric alignment

” on the cell walls opposé one another in the opposite direction.

-

9. The device of claim 1 wherein the bigrating is a layer formed by
interferography, photolithography, embossing, ruling, or carrier

transfer. p

ld. The device of claim 1 wherein the cell walls are formed of a glass

- material.

12. The device of claim 1 wherein the cell walls are formed of a

flexible plastic material.

o 13. The device of clg}m 1 wherein spacer pillars are formed on one or
. both cell walls. ' ' .
_ _ . f

14. The device of claim 1 wherein spacer pillars are formed by the

'material forming the grating on one or both cell walls.

—
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. The displ fy NTS@%WIS YK liquid crystal cell 1 f(ﬂ@myﬂm_ag
layer 2 o d”@ﬂﬁ dodﬂﬁgﬂaJ fat eri al cont ai ned between Iass
“walls 3, & 1§" rl?asgdg ‘taipsged #% tlhe walls typically 2pm apaﬁ
Additiona iksR%W@nbﬁospgubﬁ'bqads of 2pm di ameter may be dicseer sed
in the |i E bsirget al : pagedrdidd pagedrai.ntlai n jan accurate wal |l spacing. Strip
| i ke row gl ectrodes 6 eg of SnQ2 are fdrmed on one wall 3 and sinul ar
col um el ecDATHeOF/RECENET,, 01 It'Mé othet wall 4. Wth mrow and n-col um

el ectrode 'addressabl e el enents or pixels. Each
pi xel is forrred by the inter ection of a rowmnd col um el ectrode. A row
driver 8 supBf m&%ct['& E%Er?ﬂﬁ’éwepm?ﬁe 6. Similarly a col um

driver 9 suppl i es voltages to each colum el ectrode 7. Control

This invention relates to bistable nematic liquid crystal devices.

Liquid crystal devices typically comprise'a thin layer of a liquid
crystal material contained between cell walls. Optically transparent
electrode structures on the walls allow an elecsric field to be applied

across the layer causing a re-ordering of the liquid crystal molecules.

There are three known types of liquid crystal material, nematic,
‘cholesteric, and smectic each having a different molecular ordering.

The present invention concerns devices using nematic materials.

In order to provide displays with a large number of addressable elements
it is common to make the electrodes as a series of row electrode on one
wall and a series of column electrodes on the other cell wall. These
form eg an x.y matrix of addressable elements or pixels and, for twisted
nematic types of devices, are commonly addressed using rms addressing .

methods.

Twisted nematic and phase change type of liquid crystal devices are
s&itched to an ON state by application of a suitable voltage, and
allowed to sw1tch to an OFF state when the applied voltage falls below a
"lower voltage level ie these devices are monostable. For a twisted
nematic type of device (90° or 270° degree twist as in US-4,596,446),
the number of elements that can be rms addressed is limited by the

. steepness of a device transmission vs voltage curve as details by Alt
and Pleschko in IEEE Trans ED vol ED 21 1974 pages 146-155. One way of
improving the number of pixels is to incorporate thin film transistors
adjacent each pixel; such displays are termed active matrix displays.
An advantage of nematic type of devices is the relétively low voltage
‘requirements. They are also mechanically stable and have wide
temperature bperating ranges. This allows construction of small and

'portable battery powered displays.




of “applied voltages is froma control logic 10 which p¢
_voltage source 11 and timng froma clock 12. Eithef pide of the cgllj 1
are polarisers 13, 13'. For devices where both cell pall | GNOY 1996e
bigrating alignnment and the two alignnment directions prp at 45[err] tlo jone
another, then the polarisers are arranged with their polarrsation axis
crossed wWith respect to one another with&he axis of fne polariser panah|e|
to one of the two alignnent directions on an adjacent wall 3 or 4. For

devi ces havi ng a bigrating on.one wall 3, and a rmnograti.ng (eg_a rubbed

al i gnment )Angshem wayt afradggessing lerge AhsPlaysals s uss' e bistahle diquid

parall el tQykbe Ha)eses Al FagréHledBAR 11881 d\dirys fa12@d s sP bR HeS Rhdd Anit8S
its axis parallel to one of the two alignment directions on the_wall_ 3.

- » > r A
partly r efbigteblp) dpvicomWith heyuse oaf_r BESRIEE biaiid cﬁ'r%?”é-el““ﬁ”@é_@e‘!‘ﬁ’er with
a |ight -sqieapild ceTh o 1254:Pck NS EnBBA R rbAt i tS CeSudh af 8dJ106t i9my and it
frombehind in dull anbient lighting. For a tranm_ssion device the mrror
may be (”ﬁqypgage stabilised ferroelectric liquid crystal device (SSFELCDs) as

described by:- L J Yu, H Lee, C S Bak and M M Labes, Phys Rev Lett 36,
7. 388 (1976); R B Meyer, Mol Cryst Liq Cryst, 40, 33 (1977);: N A
Clark and S T Lagerwall, Appl Phys Lett, 36, 11, 899 (1980). One

disadvantage of ferroelectric devices is the relatively large voltage

needed to switch the material. This high voltage makes small portable,
battery powered displays expensive. Also these displays suffer from
other problems such as lack of shock resistance, limited temperature
range and also electrically induced defects such as needles.

If bistable surface anchoring can be achieved using nematics then a
display can be made which has the merits of both the above mentioned

technologies but none of the problems.

