Ll QUI B-CRYSTAL DI SPLAY DEVI'CE The present invention relates to st q
| i quid-crystal display (LCD) devices. An LCD device typicalLy.coﬁ%gighs a
nultid icity of picture elements, or "pixels", forned between a pair of 7
fllat panels (usually a glass substrate and a cover gl ass) seal ably

containing a quantity of twisted nematic liquid crystal material . If the

LCD device is to operate by reflected light, only one.of the panel RPek598
transparent and the other panel will be forned with a reflective surface.

If the LCD device is to be light transm ssive, then both flat panels should

be transparent. A detail ed description of an LCD )

LIQUID CRYSTAL DISPLAY DEVICE

The present invention relates to liquid crystal display
(LCD) devices.

An LCD device typically comprises a multiplicity of
picture elements, or "pixels", formed between a pair of flat
panels (usually a glass substrate and a cover glass) sealably
containing a quantity of twisted nematic liquid-trystal

10 material. If the LCD device is to operate by reflected
light, only one of the panels need be transparent and the
other pahel will be formed with a reflective surface. If the
LCD device is to be light transmissive, then both flat panels
should be transpareant. A detailed description of an LCD
deviceé structure and operation is disclosed and claimed in
U.S. Patent No. 4,565,424, issued March 3, 1987, assigned to-
the assignee of ;he,present invention, and incorporated

oy
ut

herein in its entirety by reference.
|  Active matrix LCD pixels are usually arranged in unifor:
_?)columns and rows to form an X-Y matrix structure. A
semiconductor switch, such as a thin film field-effect
transistor (FET) or the like, is in;egraily formed with each
hixel to control the operatioh of that pixel in the display.
- Electrical communication Qith the individual pixel FETs is
zaaccombliShed by a plurality of X-address lines or scan lines
énd‘a.plurality 0f Y-address lines or data lines which are
both fo:med.duriné device fabrication+ The scan lines are
. usually connected to the gate electrodes of the pixel FETs,
‘the data lines are usually connected to one of the source or
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devi cé structure and operation is disclosed and claimed in U S. Patent No.
4,565, 424, issued March 3, 1987, assigned to the assignee of the present

i nvent-i on, and incorporated herein in its entirety by reference. Amﬁbygé 595
matri x LCD pixels are usually arranged in uniformcolums and rows to’’

b s ?ﬁﬁgﬂﬁ&% EEﬁnér S'%eﬂ]%cloqnﬁgg‘-t’ Pof mré;? o 708 ol f/_w'r;ﬁgin
O B ot e cporamenmacobal xet baotbesdebaveacn, ins.
o pural iy Qo ag cos e P ey | hlar B “ang BRaniepder spaikhces a
lines or datad3het*Wfi ¥hldr €duse the FETs in the row corresponding to the
5 scan line to "switch-on" to a conducting state. If & data
vo;tage is applied to a data line while an FET in the column
corresponding to the data line is in an "on" state, the
alignment of the ligquid crystal molecules is acered
depen§ing upon the magnitude of the data voltage applied
10 between the pixel electrode and a ground plane ele;;rode
common to all pixels. The data voltage magnitude may be such
as to: allow‘no light transmission through the pixél (off);
allow maximum light transmission through the‘pixel (on): or
provide an intermediate gray scale 1level of 1light
15 transmi§sion. Ideally, a pixel in the "ofg" state should
completely b;ock out any iight transmission and look black
for _the. display to exhibit the desired contras: and

resolution.
_ The elongated molecules of the twisted nematic (TN)
20 liquid crystal material will cause the polarization of light
propagating through the LCD to rotate by an arncle ©
corresponding to the change in orientation or alignment of
‘the liquid crystal (LC) molecules between the pair of flat
panels. Each of the 1liquid crystal moiecules has a
25 longitudinal_akis: the longitudinal axes of the LC molecules
closest to the entrance panel (or glass substrate) will be
oriented in one direction (for example 0; = 0°) and the

longltudinal axes of subsequeht LC molecules betwéen the pair
of flat panels will each be rotated an incremental angle (A6)

30 rglative to the axes of the”immediately proceeding molecules
(On = O5-1 + AB). The last LC molecules closest to the exit

panel (or cover glass) will then be oriented at an angle (for
example On = 90°) relative to the first LC molecules. The

angle bgizssp the first molecules and the last molecules is
35 commonly known as the twist angle of the LC cell for a

-
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'bétﬁ farned during device fabrication. The scan lines are usual |y
FETs, the data.lines are

connect¥ed to the gate el ectrodes of the pixel
2 drain electrode, . and

usually to connected to one of the source or :
the other of the source or drain electrode is connected to a pi xé#D-19,595

a voltage of proper polarity and magnitude

el ectrode of eaggig&ﬁgiggh%f, ; . i
applied to a scan ine W CCEAe havingTsa i twike rawgrer b&spIor)i ngitR 4YhG ear
scan |line to "sentaamnoé t@ﬁﬁCOQQRQU'kaL§E§er§f aeg@ﬁi having parallel
pglarization alignment, and each respectively placed adjacent
the LCD entrance and exit panels, a dark output will be
5 provided from each Pixel that is in the "off" state. The
entrance polarizer will pass or excite one of the two normal
modes and block the other mode of the linearly polarize;
pr?pagating light. The LC molecules will rotate this mode
| 80° as the light propagates through the LC cell and the exit
10 polarizer, which is aligned parallel to the entraq;e
polarizer, will block this rotated mode of the probaqat;nc
light. s
In'thin LCDs, such as the fast displays required for
color video, or in highly twisted cells (8 = 270°), such:a;
15 the highly multiplexable super-twist displays, .the “off™
state is not black because the:two normal modes of 1light
propagating in the LCD are eliiptically polarized as a res;lt
of the optic;l rotation and birefringence of the TN
molecules; thus, both modes are excited and, when exiting the
20 cell, cannot be ;ompletely' blocked with a linear ‘ex4t
polarizer. The degree of ellipticity (8) of the two norm;l
@odes of a LC cell is expressed by the equation:

B8 =1 arctan FQAJ
2 Anp/~

25 .
 wher§ Ais the light wavelength, Aﬁ is the LC birefriﬁgedce
a?d P is the pitch of the twisted LC molecules. The bitch is
dlrectly'proportional to the thickness (d) of the LC cell:

for a 90° twisted nematic cell, p = 4d and the ellipt*cit'

30 equation becomes: —— ' N ’

o '. b = l-arctgn L—L—4
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. . i FET in the columm corresp
. . . to a data line while an
vol'tage, is applied

' liquid
IS | "on" : | ignment of the
. i in an "on" state, "the a _ of ——
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ZnglgygﬁgBEMhLbit the desired contrast and

In color LCDs, different colored light, each at a
different wavelength A, will, therefore, have a different
elliptical Polarization or ellipticity (8) upon exiting the
LCD. The color 1cD can be designed with & special

10 combination of LC birefringence (An), cell thickness (d) and
cell twist angle (0) to Provide a minimum-transmission of
light  at g particular wavelength, such @S green 1light
(Ag = 540nm) but considerable light will leak through at the
red (Ar = §40nam) and blue (Ab" = 470nm) wavelengths to make

..I
(#]]

the "off" state éppear colored or not black.
érior 8t devices have been Propcsed which utilize a
single birefringent film (BF) disposed in an optical path
after,the LCD to produce & more neutral "off" state. These
single BFs require precise orientation of the filp to
20 optimize the neutral color r"ofen state  and also have
retardations (i.e. the product of the birefringence, An', of
the film and_the.thickness, d', of the film) greater than
about 300nm for optimum performance with LC cells of various
pitch, birefringence and polarizer orientations. ILCp devices
25 with a single large-retardation-value BF are ' quite
performance Sensitive to polarization orientation, BF
- orientation and LC cell thickness. a1l1 0f these Parameters
must be-properly coordinated to optimfie the dark output
during the "goffw state.

30 : Illustretive embodiments of the invention disclosed
herein seek: _ )
" to provide a " liquid crystal display device which

35 output vwofrfw state for all wWavelengths of Colored light;
and/or )
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The el ongated nol ecules of the twi sted nematic (TN) liquid

resol utf on.
crystal material will cause the polarization of |ight propagating through
corresponding to the change in

the LCD to rotate by an angle [err]

orientation or alignnment of the liquid crystal (LC) nol ecul es between the
pair of flat panels. Each of the 1liquid crystal nolecules has a
the | ongi tudinal axes of the LC nol ecul es closest to the
be oriented in one direction

| ongi t udi nal axié;
entrance panel ( gimsicsélb%t'rf%ﬁéiy |
offtff ¥R haldispasawf g quent LC .

protégtgg% ;?r'?\hlc];I is

(for exanpwmégﬁgjtﬁyéené% %gd X

ol ecul es ggtmggn the paf? dt fF@ﬂlpanhﬁakw@§s,eagglg%iz .

i ncrenent a §ﬁ rengent £ilm orientation ang Viewing an;Tr Orientatjon,
_ €; and/or

crystal disp : .
haviqg . ;:ize::zlce 1?cl?des a liquid Crystal (LC) cel

Substantially parallélelllptlgity, and first and sec:;:;
:€Tystal materia) seal btrénsparent plates with nematic liquig
LC materiag ho moiecally-co?tained between ‘the plates ;;
oriented in firgt s;;ei-adjadth the first plate Whi;h ;'e
. the second plate Whlc:c‘ﬁd direction and molecules adjaca;,.e
direction; the secong &re oriented jip alsecond cors :.,
.selected direction ig rotated- :—hEd

. } L a.

Cell plate and .
the second .

£ilm has 5 Polarizer. Tpe fir i
S 3 st b 3 ~

: elected birefringence and fast ax irefringent

S orientat:igp

—— _ 5 .
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i | [ [ ding nol ecules [err]. The
-to the axes of the inmediately procee :
Ir:-ls?t :_\C/:'erml ecul es closest to the exit panel (or cover glass) will then be

( = | ative to the first LC
[ : angle (for exanple [err] [err]) re 1 95
%: ggfjlegs?t a'rI]'he gngl(e between the first nolecul es and the |ast noREcH%S

. ' -3- thick
Lo vt oo sy Y B EH el T ohlyutehel nsae orvesibenoasoekiighs
pol ari zers, pré)cﬁ,qrg_amgng'.nmehel Le cell. This normal mode will undergo
only optical rotation equal to the twist angle of the LC cell
and will not change ellipticity as the light propagates -
S5 through the cell. The second birefringent film has a.
selected birefringence and fast axis orientation to convert
the ellipticially Polarized 1light back to light that is
linearly polarized in the second selected direction and
therefore extinguishable by the second polarizer when the LC
10 cell is in an “off" state,
In a presently preferred émbodimént, -eéch.birefringen't
film (BF) preferably has a retardation less than about 100
nanometers and eéch BF is preferably oriented with its fast
axis rotated about 45° relétive to the orientation of the LC
15 molecule at the LC cell plate closest to the respective film..
For a better. understanding of the present invention .
reference will now be made, by way of example, to the
accompanYing drawings, in which:- .
Figure 1 is a schematic view of a liquid crystal display
20 device in accordance -with an ‘embodiment of the pPresent
invention. o
Figure 2 is a Poincaré sphere diagram showing an
elliptical ‘Polarization state. '
Figure 3 is a graph of an elliptical polarization state
25 on an orthogonal cobrdiriate system.
. Figure 4 is a Poincareé sphere diagram showing the state .
of polarization of light Propagating through the LCD device
of Figure 1. - .
~ Figure 5A is a Poincaré sphere diagram showing the
30 percentage of 1light transmission through an LCD device
without birefringent films. — _
- Figure 58 is a Poincaré sphere diagram showing the
percentage of light transmission through an LCD device in
accordance with the present invention.

\ .
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poIarTiation al i gnment, and each respectively placed adjacent the LCD

rance and exit panel s, . :
The Ps in the "off" state. The entrance polarizer wll

t hat

one of the two nognpul
pol ari zed prOpagaFFﬁarIeI

be provided from each pixe
pass or RExQ4,&595
nodes, and bl ock the other node of ‘the linearly

is a - | id Qe fll e,[.enr]
LU NG o8l ane, LR Bl 1o pol et 288 yiBy

a dark output will

as the Hgﬁutpaopngssﬁbdhiﬁuwhéheoksacgéﬁ%ﬁiYg;;uaMy§v§;geqtbmﬁpr the

entrance

is aligned lg§&t el %g) E$ﬁ§p;¢ghggvﬁnarbﬁ Eiﬁﬁresuchﬂthtﬁﬁiéfﬁigagﬂt

rot at ed node

di spl ays recfi}es havingl ol Feedent pgtgpdggggy,g_tw sted cells [er

as 5

10

.]:5

20

25

30

35

e pro

Referring to Figure 1, a liquid. crystal display (LCD)
device 10 includes a liquid crystal cell 12 which comprises
two parallel flat transparent plates 14a and 14b, p;éferably
of glass, sealably containing a quantity of neﬁatic liquid
crystal material. The LC material includes a multiplicity of
LC molecules 16 which are divided into groups; the LC

~molecules in each group are oriented relative to each other

to form a twisted Structure between plates 14a and 14b. A
first LC molecule 16a (only one ‘group is shown in Ficure 1
for explanation purposes), adjacent a first . Or entrance
plate 14a, is oriented in a selected direction (8; = 09 with
respect to a reference line r. Each subsequeht LC

molecule 16b, 16c, 16d and l6e will have an incremental angle
(AB) of orientation relative to the immediately Preceding

molecule (6, = 0h-1 + A8) and the last LC molecule l6e,

closest to second or exit plate 14b will be oriented at an

‘angle (6, = 90°). relative to first molecule 16a. The

difference between the angle or orientation of first
molecule 16a and last molecule 16e is the twist angle of the
LC cella A twist angle of 90° is shown'in Figure 1 for ease
of illustration and the bpresent invention ﬁay be used also
with LC cells hav;ng different twist angles, such as Super-
twisted nematic cells (0 = 270°) and the like. - Those skilled
in the art will recognize that a plurality of LC molecules 16
will be disposed between plétes l4a and 14b and that only
five~molecules are shown in Figure 1 for clarity. B )

Liéht Propagating through LC cell 12 will be a linear
combination of the two normal modes of the LC cell. The two
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the hi'ghl'y nultipl exabl e super-twi st displays, the "off" state is not black
because the two nornmal nodes of |ight propagating in the LCD are

el liptically polarized as a'result of the optical rotation and RD-19, 595
birefringence of the TN mol ecul es; thus, both nodes are excited and, when

exiting the metmalcaodds b%z@”@lﬁ&?k&#@&{ gf‘i‘atzjlz%d 'ﬂgarL(fxbéél 12, and

pol ari zer. tic the two és of &

el ree. ell
LC cell is exp fgsg’ég' mépéd-&&qbrﬁ: [ whdjchwhis e g efupctéonheof i ghe light
wavel engt h, mmvebeogghw(b) § ethiengeineer AAgRnice t{en Pi bEN tofe té€1 L Waskeq HC

8 oell °> PRECR (@ T oA T DL R LAY 4 "end HIEER el nlhatlc
5 structure between entrance plate 1l4a and exit plate 14b.