It has already been shown by Durand et al that a nematic can be switched
between two alignment states via the use of chiral ions or flexoelectric
coupling; A Gharbi, R Barberi, G Durand and P Martinot-Largarde, Patent
Application No WO 91/11747, (1991) "Bistable electrochirally controlled
liquid crystal optical device". G Durand, R Barberi, M Giocondo,

P Martinot-Largarde, Patent Application No WO 92/00546 (1991) "Nematic
liquid crystal display with surface bistability controlled by a

flexoelectric effect”. These are summarised as follows:

In Patent Application No WO 91/11747 a device is described with the

following characteristics:

1. The cell is made using two surfaces which have Si0 coatings of
appropriate thickness and evaporation angle to allow two stable states
to exist on each surface. Furthermore the two states on a surface are
désigned to differ in azimuthal angle by 45° and the surfaces are

oriented such that each of the two resulting domains are untwisted.
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surface treated to provide a bigrating; the other PLAQEyﬁmﬁN§HEE1

“bigrating or a nonograting or a conventional eg rld

treat ment. shown i i glir @ 4.
As shown in Figure 4 light 20 froman argon ion [dsdr 2?‘1‘@"’38@15 diby a
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Apparatus for producing this bigrating

3

2. The cell {of 6um thickness) is filled with 5CB doped with 0.5%
benzyl quininium bromide and 1.8% phenyl lactic acid. The former is an
electrically positive chiral ion with left hand twist while the latter
is a negative chiral ion with a right hand twist. The concentrations
ensure that the final mixture has a very long pitch so-that the states

in the thin cell are uniform.

3. Application of a 110V dc pulse for 40pus enabled switching between
the two states. A lower threshold is observed for longer pulse eg an

80V threshold is observed for 300us pulses.

"4, Addition of suitably oriented polarisers caused one state to appear

black while the other appears white with a contrast ratio of about 20.

5. A variant device is 8lso mentioned which uses a short pitch chiral
ion mixture between monocatable surfaces which possess different zenithal
anchoring energies. S&itching between a 180° twisted state and a

uniform state is observed in a 4um cell for pulses over 50V.

In Patent Application WO 92/00546 a device is described with the

following characteristics:

The cell is made using two surfaces which have Si0 coatings of
appropriate thickness and evaporation angle to allow two stable states to
exist on each surface. Furthermore the two states on a surface are
designed to differ in azimuthal angle by 45° and the surfaces are

oriented such that each of the two resulting domains are untwisted.

The surfaces are also oriented in such a way that the pretilted state on
one surface lines up with the untilted state on the other surface aqd-
vice versa. Hence when filled with 5CB, the two states are seen as shown

. in Figure 7B and 7C.



fifst lens 22 onto a fixed first diffuser 23 and a roffR
.diffuser. A second lens 25 recollimtes the now expangeg
sem alum nised beansplitter 26. Light is reflected ff§o
26 onto a first mrror 27 and thence onto a substrate| 2B
hol der 29. Light transmtted through thﬁ beam splitte

a second mrror 30 and a third mrror onto the su S
substrate 28 receives tmo beanms 20a, 20b which sets 'QnaLy Lijnge
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same voltage threshold is observed for switching in both directions.
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The surface used by Durand to obtain bistable alignment was a thin layer
of Si0 evaporated at a- precise oblique angle. However this method _
suffers the disadvantage that any deviation in the evaporation angle,
layer thickness or indeed any of the deposition parameters is likely to
produce a surface with only monostable alignment. This makes the oblique
evaporation technique unsuitable, or very difficult, for large area

displays.

Another bistable nematic device is described in US Patent 4333708.
According to this invention the above disadvantages are overcome by the
use of accurately formed gratings on cell walls; such gratings permit
nematic liquid crystal molecules to adopt either of two uniform alignment
directions. These two alignment directions may be switched electrically

to form displays.

According to this invention a bistable nematic liquid crystal device

comprises
two cell walls enclosing a layer of liquid crystal material:
electrode structures on both wall;

a surface alignment on both cell walls providing alignment direction

_to liquid crystal molecules;

means for distinguishing between switched states of the liquid crystal

material;



acetone and i sopropanol and was then spin coated with a photopol yi m de
(Ni ssan RN901) at 4000 rpm for 20 seconds to give a coating thickness of
1.2pm Softbaking was then carried out at 80[err]C for 30 m nutes, The
sanple 29 was then exposed to an interference patge T rat ed
fromthe argon ion |laser 21 (wavel ength of 457. 9ni} A1 ure 4.
13 The sanple 28 was given a 90 second exposure}laf a pomer densj tly of

5

CHARACTERISED BY

a surface alignment bigrating on at least one cell wall that permits
liquid crystal molecules to adopt two different angular aligned
directions when suitable electrical signals are applied to the

electrodes.

The angle between the two alignment directions may be varied and depends

upon the shape of the bigrating.

The bigrating may be a profiled layer of photopolymer formed by a
"photolithographic process; eg M C Hutley, Diffraction Gratings (Acedemic
Press, London 1982) p95-125; and F Horn, Physics World, 33 (March 1993).
Alternatively, the bigrating may be formed by embossing; M T Gale, J
Kane and K Knop, J Appl Photo Eng, 4, 2, 41 (1978), or ruling; E G
Loewen and R S Wiley, Proc SPIE, 815, 88 (1987). or by transfer from a

carrier layer.

One or both cell walls may be formed of a rélaéively thick non flexible
material such as a glass, or one or both cells walls may be formed of a
flexible material such as a thin layer of glass or a plastic material eg
pplypropylene. A plastic cell wall may be embossed on its inner surface
to provide & grating. Additionally, the embossing may provide small
pillars (eg of 1-3pm height and 5-50um or more width) for assisting in
correct spacing apart of the cell walls and also for a barrier to liquid
crystal material flow when the cell is flexed. Alternatively the pillars
may be formed by the material of the alignment layers.