In operation, LC display 10 operates 1like a camers
shutter to control the quantity of light passing through
device 10. LC cell 12 may be energized to an "on" state to
allow light transmission or not energized and in an "off"
10 state; ideally, the LC cell in the "off" state should

completely block out any light transmission and look black

for the display to exhibit the desired cqntrast, but some
light at different waveléngths may leak through the LC cell.
A front or entrance polarizer 18 is disposed:
15 substantially parallel to entrance plate l4a and -2 rear or
exit polarizer 20 is dispdsed substanﬁially paraliel to exit
plate 14b. Entrance polarizer 18 has a polarization or-
transmission direction (indicated by arrows 22) thas:
preferably corresponds to the orientation direction of first
20 LC molecule 16a and exit polarizer 20 has a transmission
direction (indicated by arrows 24) that is preferably -
orthogonal ‘to last LC molecule 16e to minimize the amount of
light transmission through device 10 in the "off" state.
Device 10 would work as well if the entrance and exit
25 polarizers were rotated 90° and thereby coupled to the other
of the two normal modes of LC cell 12.
A first birefringerit film (BF) 26 is disposed between
- entrance polarizer 18 and LC cell entrance plate 14a and
substantially parallel to both; a second birefringent film
30 28 is also disposed between exit plate 14b and exit polarizer

20 and- substantially parallel to each. First birefringent

film 26 has a selected birefringence (An';) and a fast axis

(shown by arrows 30) oriented in a selected direction to trans-

form 11near polarized llght from entrance polarizer 18 into

This Sheet Has Been Re
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for a [err] twisted nematic cell, p = 4d and the ellipticity equation
becdones: [err] 4 The azimuth of the two ‘normal nodes of |ight.
the LC cell are each respectively parallel and

direction; therefaore, the two nornmaRD-19, 595

propagati ng through
per pendi cul ar t@lt]lﬁq;tLﬁgrijgc%gla;r
R SFiagl dightt hadC £ | '
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oth cor
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: o ; .
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In color. LCDs, different colored light, 'each at a different wavel ength
[err], will, therefore, have a different elliptical polarization or

ellipticity [err] upon exiting the LCD. The color LCD can be
designed with- a special combination of LC birefringence (An), &&119,595

R A iR o B A R S Rl
but cgnsi de:éggg‘:h é%t%ﬂ%?%‘dﬁ @ﬁ’ramghl?yehlmyr %i@fﬂea:l&ﬂfg m%aggebltlé:e:
brack oo aencdoutrn et been 68 SRS SRE e Lebenanot risme-
irefri ngentpgizll?a(ré sp}lljbsaa Pﬁla-ndorstﬂatzds_.pat Bll other points on the
states. ro. ex: surface represent elliptical pPolarization
representeq o ample. an'elli_ptical Polarization state may be

as some azimuth n X-y ortho:gonal coordinate system (Figure 3)

& and ellipticity 8. This same elliptical

16 _:c;;.;flzz)tlz:: t:shteatpe.wou.‘l.‘o:i be represented by the point
anates mee s olncaré sphere diagram (Figure 2). All
Coordinéte sysz:blec_l when transferred from ap orthogonal
rotaren o om to the Poincaré Sphere ar:d. the X-Y axis is

om 90° to 180°.

s L_CD_ (Ija::zacr;lfopoiar:..zed. lif;ht preferably Propagates through

. (Figure N -Ent n ‘the dlz:-ection indicated by arrow 34
_of the trg ne. rance polarizer 18 will pass that one mode,

i ormal modes of linearly polarized light, which

_co]::-respond_s to the polarization orientation 22 of e;t*a:c‘

’e fzn::ize;olii,*iand.will b_lock, the other normal mode. ) T;:

20 potarteer ae flzation state at the output of entrance.
o (Figur;nair)_be r.eprese?ted by point A on the Poincaré
- Linearss s i Flrs.t birefringent film 26 will. convert

| aving Tl B t: zed light to elliptically polarized light

e u of zero (a = 0) and an ellipticity (B)
equal to.the ellipticity of the LC cell:; this ellilt'

- z::a::zat:.on' State is represented by point 3 (0,28) . ’ ;::ii
e:(itin:rzjistmzii ':f. Lp ce]:l 12 isl excited because light
cllipticiey e} T:J.ng.ent film 26 hasl substantially the same

30 therefore, this 'a::Tr;:i:asllthe n;rmal el e 12

Y polarized ncrmal mod i
::c:irzoz pureF:iatical r.otation equal to the twist anglee ozlié
. | a8 twist angle of 90° (2 = 180°) the
polarization state at the output of LC cell 12 w;.ll b
_35 5:intefl-(18.0, 28). Sef:?nd birefringent f£ilm 28 will conver:
. iptically polarized light to a linearly polarized

[T
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after the LCD to produce a nore neutral "off" state. These single BFs
reguire precise orientation of the film-to optimze the neutral' color
. the product of the

"of f" 'state and al so have retardations (i.e
birefringencestheld ] 3,.0f _the filmand the thickness, d, of the fil Rp-19, 595
greater than g% ut. 30GnmRPHRE 0Bt iberapesf QdmNce &tgh LC cell's of various
pitch, birefri ggrﬁfé%ndb}ﬁﬁefffﬂiz,f%igri ent at 1 ona ®evicgenei thi1g ,q
single |argeoteeatdatign-yalue C&r édfqueapmf@relw qSensi tive”® thas
pol ari zation ¢qgigptation, OBrafrd temt &thjedN 329 LC cel | "thi tkneddSt paxi 32
these parameters nust de ShepePbyneadi naie £5%65 159 zstiatte daa&kouég'uttb
during the "difffes abBlars ,eq Lians SPR€re at point p (24 o) Th.e
. ant at pOinf_ D wi ’ . he
ill have g Polarization

direction
- eéqual .t
- Mmolecule 1¢e E t-:c the Orientation direction of
X1t polarjizer 20 will extinguich last ¢
Juls the lineav-

10 ortho
gonally to las -
- t LC molecule
16e (Figure 1
).