1.5mWNW cn2. A second exposure also of 90 seconds duration was then carried
out after the sanple 28 had been renoved fromthe hol der 29, rotated by
90[err] and repl aced. Devel opnent was then carried out by a 60 second
i mersion in mcroposit M-319 devel oper foll owed by a 30 second rinse in
dei oni sed water. Finally the photopolyimde was crossed |inked by a 60
m nute bake at 170[err]C followed by a 36 minute bake at 350[err]C. In this
case the resulting sanple contained a surface relief bigrating in which the
two principle nodul ations were at 90[err] to each other. However it may be
advant age®he Higtratarg inamlbza" saqmmédrdat ooresynhetirie; nodulthei baterwease ahis ess
than 90[errl .tO h A5[ err The di me Shens rating
are criti Eﬁ%ultguf'%ﬁ’ s‘fgaﬁ %} a']F rag\c/iv rasr‘llﬁea%? valgueslowtohé "?ﬁlﬁﬁﬁ R
not provi te &rﬁax@ecﬂlsoechammahzgﬂ |sgnfhmt tilt Tdm ene svadlpisiaoppdsibye reelew ence
to Figure.p luC WS th ret| I act r n ensity at
t he quU| cﬂ&st%ﬂ;?’gt Flﬁeg oltﬁ éggwag.g. ggfur?é;t Eg%‘ﬁ% eag'z%ﬂ%/cr!i‘g
ori ent at i adorptf athnlamgdagqnflguratlon is both switched states.

A bigrating surface may be described as a surface satisfying:
¥(x,y)=¥Y(x+mk,,y+nk,)

where m and n are integers while k, and ky are periodicities and “E/ is a

function describing the surface amplitude.
Consider a simple theoretical description of the surface energy of a

bigrating. The grating surface is described by

. 2% .. 2%
A= as;_n;;‘x + bs:.n'L_ZY

where a. b are constants, L,. L, are pitches of the two gratings.

Let a nematic be in contact with this surface such that its director
field is given by:

n = (cosfcosd, cosbsind, sinf)

ie @ is the zenithal angle and 1) the azimuthal. WEPMCEM
| NT SHEET

Let 8 = 8 (x,y,z,) but assume ¢ to be a constant.




difector at that interface. Several curves are plotted for different val ues
of A([err](a/b)[err]) and in each case the predicted nematic orientation on
the surface is located at the function mninma. In this nodelling the liquid
crystal material constant k33/k22 is set to 1.25 which is reasonable for a
typical nematic. For A=0.8 there exists two degenerate m ninma at
+/-90[err], ie the nematic director Iies7along the y direction. Simlarly
when A=1.2, the nematic director lies along the x direction; both x and y
are axes in the plane of the grating surface. However when the groove
dept hs i t oG pl i;rectl . 0 i 40 i cl ose
to 1) thg&r‘%agﬁi S sgéﬁggag?gllset g%%%mz%g%ﬁcgl ggéi%ag?ﬁn%%:@kéé%%gtahg%groove
di recti ongnduftatiohs0t® e shallow f{hi P Bkskably) tthenhs | ost and so the theory
suggests that groove depth control to | ess than 5%i§zrequi red. This
constraint is not a pyob f dy@g;h@ inhcos> TNt er f er ogr aphi ¢
grating manufacture. FH(Z b?nl %BQ& Ly L2 L

and away from the grating surface

0 = (oo=Z)0 _

Assuming the splay and bend elastic constants to be equal to each other,

Kip = K30

-free energy density is given by

but different from the twist constant, K,,; then the elastic

2¥a 6i(lsin2¢ + cos2¢$) + eztlcosz¢ + s3in?%¢)

Kis
NS ei + Oxey(l-l)231n¢cos¢

where L= Kzz/K33 and 0 . is the derivative of O with respect to x, and

similarly for O y and O .

The Euler-Lanrange equation is then

Bxx (lsin?p + cos?d) + Oyy (lcos2¢ + sin?¢) + Oz + (1-1)sin2¢6yy = 0
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Hence for the above exanple bistability requires an accurate energy
bal ance between two directions which is easy to achieve with gratings but

is very hard to achieve via obliqgue evaporation; ie 0.9<A<1.1. Exanpl e 2
Using two cell walls having bigratings produced as in Exanple 1 with A =

1.0, alO[err]mthick |ayer of nematic material in a cell was constructed

so that the grooves on one cell wall we8e in the sane directions as the
grooves on the other. This cell was filled with a nematic |iquid crystal

(a Merck material).

di r ect i ondheytsolutioy] satisfying tbe pagbier boundary conditions is

o 2K 2% _ 2 24y 2%
0 a;;cos¢cos;;x exp(-Y (1sin2¢ + cos ¢) ;;21

+ b2ZsinpcosZEy exp(~V (lcos?p + sinZg) 2%z
Ly Lz L2

Defining

ner ()7 er (2) 7

ie A is the relative energy of the two orthogonal gratings, then the surface

energy per unit area, F,, follows

¥ (Kazk; |
Fq ~ L EuKe) (&)° {.\/ (1 + @g - 1) mzq.) cos2}

eanf [t e B ) o) siaa).

For gratings of equal pitch ie L, =L

2

A = (a/b)?

The bigrating has a profile having 0.5¢A<¢2.0. preferrably 0.8¢A<¢1.2,
typically 0.9<A<l.1. A typical symmetric, sinusoidal grating may have a
pitch of 0.8um and an amplitude (half peak to peak) of O.lum. An
asymmetric grating may have a similar pitch and amplitude but_may be of
approximate sawtooth shape.

REPLACEMENT SHEET

1 6NNV 1004

E7

M croscopi ¢ observation reveal ed two uni form ali gnment



directions in agreenment with theory. Roughly equal areas of each state were
seen. Either of the two states could be favoured by tenperature cycling in
a magnetic field. For exanple the cell was heated into the isotropic phase
of E7 and then cooled in a nagnetic field of 2.0 T directed along the
+45[err] direction. This lead to only one state in which the director

poi nted along the +45[err] direction. Sigilarly cooling in a field al ong
the -45[err] direction favoured the -45[érr] state. Finally cooling in no
field returned the cell to a random structure in which both states share
the cell area. This particular configuration could also be sw tched by
doping the nematic with chiral ions using the nethod of Durand. Exanple 3
A si nsusoirBafSYAMGERIG F Rigzed Bignssingravbbe tdafingd | apniengurfiacrofior Ahptlce

of | TO coahese WorsSnatBekOsf @ PafucL @l h WRlch ¥@s:Cl eaned in acetone and
| sopropanol and was then spin coated with a photo-resist (Shipley 1805) at

4000 rpm for 30 seconds to giqp eh(_:_c.)%j Q.Q‘Fh(ﬁ‘ﬁp%‘f of O0.5[err]m
. . X X .

for all values of x, where " is the function describing the surface.

A similar expression can be written if the blaze is along the y
direction. In the case of a sine/blaze bigrating each bistable state
possesses the same pretilt. However the symmetry can be further reduced
by employing a blaze/blaze bigrating ie one in which the modulations in
“both the principle directions are asymmetric, eg the gratings are
sawtooth in section. In this case it is found that one of the bistable

states is pretilted while the other has zero pretilt.

The device may further include means for applying addressing voltages to
the electrodes whereby the device may be switched into two different

alignment states for displaying information.

The liquid crystal material ﬁay include chiral ions so that the device
may be switched by application of a labge ac voltage followed by

application of a suitable unidirectional voltage pulse.

The liquid crystal material may have a suitably high flexoelectric value
so that the device may be electrically switched by application of a

pulse of appropriate polarity.




Sof't baki ng was then carried out at 90[err]C for 30 ninut RE_BLFAQEMM §HEBT

was then exposed through a contact photolithographic nmas ontaining a
bigrating of 1.5[err]mby 1.5[err]mpitch to l'ight from r $BINOV A99%

hd

Exposure was carried out for 25 seconds at 1.5mWcn® fol lloyed by 10 seco
devel oping in MF319. Cells were constructed after a 10 hgur hard bake at-
105[err]C. Liquid crystal material thickAdBss was 5[err]mi{ Switching

\*2)

behavi our was found to be the sanme as Exanple 2.

The cell may be arranged between two coloured or neutral polarisers,
both . with or without a small amount of a pleochroic_dye (eg D 82 Merck)
in the liquid crystal material. The polarisation axis of the
polarisers, the layer tﬁickness, and the material birefringence may be
arranged to optimise display contrast between ON and OFF states. For
example the polarisers optical axis may be up to a few degrees away from
being parallel or perpendicular to an adjacent alignment direction.

The invention will now be described, by way of example only, with

reference to the accompanying drawings in which:-

Figure 1 is a plan view of a matrix multiplex addressed liquid crystal

display:
Figure 2 is a cross section of the display of Figure 1;

Figure 3 is a set of waveform diagrams showing four rows and one column.

The resultant voltage as a function of time per one pixel is given;

Figure 4 is a diagrammatic view of apparatus for producing symmetric

bigrating surfaces of a cell wall;

Figure 5 is a theoretical graph of surface energy density as a function

of azimuthal angle;

Figures 6a, b are diagrams showing direction of alignment and amount of
tilt of cell walls;

Figures 7a, b, c are diagrams showing two oppositely splayed states.

Figure 8 is diagrammatic views of apparatus for produclng asymmetric

(blazed) gratings.

Figure 9 is a section of a cell wall being treated by the apparatus of
Figure 8.



For a cell constructed with a bigrating on one cell wald B Tho
,(eg a rubbed alignnent treatnent), then two tw sted st EELKC n
which the liquid crystal material director follows thejlgr{oove directiof ¢n
the nonograting surface and lies at an internediate angl q tQq ¢gogvaeebv
directions on-the bigrating surface. This.assunes that it anchori ng
strength of the grating of the sane order of magnitude as-~t+te—erastiic LhL
constants of the liquid crystal. This configuration could al so _be swit d
with chiral ions. It has been found that pretilt can bé added to the

bi st abl e mtaaamlby citabﬁi'gcﬁés' ng 2 domgrbddsng ]Afdlﬁh bﬁysb:laazedl]( asymdaaur bg)

al ong one | e irecti ma rried oyt using
o odi 1 @ trye 2 BF horBs Serd O SR aregitel Sittatid ebsin Blbss 10"
316 (1968klls Fi Yur &A Spatemsriagfhmatnisaiher tipy edlls ngypdcbl B @fn gimirieng. As
shown [ Qﬁhitionally numerous polymer spacer beads of 2um diameter may be

dispersed in the liquid crystal material to maintain an accurate wall

spacing. Strip like row electrodes 6 eg of Sn02 are formed on one wall
3 and simular column electrodes 7 formed on the other wall 4. With
m~row and n~-column electrodes this forms an m.n matrix of addressable
elements or pixels. Each pixel is formed by the intersection of a fow

and column electrode.

A row driver 8 supplies voltage to each row electrode 6. Similarly a
column driver 9 supplies voltages to each column electrode 7. Control
of applied voltages is from a control logic 10 which receives power from

& voltage source 11 and timing from a clock 12.

Either side of the cell i are polarisers 13, 13'. For devices where
both cell walls 3, I have bigrating alignment and the two alignment
directions are at 45° to one another, then the polarisers are arranged
with their polarisation axis crossed with respect to one another with
the axis of one polariser parallel to one of the two alignment
directions on an adjacent wall 3 or 4. For devices'having a bigrating
on one wall 3, and a monograting (eg a rubbed alignment) on the other
wall 4, then the polarisgr 13" has its axis parallel to the monograting
alignment on wéll 4 and the polariser 13 has its axis parallel to one of

the two alignment directions on the wall 3.

A partly reflecting mirror 16 may be arranged behind the cell 1 together
with a light source 15. These allow the display to be seen in
reflection and 1lit from behind in dull ambient lighting. For a

rranmission device, the mirror may be omitted.