' will vary b
€cCause
through thes lptlcz.ty of ]
_ se - ight
15 the 1lignt Constituents jis 5 function:of tp Propagating
. e
The percentage of light o Wavelength of
: , nsmission fo»

Constant ¢
ran 1 .
20 transmissi°= Smission Contours for ¢ 1%, 1
n c T t a 3 .
are Superimposeq on Fi nd 10z lighs

- gures 53 and
: 5B.

t

combination of
L ]
cell twiss anglec(ebl_refz;ingence (An), ce1:1 thickn
= 90° to satisfy the Gooch :I'a;a:ss ) and
- Y minimum
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’ :

in the ."offn s
v tate., yj
of blue 13 ithout the birefr;
ght = €Iringent
' (Ap 470nm) leaks throughg deviilms about 13
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: nd almost 19
30 the birefr; | * of red lighe
efrin , (Ar = 640 .

gen_t films’ leakage of the reg and b nm) , With

n

I
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‘II trative enbodi ments of the invention di scl osed herein sefg.thg provi de
[11us -+ liquid crystal display device which i's not subjectd_ iy 1devisce
forego d'gadvantageS' and/or to provide a liquid crystal ISP_Q%#.'Sbg
WRoe b out put "of f* state for all wavel engt hs of colored |ight;

!“né? o? " a%@é“}ﬁ oA¥ e shdwmuEdrceyet alc dbspl ay; dR%LLe B’!‘r'ecf‘rir?gent films
" (tn) and with birefringent films having retardations of about
25, 32 and 40nm. The birefringent films were formed by
stretching a Polymer sheet over .a thin glass substrate and
5 bonding the sheet to the substrate with an ultra-violet
Curable adhesive to maintain a stable retardation. The
'output of exit polarizer 20 is below about 0.5% over most of
the visible light spectrum for the LCD devices with
birefringent films 26 and 28 and the output was substantially
10 black for the "off" state. These results are superior to the
résults obtained with prior art devices which utilized a
single birefringent film having retardations of several
‘hundred nanometers. The birefringent films with retardations
below about 100nm also appear to be relatively insensitive to
15 LC cell thic'kness, polarizer orientation, birefringent film
orientation, viewing angle and different wavelengths. .
It will be reédi'ly' understood by those skilled in the
art that the present invention is not limited to the specific
embodiments. described and illustrated herein. Different
20 embodiments and adaptations besides those shown herein and
described, as well as many variations, modifications ang
equivalent arrangements, will now be apparent or will be
reasonably suggested by the foregoing specification and
drawings, without departing from the substance or scope of
25 the invention. While the present invention has been
described herein in detail in relaﬁion_to its preferred
embodiments, it is to be understood that this disclosure is
only illhst:ative and éxemplary of the present invention,

30
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I nsensitive.to LC cell thickness, polarizer orientation, birefringent film
i rqurd crystal display

orientation and view ng angl e;

devi ce’ conprising a pair of birefringent filns to |
I n accordance wi th -an enbodi man.tum“ m:!m ﬂ N nventi on RKRO<4xp}ighs
gt A L1 I'l having a

st at e.

crystal display device includes a liqui

and/ or
e a bl ack-of f

ellipticity, and first and second substantially: parallel

sel ected
transparent g g&ﬁ§_mﬁth nematic liquid crystal material seal ably contained

bet ween t he

has nol ecul es adjacent the first plate

The LC materi-al
d._nol ecul es, adj acent the

whi ch are oriented:in & "flidratids rgst a9 Qﬁgg&‘?&?gggg&e comprising:

ed in a secon

second plate which areeggfgu S
fice polarizer means for linearly polarizing

] entering light in a first selected direction;
enterin ffrst means for converting the linearly polarized
o ? light to polarized light having a selected
ellipticity 8 and polarization; )

non-e i ' '
o Nergized ."off" state and having a normal mode
elli i i e
ptiC{ty Substantially equal to said
ellipticity f; piected
second means - i .
5 ione cond means for converting elliptically polarized
1e el ) . .. . - - -
- :frglng from said at least one liquid crystal cell to
ig which is linearly i ‘ .
. i Y polarized in ¢t '
direct oy o] he second selected
exi .
i it polarizer pmeans for extinguishing light fronm
s i ' y '
econd converting means when said at least one liquid

20 crystal cell is in the "“offn state

3. . . ‘y
cecons The device of claim 1, wherein said first and
ond converting means are each a birefringent fjilnm

4. The device of 4 | :
claim 3, wh i i ri
20 £iim . e . efeln each birefringent
_ A glass substrate; and
. a sheet of polymer material stretchéd.across said
glass substrate and bonded to said substrate by an ultra

v * . [}
1ol§t curable adhesive to provide a stable retardation

- 13 -
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direction; the second selected direction is rotated at a-tw st angle
rélatiVe to the first selected direction. A first polarizer is disposed
substantially parallel to the first LC m‘n llmmmum al i gned to pass

| i ght llnearly pol ari zed i-n the first: s m a second

pol arizer is disposed substantially paraklef tlo t"he®setond LC celRDpl@itlk34
and is aligned orthogonally to the second selected direction to block Iight
linearly polarized in the second sel ected direction. A first birefringent
filmis disposed between the first polarizer and the first LC cell plate
and a second bir&fringepd fd%],;g_?é %@plg_. 26§ ween, 4 he; gecon dLC%lreslé palna e

and t he second gplablzer I rst refr I ngent
irefringent films each have a fast axis which is

oriented in the same direction.

5 6. The device of claim 5, wherein said first
birefringent film fast.axié is oriented at about 45° relative
to a polarization axis of said entrance polarizer means and
said first selected direction, and said second birefringent
film fast axis is orzented. at about 45° relative to a

10 polarization axis of said exit polarizer means and said
second selected direction.

7. The device of claim 3, wherein each birefringent
film has a retardatipq less than about 100 nanometers. '

15 . T, . .
8. The device of claim 3, wherein each birefringent
film has @ retardation of about 25 nanometers.

9. The device of claim 3, wherein said second

birefringent film has a selected birefringence for converting

20 light with said selected ellipticity B to linearly polarized
light.

10. - The device of claim 1, wherein said liquid crystal
cell has a twist angle of about 90°.

25 1l. The device of claim 1, wherein said liquid crystal
m;Ferial is a super-twisted nematic material.

12. The device of claim 1, wherein said liquid crystal

cell satisfies the Gooch-Tarry minimum condition to cause a

30 chosen wavelength™ of light to be - completely blocked by the
exit polarizer. -

I
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filmhas a selected birefringence and fast axis orientation to convert

| arizer into _ _
| i near ol arized |ight propagating fromthe first po
elllpthaPIy polarized Ilight wth -6- substantially the sane hi s

i pti cCi [ | [ in- the LC cell.

lipticity as a normal node of |ight propagating in- t
ﬁgrhgl'nndg wi |l undergo only optical rotation equal to the tw st angle ofh
the LC cell and wll. not change ellipticity as the |ight propagat es t hr oug

the cell. The second birefringent filmhas a

ABSTRACT
LIOUID CRYSTAL DISPLAY DEVICE

A liquid crystal display device (10) 1includes an
entrance polarizer (18) to provide 1light which is linearly
5 polarized in a first selected direction and a first
birefringent film (26) to convert the 1linearly polarized
light from the entrance polarizer to elliptically polarized
light having a selected ellipticity. At least one liquid
crystal cell (2) having an ellipticity equal to the selected
10 ellipticity receives the light propagating from the first
birefringent film; the liquid crystal cell includes first.
and second parallel facing' transparent plates (14a,14b)
which sealably contain a quantity of liquid crystal material
(16). The 1liquid crystal material comprises at least a
15 flrst molecule immediately ad]acent the first transparent
plate which is oriented 1n the first selected direction and
at least a second molecule immediately adjacent the second
transparent plate which is oriented in a second selected
direction. A second birefringent film (28) converts the
20 elliptically polarized light propagating from the at least
' one liquid crystal cell to light which is linearly polarized
'in the second selected direction. An exit polarizer (20)
having ‘a polarization axis orlented orthogonally to the
second selected dlrectlon will extinguish the light
25 propagating from the second birefringent film when the

liquid crystal cell is in an "off" state. .