40 from an argon ion |aser 41 (of wavel ength 457.9nm is focused by a first
lens 42 onto a fixed diffuser 43 and a rotating diffuser 44. A second |ens
"45 recollimates the now expanded | aser beam 40 which is t
split by a sem alum nised beansplitter 46 onto two mrro
substrate 49 to be fornmed into a grating is nounted in a $a
| ocated between the two mrrors 47, 48. Tg count er pr opagat ng,g@wsm
between the two mrrors 47, 48 set up an gtlcal st andi ng;

i nterference fringes, haV|ng a period of half the |aser wavetenrgth

16 Prior to assembly the cell of Figures 1, 2 at least one-ceil_uﬂll_i§_~____
~surface treated to provide a bigrating; the other wall may have either

a bigrating or a monograting or a conventional eg rubbing alignment

treatment. Apparatus for producing this bigrating is shown in Figure 4,

As shown in Figure 4 light 20 from an argon ion laser 21 is focused by a
first lens 22 onto a fixed first diffuser 23 and a rotating second 24
diffuser. A second lens 25 recollimates the now expanded laser beam
onto a semi aluminised beamsplitter 26. Light is reflected from the
beamsplitter 26 onto a first mirror 27 and thence onto a substrate 28
supported in a holder 29. Light transmitted through the beam splitter
26_is reflected off a second mirror 30 and a third mirror 31 onto the
substrate. Thus the substrate 28 receives two beams 20a, 20b which sets
up a stationary fringe pattern. The pitch of the fringe pattern depends
upon the angle between the two beams 20a, 20b coming from the first and

second mirrors 27, 31.

A sinusoidal bigrating may be produced by the apparatus of Figure 4 as

follows:-
Example 1.

A piece of ITO coated glass 28 to form a cell wall was cleaned in
acetone and isopropanol and was then spin coated with a photopolyimide
(Nissan RN9O1) at 4000 rpm for 20 seconds to give a coating thickness of
1.2um. Softbaking was then carried out at 80°C for 30 minutes. The
sample 29 was then exposed to an interference pattern of light generated
from the argon ion laser 21 (wavelength of 457.9hm) as shown in Figure
b,



Prior to being nmounted in the sanple holder 50 a subs
oxide (I TO coated glass is cleaned in acetone and i sj
spin coated with a photopolyimde (G ba Geigy 343) at
seconds to give a coating 41 thickness of 3.5 err]m
out at 80[err]C for 15 mnutes followed by a further
100[ err]C. The substrate 49 is then nounted in the s&
Figure 4 and exposed at an obli-que angl ¢Xo a standi g wave pattern of
light fromthe argon ion laser 41. This is a specifi cexamptre—eot

i nterferographi c. grating nanufacture C Hutley, Diffraction G akings
(Acedeni ¢ éﬂ?l%g d'&?‘gf@@'} apg Q%e%?gl EXPOFHES {4k 8r?%"feé'né%n§1i’try nalés are
recorded i/gmw/tht phodevont yerposlfy eilsblof90sbesunds nditagior whs Then pitch of
the grating depends gn the angle b t he _substrate nd & he,standi ng

- wave. Typ?%"&]legx% ﬁ?'éeﬁ’ ﬁ%o’i?%’ggo%g‘eagﬁer?narﬁ%%rd geonmsil}':??a}échdteﬁezi'arrpl e of
1. 5mMV cni estdted Ayt Q0° and @epl aeedos Werehapmentl 98¢ etheh Garriednittedy 4 H6® sanpl e
is spin devel gped for 15 seconds in 0 ] ' apd then_rinsed in
Q3312 fcﬁ39ﬂ§83%%ﬂﬁ§a§9g-ln microposit M9§§§ &Evgg%ﬁgi ggifﬁ@ed 99 a %6 sécon%

rinse in deionised water. Finally the photopolyimide was crossed linked

by a 60 minute bake at 170°C followed by a 30 minute bake at 350°C. In

this case the resulting sample contained a surface relief bigrating in

which the two principle modulations were at 90° to each other. However

it may be advantageous for particular applications if the modulations

were at less than 90° to each other, eg 45°.
The dimensions of the bigrating are critical; outside a relatively
narrow range of values the grating will not provide a two directional

alignment.

This 'is explained by reference to Figure 5 which shows a theoretical
plot of the surface energy density at the liquid crystal/grating
interface as a function of the azimuthal orientation of the nematic
director at that interface. Several curves are plotted for different
values of A(=(a/b)?) and in each case the predicted nematic orientation
on the surface is located at the function minima. In this modelling the
liquid crystal matefial constant k33/k22 is set to 1.2% which is
reasonable for a typical nematic. For A=0.8 there exists two degenerate
minima at +/-§O°. ie the nematic director lies along the y direction.
Similarly when A=1.2, the nematic director lies along the x direction;
both x and y are axes in the plane of the grating surface. However when
the groove depths in the two principle directions are of similar
aﬁplitudes (A close to 1) there exists two stable states at angles
intermediate to the greocove directions. For A<0.9 or A>1.1 this
bistability is lost and so the theory suggests that groove depth control
.to less than 5% is required. This constraint is not a problem for

photolithographic or interferographic grating manufacture.



The use of two bl azed gratings giving zero pretilt i Rgﬂ M eis
expl ained by reference to Figures 6a, b. Figure 6 repr EA@ :

surface (shown face down) .of a cell. The blaze directipns is represgntjed by
arrows and in practice these directions coul d correspo dleOVemang flacet s
of a sawt oot h nodul ati on (shown in section al ong each t he princigle
grating directions). The symmetry of thelsurface then dictates that tHe

state lying in the quadrant between the blaze directk | e
pretilted while the other state Blerr] is non tilted (if the two principle
nmodul at i oitenceafer dhef shavet exanplet biktabdlity reeuings ARARRISAEE SNETEYetry

then bot Ny taLeSpdtibbn MEicPbE 4Atas§sa%acnylsd'eta%@rfa;racﬂwmh g2y 6b

shows t he omce ce , ze direction | nd| cated by
arrows. |Butt Assvenyphard fteacechieve v1a obllque evaporation; 0.9<A<1.1,
Example 2

Using two cell walls having bigratings produced as in Example 1 with

A =1.0, a 10um thick layer of nematic material in a cell was
constructed so that the grooves on one cell wall were in the same
directions as the grooves on the other. This cell was filled with a
nematic liquid crystal E7 (a Merck material). Microscopic observation
revealed two uniform alignment directions at +/-45° to the groove
directions in agreement with theory. Roughly equal areas of each state
were seen. Either of the two states could be favoured by

temperature cycling in a magnetic field. For example the cell was
heated into the isotropic phase of E7 and then cooled in a magnetic
field of 2.0 T directed along the +U45° direction. This lead to only one
state in which the director pointed along the +45° direction. Similarly
cooling in a field along the -45° direction favoured the -45° state.
Finally cooling in no field returned the cell to a random structure in
which both states share the cell area. This particular configuration
could also be.switched by doping the nematic with chiral ions using the
method of Durand.

Example 3

~ A sinsusoidal bigrating may also be made by the following method. A
piece of ITO coated glass 28 to form a cell wall was cleaned in acetone
and isopropanol and was then spin coated with a photo-resist (Shipley
1805) at 4000 rpm for 30 seconds to give a coating thickness of 0.5pm.
Softbaking was then carried out at 90°C for 30 minutes. The sample 29
was tben exposed through a contact photolithographic mask containing a
bigrating of 1.5um by 1.5um pitch to light from a mercury lamp.



17 Figure 6a, (shown face down) is constructed in the
with the bottom surface, Figure 6b, (shown face up) t k¥
states are obtained; Alerr]Blerr] and Blerr]Alerr] a$ #
b, c¢. These splayed configurations are inportant as the stat es
opposite sign of splay and so dc coupling to the flexoe e\g&ﬁ@v

(shown 'as p) by a field applied between el5ectrodes ory tlhe, Lol 1 _val wal | s;a | ows
switching between the states in a sim/lar “manner to t’hat descri ped e
Pat ent Application No WD 92/ 00546 described above. “A-tis

simlar t%&@u?@%@ EBbdiedPBle Wobk o 3eRBMHSE aff 1 Ay Ehd Q‘o@?&&’!ﬁeByti’W

bigrating induced, liquid crystal all %nment directions, may be addressed
with vol t &fEeNas dewshppring ipgMf3d93. Cells were constructed after a 10 hour

hard bake at 105°C. Liquid crystal material thickness was Spm.

Switching behaviour was found to be the same as Example 2.

SQWn OI’I ent ation

For a cell constructed with a bigrating on one cell'wall and a
monografing (eg a rubbed alignment treatment), then two twisted states
are observed in which the liquid crystal material director follows the
groove direction on the monograting surface and lies at an intermediate
angle to the groove directions on the bigrating surface. This assumes
‘that the anchoring strength of the grating of the same order of
" magnitude as the elastic constants of the liquid crystal. This

configuration could also be switched with chiral ions.

It has been found that pretilt can be added to the bistable states by
fabricating a bigrating which is blazéd (asymmetric) along one of its
principle groove directions. This may be carried out using a modified
interferometer as described in N K Sheridon, Appl Phys Lett, 12, 316
(1968).

Figure 8 shows apparatus for producing a blazed grating. As shown light
40 from an argon ion laser 41 (of wavelength U457.9nm) is focused by a
first lens 42 onto a fixed diffuser 43 and a rotating diffuser 44. A
second lens 45 recollimates the now expanded laser beam 40 which is then
amplitude split by a semi aluminised beamsplitter 46 onto two mirrors
47, 48. A substrate 49 to be formed into a grating is mounted in a
sample holder 50 located between the two ﬁirrors 47, 48. The
counterpropagating beams in between the two mirrors 47, 48 set up an
optical standing wave, ie interference fringes, having a period of half

the laser wavelength.



As shown pixels in four consecutive rows Rl, R2, R3, R4 in one colum are
to be swtched. Two possible alignnment directions nay be arbitrarily
defined as ON and OFF states. Rows Rl, R4 are to be switched to an ON state
rows R2, R3 are in the OFF state. Strobe pul ses of +Vs for three tine
periods ts followed by -Vs for 3 ts are applied to reach rowin turn as
shown. A data waveformis applied to the golunn as shown and conprises a
-Vd for 1 ts followed by a +vd for 1 ts 8r an ON pi xel, and -vd for 1 ts
followed by +Vd for 1 ts for an OFF pixel.

Prior to being mounted in the sample holder 50 a'substrate 49 of indium
tin oxide (ITO) coated glass is cleaned in acetone and isopropanol and
then spin coated with a photopolyimide (Ciba Geigy 343) at 4000 rpm for
30 seconds to give a coating 41 thickness of 3.5um. Softbaking is
carried out at 80°C for 15 minutes followed by a further 15 minutes at
100°C. The substrate 49 is then mounted in the sample holder 50 as in
Figure 4 and exposed at an oblique angle to a standing wave pattern of
light from the argon ion laser 41. This is a specific example of
interferographic grating manufacture, M C Hutley, Diffraction Gratings
(Acedemic Press, London 1982) pp 95-125.

The interference fringes are recorded into the photopolymer layer 51 as
shown in Figure 9. The pitch of the grating depends on the angle
between the substrate 49 and the standing wave. Typical exposure is 300
seconds with a power density at the sample of 1.5mW/cm?®. After a post
expdsure bake (105°C, 5.minutes) the sample is spin developéd for 15
seconds in QZ3301 (Ciba Geigy) and then rinsed in QZ3312 for 15 seconds.