~15-
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sel ected birefringence and fast ,axis orientation to convert the
ellipticially polarized light back to light that is linearly polarized in

t he second selected direction and therefore extinguishable by the second g)
pol arizer when the LCcell is in an "off" state. In a presently preferred
embodi ment, each birefringent film (BF) preferably has a retardation |ess

t han about 100 nanoneters and each BF is preferably oriented with its fast
axis rotated about [err] relative to tt? orientation of the LC nol ecule at
the LC cell plate closest to the respe 5ve film For a better

under st andi ng of the present invention reference will now be nade, by way

of exanple, to the
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agconpanying drawi ngs, 'in which:- Figure 1 is a schematic view of a liquid
crystal display device in accordance with an enbodi nent of the present
i nventi,on. Figure 2 is a Poincare sphere diagram showing an elliptical

pol ari zation state. Figure 3 is a graph of an elliptical polarization state
on an orthogonal coordi nate system Fi gure 4 is a Poincare sphere diagram
showi ng the state of polarization of ht propagating through the LCD
device of - Figure 1. Figure 5A is a Poi gﬁSe sphere di agram show ng t he




percentage of [light transm ssion ‘through an LCD device w thout
birefringent filns. Figure 5B is a Poincare sphere di agram showi ng the
percentage of light transm ssion through an LCD device in accordance with
t he prlesent invention. -7 Figure 6 is a graph of the neasured percentage
of light transmission in the "off" state versus wavel ength for the liquid
crystal display device of Figure 1 with bi ref ri ngent :

3/5
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fllnsrhaV|ng different retardations. Referring to Figure 1, a liquid
crystal display (LCD) device 10 includes a liquid crystal cell 12 which
conprises two parallel flat transparent plates 14a and 14b, preferably of
gl ass, seal ably containing a quantity of nematic liquid crystal materi al
~The LC material includes a multiplicity of LC nolecules 16 which are
divided into groups; the LC nolecul esfiffeach group are oriented rel ative
to each other to forma tw sted structure between plates 14a and 14b. A
first LC nolecule 16a (only one group is shown in Figure 1 for explanation
pur poses), adjacent a first or entrance plate 14a, is oriented in a
selected direction [err] with
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respeqt to a reference line r. Each subsequent LC nol ecul e 16D,
16c, Ted and 16e wilt have an increnental angle [err] of orientation
relative to the i medi ately preceding nolecule [err] and the last LC

mol ecul e- 16e, closest to second or exit plate 14b will be oriented at an
angle [err] relative to first nole 16 The di fference between
the angle or orientation of first nnlzgﬁﬁb 16a and | ast nolecule 16e is the
twi st angle of the LCcell. Atwi st angle of [err] is shown in Figure 1 for
- ease of illustration and the present invention may be used also wth LC

- cells having different twi st angles, such as super- twi sted nematic cells

: [err] and the like. Those skilled
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in_the art will recognize that a plurality of LC nolecules 16 W || bgyusy
di Sposed petween plates 14a and 14b and that only five nol ecul es are ghown
in*Figure 1 for clarity. Light propagating through LC cell 12 will be a
~ ligear conbination of the two normal nodes of the LC cell. The two 8

nor nal

nodes are elliptically polarized 4y-LC cell 12 and will have

ellipticity [err], which is a function of the |ight wavelength [err], the
birefringence (An) of the cell and the

LIQUID CRYSTAL DISPLAY DEVICE -

The present invention relates to liquid crystal display
(LCD) devices.

An LCD device typically comprises a multiplicity of
picture elements, or “pixels", formed between a pair of flat
panels (usually a glass substrate and a cover glass) sealably
containing a quantity of twisted .nematic liquid crystal
material. If the LCD ‘device is to operate by reflected
light, only one of the panels need be transparent and the
other panel will be formed with a reflective surface. If the
LCD device is to be light transmissive, then both flat panels
should be transparent. A detailed description of an LCD
device 'structure and operation is disclosed and claimed in
U.S. Patent No. 4,565,424, issued March 3, 1987, assigned to
the assignee of the present invention, and incorporated
herein in its entirety by reference.

Active matrix LCD pixels are usually arranged in unifor:
columns and rows to form an X-Y matrix structure. A
semiconductor switch, such as a thin film field-effect

transistor (FET) or the like, is integrally formed with each

pixel to control the operation of that pixel in the display.
Electrical communication with the individual pixel FETs is
acco_mf:lished by a plurality of X-address lines or scan lines
and a plurality of Y-address lines or data lines which are
both formed 'during device fabrication+— The scan lines are
usually connected to the gate electrodes of the pixel FEZTs,

the data lines TMWOE the source or
: . REPLACEMENT SHEETS SG |

l'%( Description : paged .\.. to paged ...
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pitch (p) of the LC nolecules in the twsted nematic structure
between entrance plate 14a and exit plate 14b. In operation, LC display 10
operates like a canmera shutter to control the quantity of |ight passing
through device 10. LC cell 12 nmay be energized to an "on" state to all ow
light transm ssion or not energized and in an "off" state; ideally, the
LCcell inthe "off" state should ce@pletely block out any |ight
transm ssion and | ook black for the display to exhibit the desired
contrast, but sonme |light at different wavel engths may | eak through the LC
cell. A frfitinoreleptrades pokarthner dBhers ofli syposedowtbst ant i akbyn

Iparallel @ IIUY AEE RIsA &dféc Pl 3 82 pPkel electrode of each cixel.
Thus, a voltage of proper polarity and magnitude applied to a
scan line will cause the FETs in the row corresponding o the
scan line to "switch-on" to a conducting state. If & date
voltage is appligd to a data line wnile an FET in the coslumn
corresponding to the data line is in an “on" state, the
alignment of the ~liquid crystal molecules 1is altered.
depending upon the magnitude of the data voltage applied
between the pixel electrode and a ground plane electrode
common to_all pixels. The data voltage magnitude may be such
as to: allow no light transmission through the pixel (off);
allow maximum'light transmission through the pixel (on); or
provide an intermediate gray  scale level of light
transmission. Ideally, a pixel in the “off" state should
completely block out any llght transmission and look black
for the display to exhibit the desired contras:t and
resolution.

The elongated molecules of the twisted nematic (TN)
liquid crystal material will cause the polarization of light
propagating through the LCD to rotate by an ancle 6
corresponding to the change in orientation or alignment of
the liquid crystal (LC) molecules between the pair of flat
panels. Each of the 1liquid crystal molecules has a
longitudinal akis; the longitudinal axes of the LC molecules
closest to the entrance panel (or glass substrate) will be
orienteq in one direction . (for example 6; = 0° and the

longitudinal axes of-subsequeht LC molecules between the pair
of flat panels will each be rotated an incremental angle (AG)

relative to the axes of the ‘immediately proceeding molecules
(8 = O,-1 + AB). The last LC molecules closest to the exit

panel  (or cover glass) will then be oriented at an angle (for
example O, = 90°) relative to the first LC molecules. The

angle between the first molecules and the last molecules is
commonly known as the twist angle of the LC cell. For a
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exit polarizer 20 is disposed substantially parallel to exit plate 14b.
Enfrance polarizer 18 has a polarization or transni'ssion direction
(indicated by arrows 22) that preferably corresponds to the-orientation
digection of first LC nolecule 16a and exit polarizer 20 has a transm ssion
direction (indicated by arrows 24) that is preferably orthogonal to

|l ast LC nolecule 16e to nmininmize the ampdnt of |ight transm ssion through
device 10 in the "off" state. Device 10 would work as well if the entrance
and exit polarizers were rotated [err] and thereby coupled to the other of

the two norﬁBthmeDohdﬂl@@IhaLgnquiE§gsgigﬂéi@gg@tgHJJnJgﬁa E?négr

di sposed be
p E¥t¥hnce and- exit polarizers, each having parallel

polarization alignment, and each respectively placed adjacent
the LCD entrance and exit panels, a dark output will be
provided from each pixel that is in the “off" state. The
eéntrance polarizer will pass or excite one of the two normal
modes and block the other mode of the linearly polarized
propagating light. The LC molecules will rotaée this mode
90° as the light pPropagates. through the LC cell and the exit
polarizer, which is aligned parallel to the entrance
polarizer, will block this rotated mode of fthe propagating
light. ' )

In thin LCDs, such as the fast displays required for
color video, or in highly twisted cells (6 = 270°), such’ as
the highly multiplexable super- twist displays, .the "off"
state is not black because the two normal modes of light
pPropagating in the LCD are elliptically polarized as a result
of the optical rotation and birefringence of the TN
molecules; thus, both modes are excited and, when exiting the
cell, cannot be completely blocked with a linear ‘exit
polarizer. The degree of eilipticity (8) of the two normal
modes of a LC cell is expressed by the equation:

B = l-arctan ( )
Anp

N

where Ais the light wavelength, An is ‘the LC birefringence

and p is the pitch of the twisted LC molecules. The pitch is
directly proportional to the thickness (d) of the LC cell;

for a 90° twisted nematic cell, p = 4d and the ellipticity
equation becomes:

= '1' afctan (—L}
2 2And
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entrance pol arizer 18 and LC cell entrance plate 14a and substantially
pafallel to both; a second birefringent film28 is al so di sposed between
exit plate 14b and exit pol ari zer 20 and-substantially parallel to each.
First birefringent film26 has a selected birefringence [err] and a fast
axis (shown by arrows 30) oriented in a selected direction to trans- form
linear polarized light fromentrance polariZer 18 into -9-elliptically
polarized light with elliptically [err] and azimuth [err]

The a:z lmuth oI the two normal nodes of light propagating

through the LC cell are each respectively parallel and

perpendicular to the LC molecular direction; therefore, the

two normal modes will be rotated by the twist angle of the LC
cell.

In color LCDs, different colored light, each at a
different wavelength (l); wilYl, therefore, have a different
elliptical polarization or ellipticity (B) uoonaexltlng the
LCD. The color LCD can be designed wlth a2 special
combination of LC birefringence (An), cell thickness (d) and

.cell twist angle (8) to provide a minimum g;ansmission of
T

1ight at a particular wavelength, such as green 1light
(Ag = 540nm) but considerable light will leak through at the
red (Ar = 640anm) and blue (Ab

470nm) wavelengths to mzke

the "qff" State appear colored or not black.

Prior art devices have been propcsed which utilize a
single birefringent film (BF) disposed in an optical path
after the LCD to produce a more neutral “"off" state. These

- single BFs require precise orientation of the filﬁ to
optimize the neutral’ color "off" state and also have
retardations (i.e. the product of the birefringence, An', of
the film and the thickness, d*', of the film) greater than
about 300nm for optimum performance with LC cells of various
pitch, birefringence and polarizer orientations. LCD devices
with a single large-retardation-value BF are quite
performance sensitive to polarization orientation, BF
orientation and LC cell thickness. All of these parameters
must be properly coordinated to optimize the dark output
during the “off" state.

Illustrative efbodiments of the invention disclosed
- herein seek:

to provide a 11qu1d crystal display device which
is not subject to the foregozng disadvantages; and/or

to provide a liquid crystal display device with a black

output "Yoff" state for all wavelengths of colored 1light;
and/or

This is the replacement sheet
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whi ch both correspond to one of the two normal nodes of LC cell 12.

Seeond birefringent film28 has a selected birefrincence [err] and a
fast axis (arrows 32) oriented in a selected direction to cause
elliptically polarized light exiting LC cell 12 to be transformed into
lihearly polarized light that is orthogonalsto the transm ssion direction
24 of exit polarizer 20; therefore, exit polarizer 20 will absorb the |ight
and the output of device 10 will appear black when LC cell 12 is in an
unexcited "off" state. Fast axis 30 of first birefringent film26 is
preferably oriented at an angle of about [err] relative to both the

entrance polarizer direction (arrows 22) and the orientation direction of
first '

to provide a liquid crystal display device which is
insensitive to LC cell thickness, polarizer orientation,
birefringent film orientation and viewing angle; and/or

to provide a liquid crystal display dévice comprising a
pair of birefringent films to provide a black-off state.

In accordance with an embodiment of the present invention a liquid
crystal display device includes a liquid Crygtal (LC) cell
haviqg a selected' ellip;icity, and first and second -
substantially parallel transparent plates with nematic licuid
:crystal material sealably:contained between the plates. The
LC material has molecules adjé&eqt the first plate which are
oriented in a first selected direction and molecules adjacant
the second plate which are oriented in a second selected
direction; the second selected direction is rotated at a
twist angle relative to the first selected direction. A
first polarizer is disposed substantially parallel to the
first LC cell plate and'is aligned to pass light linearly
polarized in the first selected direction; a second bqlarizer
~is disposed substantially parallel to the second LC cell
plate and is aligned orthogonally to the second selected
direction to block llght 11nearly polarized in the second
selected direction. A first birefringent film is disposed
between the first polarizer and the first LC cell plate and a
second birefringent film is disposed between the second -C
cell plate and the second polarizer. The first birefringent
film has a selected birefringence and fast axis orientaticn
to convert linearly polarized 1light propagating from the
first polarizer into elliptically polariied light with
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LC nol ecul e 16a, and fast axis 32 of second birefringent film28 is
préferably oriented at an angle of about [err] relative to both the exit
pol ari zer direction (arrows 24) and the orientation direction of |ast LC

- .moJ ecul e 16e. These orientation directions of the birefringent filns
permt the use of birefringent films with small val ues of birefringence or
retardation; small retardation values m % ze the col or or wavel ength

di spersion of the device and cause the output at exit polarizer 20 to be
black in the "off" state. These orientation directions also permt the
birefringence of both birefringent filnms 26 and 28 to be substantially
equal . Th&YpSItantial by Hheeskirens liligtiiglirs, lasare neemhy ekePWEPASEHt

Propagating in- the LC cell. This normal mode will undergo

only optical rotation equal to the twist ahgle of the LC cell

and will not change ellipticity as the light~propagates

through the Tcell. The second birefringent film has a

selected birefringence and fast axis orientation to convert
the ellipticially polarized light back to Jjght that is
- [] « '
linearly polarized in the second selected direction and

therefore extinguishable by the second polarizer when the LC

cell is in an “off" state. F

In a presently preferred embodiment, -eé@h birefringent
film (BF) preferably has a retardation less than &bout 100
nanometers and each BF is preferably oriented with its fast
axis rotated about 45° relative.to the orientation of the LC

molecule at the LC cell plate closest to the respective film.
For a better understanding of the present invention
reference will now be made, by way of example, to the
accompanying drawings, in which:-
Figure 1 is a schematic view of a liquid crystal display
~device in accordance with an embodiment of.
invention.

the present

Figure 2 4is a Poincaré sphere diagram showing an
elliptical polarization state. .

Figure 3 is a graph of an elliptical polarization state
on an orthogonal coordinate system. ' |

Figure 4 is a Poincaré sphere diagram showing the state
of polarization of light propagating through the LCD device
of Figure 1. - -

Figure SA is Ja Poincaré sphere diagram showing the

. percentage of light transmission through an LCD device

without birefringent films.