The use of two blazed gratings giving zero pretilt in one bistable state
is explained by reference to Figures 6a, b. Figure 6 represents the top
surface (shown'face down) of a cell. The blaze directions is
represented by arrows and in practice these directions could correspond
to the long facets of a sawtooth modulation (shown in section along each
of the principle grating directions). The symmetry of the surface then
dictétes that the state lying in the quadrarit between the blaze
directions A, will be pretilted while the other state B, is non tilted
(if the two principle modulations have different amplitudes or different
amounts of asymmetry then both states will be pretilted but by different
amounts) . Figure 6b shows the bottom cell wall shown face up, with

-blaze direction indicated by arrows. If this top surface,

REPLACEMENT SHEET
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18 Resul tant voltages are |large voltages first of positive then negative
potential. These align the nematic liquid crystal material nolecules (nore
correctly the director) nornmal to the cell walls, ie the homeostropic
condition. These are followed by the small selection pulse eg of positive
potential to switch to an ON state. This small positive pulse is sufficient
to cause chiral rows in the liquid crystaf material to nove to one cel

wal | and favour switching to the ON state alignnment direction as the liquid
crystal nol ecul es relax back to a honbgeneous state in the absence of an
appl i ed vdigage .6aThéshowhnl Hadendosmilils capruoeeddnethe ashomlmeptmtdiodes dc
bal ance a f t t pde f t In
one sw tc%&h t% bbEﬁH thﬂé&?&l es % ﬁgal(gﬁ%&?lﬁégg '#f) %it}lwg g?é‘m

pol ari ser crfl.st‘& ﬁ(ééte%@rgmbt@ahe@b(eé B%f anth B, polasr sbewrs 1113F1§18‘98a7e. érossed

pol ari sed d i offlesk! 051 ARk drTa gutat FORESER iRpSMAN L BE hel twd Athes have
opposite sign of splay and so dc coupling to the flexoelectric
polarisation (shown as p) by a field applied between electrodes on the
cell walls allows switching between the states in a similar manner to
that described in Patent Application No WO 92/08546 described above.

A display using a cell similar to the above cell, but with an angle of
45° between two bigrating induced, liquid crystal alignment directions,
‘may be addressed with voltages as shown in Figure 3.

As shown.pixels in four consecutive rows R1l. R2, R3, R4 in one column
are to be switched. Two possible alignment directions may be
arbitrarily defined as ON and OFF states. Rows R1, Rl are to be
switched to an ON state, rows R2, R3 are in the OFF state.

Strobe pulses of +Vs for three time periods ts followed by -Vs for 3 ts
are applied to reach row in turn as shown. A data waveform is applied
to the column as shown and comprises a -Vd for 1 ts followed by a +Vd
for 1 ts for an ON pixel, and -Vd for 1 ts followed by +Vd for 1 ts for
an QFF pixel.
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bl ocked by the other polariser 13" ;. thus mninmal light is transmtted

t hrough the device. Wien the cell is switched so that all nolecules align
in one direction at 45[err] to a polariser 13, 13" then maximumlight is
transmtted through the cell due to liquid crystal birefringence and

rel ative positioning of the polarisers 13, 13'. SHmlarly, for a nematic
with a usefully large flexoelectric consjg@nt, eg about 10[err] cgs or nore,
then the nematic nay be switched between the two splayed states described
with reference to Figure 7. Note that in both the switched states of a

cel | Wit hpeyd tah8 ' H1IthgSs drBC1YRVbEtdgedUP thst Y8 dsi FBGE thdh Maathae tW St

across the layer; this contrasts with tw sted nenati c devices where

typi cal | yptvmtmai_er iTaese alignothe ReRetic-diawidl FEyshalnnatenivdgrekecudesn one
cell wall (adkk dobhsitall B @Rrbb&O! heFmatakd thaCE&1 VWl 192 s@neRgOUNt  Of
twist in both switched states e +45[erE] & -45, .

" homeostropic condition. ese are.followed by the small selection pulse
eg of positive potential to switch to an ON state. This small positive
pulse is sufficient to cause chiral rows in the liquid crystal material
to move to one cell wall and favour switching to the ON state alignment
direction as the liquid crystal molecules relax back to a homogeneous
state in the absence of an applied voltage. The following small
negative potential pulse provides dc balance én@ is of insufficient

magnetude to cause further switching.

In one switched state all molecules align along the optical axis of one
polariser 13. Since the optical axes of the polarisers 13, 13' are
crossed polarised light from polariser 13 passes through the cell to be
blocked by the other pdlariser 13'; thus minimal light is transmitted
through the device. When the cell is switched so that all molecules
align in one direction at 45° to a polariser 13, 13' then maximum light
is transmitted through the cell due to liquid crystal birefringence and

relative positioning of the polarisers 13, 13'.

Similarly, for a nematic with a usefully large flexoelectric constant,
eg about 1074 cgs or more, then the nematic may be switched between the

two splayed states described with reference to Figure 7.

Note that in both the switched states of a cell with two bigratings, the
nematic liquid crystal material has no twist across the layer: this
contrasts with twisted nematic devices where typically the material has
a 90° twist. For cells with a monograting on one cell wall and a |
bigrating on the other wall there will be an amount of twist in both
switched states eg +U45° & -45°.
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19 Gratings in the above exanples had a pitch of 0.8/ err]m however a

w de range of pitches can be used. The arrangenent in Figure 4 can nmake any
pitch of grating greater than 0.25[err]mbut smaller pitches could be nmade
with ultraviolet |asers. The azimuthal alignnent energy per unit area for a
singl e sinusoidal grating has been calculated (D WBerreman, Phys Rev Lett,
28. 1683 (1972)) as U:2[err]3K[err](a[eﬁg]/L[err]) where a is the grating
anplitude (half the peak to trough groovés depth) and L is the pitch. In
terms of liquid crystal alignment, a useful grating nust have a profile

such thatg Ui S0484S abbéd iklfipidiehaRa pRRARHrSBI81R RBREBF 8Nide
range of pitches can be used. The arrangement in Figure 4 can make any
pitch of grating greater than 0.25um but smaller pitches could be made
with ultraviolet lasers. The azimuthal alignment energy per unit area
for a single sinusoidal grating has been calculated (D W Berreman, Phys
Rev Lett, 28, 1683 (1972)) as U=2w3K,,(a?/L3) where a is the grating
amplitude (half the peak to trough grooves depth) and L is the pitch.
In terms of liquid crystal alignment, a useful grating must have a
profile such that U is greater than the thermal randomisation energy and
greater than the energy associated with any other surface irregularity
or material inhomogeneity. Further, small pitches are preferred to
“obtain sufficient energy because if a is too large then a large voltage

drop will occur across the grating when a field is applied to the cell.