Figure 5B is a Poincaré sphere diagram showing the

percentage of 1light transmission through an LCD device in
accordance with the present invention.
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of illustration and other directions can be used as well provided the
refative polarization directions of the different constituents are
mai nt ai ned substantially as descri bed above for optinmum performnce.
Operation of LCD device 10 can nost easily be described by use of a
Poi ncare sphere graphical analysis which is described in nmany optics
t ext books, such as Principles of Optids by M Born and E. Wl f
(Perganon, Oxford, 1965). Briefly described, any polarization state of
pr opagati ng Iigﬂgican bg represented by a point on the surface of a
gure 1S @ graph of the measured percentage of light

transmission in the <“off" state versus wavelength for the

liquid crystal display device of Figure 1 with birefringent

films having different retardations.

Referring to Figqure 1, a liquid cryStal”d&splay (LCD)
device 10 includes a liquid crystal cell 12 wﬁach comprises
two parallel flat transparent plates 1l4a and 14b, preferably
of glass, sealably containing a quantity of :nematic liquié

crystal material. The LC material includes a multiplicity of

LC molecules 16 which are divided into groups; the LC
- molecules irn each group are oriented relative to each other
to form a twisted structure between plates 14a and 14b. a
first LC molecule 16a (only one ‘group is shown in Ficure 1
for explanation purposes), adjacent a first or entrance
plate 1l4a, is oriented in a selected direction (61 = 0°) with
respect to &a reference 1line r. Each subsequent LC
moleculg 16b, 16c, 16d and 16e will havé an incremental angle
(AB) of orientation relative to the immediately preceding
molecule (85 = 65.; + A6) and the last LC molecule 16e,
closest to second or exit plate 14b will be oriented at an
angle (8, = 90°) relative to first molecule 16a. The
difference between “the angle or orientation of first
molecule 16a and last molecule 16e is the twist angle of the.
LC cell. A twist angle of 90° is shown in Figure 1 for ease
of illustration and the present invention may be used also

with LC cells having different twist angles, such as super-
twisted nematic cells (0 = 270°) and the like. Those skilled
in the art will recognize that a plurality of LC molecules 16
will be disposed between plates 14a and 14b and that oniv
five molecules are shown in Figure 1 for clarity. B B

Light propagating through LC cell 12 will be a linear
combination of the two normal modes of the LC cell. The two
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10 Poincare sphere diagram (Figure 2). The equat or of'the sphere is the

| ocus of all linearly polarized states and the poles, CL and CR,
respectively, represent the left- and right- handed circul'ar pol arized
stat es. Al'l other points on the Poincare sphere surface represent

el liptical polarization states. For exanple, an elliptical polarization
state may be represented on an X-Y orthogonal coordinate system (Figure 3)
as some azimuth [err] and ellipticity=Berr]. This same eliiptical

pol ari zati on state would be represented by the point [err] on the Poincare
sphere di 8gc@al (FPgese @ye eldliptically polarized by LC cell 12 and

will have ellipticity B, which is a function of the light
wavelength (A), the birefringence (An) of the cell and the
pitch (p) of the LC moleculgs in the twisted nematic
structure between entrance plate l4a and exit plate 14b.

In operation, LC display 10 operates like a camere
shutter to control the quahtity‘of light passing through
device 10. LC cell 12 may be energized to an “"on" state to
allow light transmission or not energized and in an "of:i"
state; ideally, the LC cell in the "off" state should
completely block out any light transmission and look black
for the display to exhibit the desired contrast, but some
light at different waveléngths may leak through the LC cell.

A front or entrance polarizetr 18 is disposed:
substantial;y parallel to entrance plate 14a and a rear or
exit polarizer 20 is dispdsed substanﬁially parallel to exit
plate 14b. Entrance polarizer 18 has a polarization or
transmission direction (indicated by arrows 22) that
preferably corresponds to the orientation direction of first
LC molecule 16a and exit polarizer 20 has a transmission
direction (indicated by arrows 24) that is preferably
orthogonal to last LC molecule 16e to minimize the amount of
light transmission through device 10 in thé-"off" state.
Device 10 would _work as well if the entrance and exit
polarizers were rotated 90° and thereby coupled to the other

"of the two normal modes of LC cell 12.

A first birefringent film (BF) 26 is disposed between
entrance polarizer 18 and LC cell entrance plate 14a and
substantially parallel to both;'a second birefringent film
28 is also disposed between exit plate 14b and exit polarizer
20 and- substantially parallel to each. First birefringent
film 26 has a selected birefringence (Z&n'l) and a fast axis
(shown by arrows 30) oriented in a selected direction to trans-
form linear polarized light from entrance polarizer 18 into
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angl es are doubl ed when transferred fro- an orthogonal coordinate systemto
the Poincare sphere and the X-Y axis is rotated from[err] to [err]. -
Linearly polarized |light preferably propagates through LCD device 10 in the
direction indicated by arrow 34 (Figure 1). Entrance polarizer 18 wll
pass that one node, of the two nornmal pgdes of linearly polarized Iight,

whi ch corresponds to the pol arization orientation 22 of entrance polarizer
18, and will block the other normal node. The linear polarization state
at the output of entrance polarizer 18 may be represented by point A on the-

Poi ncare spiferldRFiGakly BolaFired bighEr wngrNE11ipEi26cyi bl 26@NYSiuch o

which both correspond to one of the two normal modes of LC
cell 12. Second birefringent film 28 has a selected
birefringence (An';) and a fast axis (arrows 32) oriented ir
a selected direction to cause elliptically polarized light
exiting LC cell 12 to be transformed into linearly polarized
light that is orthogonal to ﬁhe transmission direction 24 of
exit polarizer 20; therefore, exit polarizer ZOiWill-abso:b

the light and the output of device 10 will appear black when

LC cell 12 is in an unexcited “"off" state. Fast axis 30 of
first birefringent film 26 is preferably oriented at an.angle
of about. 45° relative to both the entrance polarizer

direction (arrows 22). and the orientation direction of first
LC molecule 1§a, and fast axis 32 of second birefringent
film 28 is preferably .oriented at an angle of about .45°
relative to both the exit polarizér direction (arrows 24) and
the orientation direction of last LC molecule l6e. These
orientation directions of the birefringent films permit the
use of birefringent films with small values of birefringence
or retardation; small retardation values minimize the color
or wavelength dispersion of the device and cause the output
at exit polarizer 20 to be black in the "off" state. These
orientation directions also permit the birefringence of both
birefringent films 26 and 28 to be substantially equal. The
polarization directions in Figﬁresl are merely for purp§ées
of illustration and other directions can be used as well
provided the relatlve polarization directions of the
different constltuents_ are maintained substantially as
described above for pptimum performance.