"Efficient bistable switching also requires the anchoring to be broken at
the surface. The voltage reguired to do this is dependent on the
zenithal anchoring eneréy of the polymer forming the grating. Careful
choice of this polymer material or processing allows this voltage to be
minimised. Alternatively or additionally the grating may be coated with

a surfacent such as lecithin.




greater than the energy associated with any other surface irregularity or
.material inhonogeneity. Further, small pitches are preferred to obtain
sufficient energy because if a is too large then a | arge voltage drop will

occur across the grating when a field is applied to the cell. Efficient
bi stabl e switching al so requires the anchoring to_be broken—at—the surface.

The voltage required to do this is depenggnt on the zenij I ng
energy of the polynmer forming the grating. Careful m“mg&\g Wmolvymer
material or processing allows this voltage to be 'ml Y : ternativel y
or additionally the grating may be coated with a surfacent such as

| ecit hin.
Claims.

1. A bistable nematic liquid crystal device comprising
two cell walls enclosing a layer of liquid crystal material;
electrode structures on both wall;

a surface alignment on both cell walls providing alignment direction to

liquid crystal molecules;

means for distinguishing between switched states of the liquid crystal

material;
CHARACTERISED BY

a surface alignment bigrating on at least one cell wall that permits
liquid crystal molecules to adopt two different angular aligned
directions when suitable electrical signals are applied to the

electrodes.

2. The device of claim 1 wherein each bigrating has a profile in which

0.8¢A<1.2 where A is the relative energy of the bigrating.

3. The device of claim 1 wherein both cell walls carry bigrating
surfaces and the two alignment directions one both cells walls are in

register with one another.




20  dains. 1. A bistable nematic liquid crystal device conprising

two cell walls enclosing a |ayer of |liquid crystal el ectrode

T e auroryose) “nof ey W
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21

4, The device of claim 1 wherein one cell wall is provided with a
bigrating alignment and the other cell wall is provided with a
monostable single alignment direction treatment whose single alignment
direction lies between the two permitted alignment directions of the

bigrating.

5. The device of claim 1 wherein at least one bigrating has at least

one asymmetric grating profile.

6. The device of claim 1 wherein at least one bigrating has at least

one symmetric grating profile.

7. The device of claim 5 wherein the direction of asymmetric alignment

on the cell walls oppose one another in the same direction.

8. The device of claim 5 wherein the direction of asymmetric alignment

on the cell walls opposé one another in the opposite direction.

9. The device of claim 1 wherein the bigrating is a layer formed by
interferography, photolithography, embossing, ruling, or carrier

transfer.

ld. The device of claim 1 wherein the cell walls are formed of a glass

material.

12. The device of claim 1 wherein the cell walls are formed of a

flexible plastic material.

13. The device of claim 1 wherein spacer pillars are formed on one or

both cell walls.

14, The device of claim 1 wherein spacer pillars are formed by the

material forming the grating on one or both cell walls.
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means for distinguishing between switched states of the liquid crystal
Jmaterial; CHARACTERI SED BY a surface alignnent bigrating on at | east
one cell wall that permts liquid crystal nolecules to adopt two different
angul ar aligned directions when suitable electrical signals are applied to
t he el ectrodes. 2. The device of claim1l wherein each bigrating has a
profile in which 0.8<A<1.2 where.Ais the relative energy of the bigrating.
3. The device of claim1l wherein botlmgell walls carry bigrating surfaces
and the two alignnment directions one both cells walls are in

BISTABLE NEMATIC LIQUID CRYSTAL DEVICE
ABSTRACT

A bistable nematic liquid crystal cell is provided
.with a bigrating on at least one cell wall. The bigrating
is a grating or shaped surface that permits liquid crystal
molecules to lie in two different angular directions, eg 45°
or 90° apart. The bigratings may be symmetric or asymmetric,
in which latter case an amount of surface tilt is obtained.
Appropriate surface tilt on both cell walls may give a
splayed molecular configuration in both switched states and
enable flexoelectric coupling to be employed.
Alternatively, chiral ions may be included in the liquid
crystal and the cell switched by the use of DC pulses.
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regi ster with one anot her. ' 21
4. The device of claim1 wherein one cell wall is provided with a bigrating -

:allgnnent and the other cell wall is provided with a nonostable single
alignnment direction treatnent whose single alignnent direction |lies between
the two permtted alignment directions of the bigrating.
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5. The device of claim1 wherein at |east one bigrating has at |east one
asymetric grating profile. 6. The device of claim1 wherein at |east one
bigrating has at |east one synmetric grating profile. 7. The device of
claimb5 wherein the direction of asymmetric alignment on the cell walls
oppose one another in the sanme direction. 8. The device of claimb5
wherein the direction of asymetric aligpment on the Cim e.0ne
anot her in the opposite direction. 9. The device of E SHEET e

bigrating is a layer formed by interferogr §hy, phot olli tfRogr apny~

enbossing, ruling, or carrier transf lg. 16 NOV 1904
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10.” The device of claim1l wherein the cell walls are fornmed of a gl ass

material . 12. The device of claim1 wherein the cell walls are fornmed of
a flexible plastic material . 13. The device of claim1l wherein spacer
pillars are formed on one or both cell walls. 14. The device of claiml

wherein spacer pillars are formed by the material formng the grating on

Fig.4.

one or both cell walls.
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