Operation of LCD device 10 can most easily be described
by use of a Poincaré sphere graphical .analysis which is
described in many optics textbooks, such as Principles of
Optics by M. Born and E. Wolf (Pergamon, Oxford, 1965)
Briefly described, any polarization state of propagating
light can be represented by a point on the surface of a
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the linearly polarized light to elliptically polarized |ight having an
azfmuth of zero (a = 0) and an ellipticity [err] equal to the ellipticity
of the LCcell; this elliptical polarization state is represented by point
[err]. Only one normal node of LC cell 12 is excited because |ight exiting
first birefringent film 26 has substantiaLi _the sane ellipticity and
azinmuth as the normal node of LC cell 12; erefore, this elliptically

pol ari zed normal node will undergo pure optical rotation equal to the tw st
angle of LC cell 12. For a twist angle of [err], t he pol arization

state at thpo@HicRHe 0EphG el L:12 Will be point C[err]. Second
bi refringent filn128'wFIIr%bneéP?ram (plgure 2) . The =quator of the

~sphere is the locus of all linearly polarized states and the
poles, Ci and Cpg, respectively, represent the left- and right-
handed circular polarized states. All othe:.points on the
Poincaré sphere surface represent elliptical polarization
states. For example, an elliptical polarization state may be
fepresente? On an X-Y orthogonal coordinate system (Figur; 3)
as some azimuth o and ellipticity B. This samg elliptical
polarization state would be represented by the. point~
P(2x, 2B) on the Poincaré sphere diagram (Figure 2). all
angles are doubled when transferred fron ";an orthogonal
coordinate system to the Poincaré sphere and the X-Y axis is
rotated from 90° to 180°.

Linearly polarized ligh; preferably propagates throuah
FCD device 10 in the direction indicated by 'arrow ;4
(Figure 1). Entrance polarizer 18 will pass that one mode,
of the two normal modes of linearly polarized light, whicﬁ
corresponds to the polarization orientation 22 of entrance
polarizer 18, and will block the other normal mode.- The
linear polari;ation state at the output of entrance
polarizer 18 may be represented by point A on the Poincaré
sphere (Figure 4). First birefringent film 26 will convert
the.linearly polarized light to elliptically polarized light
having an azimuth of zero (¢ = 0) and an ellipticity (B)
equal to the ellipticity of the LC cell; this ellipticai
polarization state is represented by point 3 (0,28). Only
one normal mode .of LC cell 12 is excited because light
exiting first birefringent film 26 has substantially the same
ellipticigy and azimuth as the normal mode of LC cell 12;
therefore, this- elliptically polarized ncrmal mode will
undergo pure optical rotation equal td the twist angle of LC
cell 12. For -a twist angle of 90° (2a = 180°), the
polarization state at. the output of LC cell 12 will be
point C (180, 2BR). Second birefringent filn 28 will convert
the elliptically polarized light to a 1linearly polarized
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the elliptically polarized light to a linearly polarized state at point
D because second birefringent film 28 has sel ected bi refringence [err] and
selected fast axis 32 orientation to rotate the polarization state back to
t he equator of the Poincare sphere at point D [err]. The |i near

pol ari zed light at point Dw Il have a pg&arization direction equal to the
orientation direction of last LC nolecule~16e. Exit polarizer 20 will
extinguish the linear polarized |ight and the output of LCD device 10 will
be bl ack

state at point D because second birefringent film 28 has
selected birefringence (An'2) and selected fast axis 32
orientation to rotate the polarization state back to the
equator of the Poincaré sphere at point D ({(2a, 0). The
linear polarized light at point D will have a polarization
direction equal to the orientation directiopfof last LC
molecule 16e. Exit polarizer 20 will extinguish the linear
polarized light and the output of LCD device 10 will be black
in the "off" state because exit polarizer 20 is oriented
orthogonally to last LC molecule 16e (Figure i)

The ~elliptical polarlzatlon of different colored light
propagatlng through the blrefxlngent films and the LC cell
will vary because the’ éllipticity of light propagating
through these constituents is a function:of the wavelength of
the 1light. The percentage of 1light transmission for
different colored light at the output of exit polarlze* 20
may be grannlcally estimated using Poincaré sphere diagrams
(Figures 5A and 5B) and looking back into exit polarizer 20.
Constant transmission contours for 0.1%, 1% and 10% ligh=
transmissiocn -are superimposed on Figures 5A and 5B,
Figure SA is for an LCD device without birefringent films 26
and 28 but the LC cell is designed with a particular
combination of LC birefringence (An), cell thickness (d) and
cell twist angle (8 = 90°) to satisfy the Gooch-Tarry minimum

condition (And/l = (H&) Yam2. -1, where m = l, 2, 3) and
to provide a minimum transmission of green light (Ag = 540nm)
in the "off" state. Without the birefringent films about 1%
of blue light (Ap,= 470nm) leaks through device 10 in thé
"off" state and almost 10% of red light (A = 640nm). With
the birefringent films, leakage of the red and blue light can
be limited to less than about 0.5% (Figure 5B).

Fféute 6 shows percentage light transmission versus
wavelength for a 90° twisted nematic LC cell filled with

Merck ZLI-3376® liquid crystal material having a An of 0.G:35
at a wavelength of 590nm and a cell thickness of about 5.9u~.
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in the "off" state because exit polarizer 20 is oriented orthogonally to
-last LC nolecule 16e (Figure 1). The elliptical polarization of different
colored |ight propagating through the birefringent filns and the LC cel

~will wvary because the ellipticity of [light propagating through these
constituents is a function of the wavel engthaf the |ight. The
percentage of |light transmssion for different colored light at the

out put of exit polarizer 20 may be graphically estimated using Poincare
sphere di a%x?é?hé FLaures oA and 5B) and | ocking back into exit polarizer
20. Constant transm ssioh cont8ar $eorl®. aedl 194 aRQuE0dR i 1ok ingenisnf sbhen

are superifipdseaindonith bures rihgeritd Hms having retardations of about

25, 32 and 40nm. The birefringent films were formed by
stretching a polymer sheet over a thin gléss substrate and
bonding the sheet to the substrate with' an ultra-violet
curable adhesive to maintain a stable retardation. The
output of exit polarizer 20 is below about 0.5% over most of
the visible 1light spectrum for the LCD devices with
birefringent films 26 and 28 and the output was substantially
black for the "“off" state. These results are superior to f_he
‘results obtained with prior art devices whixch utilized a
single birefringent film having retardations of several
hundred nanometers. The birefringent films with retardations
below about 100nm also appear to be relatively insensitive to
LC cell thickness, polarizer orientation.,' birefringent film
orientation, viewing angle and different wavelengths.

It will be readily understood by those skilled in the
art that the present invention is not limited to the speci'fic
embodiments described and illustrated herein. Different
embodiments and adaptations besides those shown herein and
described, as well as many variations, modifications and
equivalent arrangements, will now be apparent or will be
reasonably suggested by the foregoing specification and
drawings, without departing from the substance or scope of
the invention. While the preserﬁ: invention has been
described herein in detail in relation to its preferred
embodimex_mts, it is to be understood that this disclosure is
only illustrative and exemplary of the present invention,
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Figure 5A is for an LCD device without birefringent filnms 26 and 28 but the
LC cell is designed with a particular conbination of LC birefringence (An),
cell thickness (d) and cell twist angle [err] to satisfy the Gooch-Tarry

m.ni num COI’ldiﬂul_; SHdet Hab Béehﬁ

transm ssion
bi ref ri ngent f
st at nost

the "of f"

feate m= 1, 2, 3) and to provide a m ni num
[err] in the "off" state. [thout the

of blue light -I2fr] |eaks {HBIgH
0% of red light [err]. Wthjthe I3 i d@ﬁw

_l'_'I:

filnms, |eakage of the red .and blue light can be [imted e abo
0.5% (Figure 5B). Figure 6 shows percentage |ight transm ssion versus

CLAIMS:
1. A'liquid crystal display device comprising:

entrance polarizer means for linearly pOla*lzlng
entering light in a first selectéd direction;

first means for converting the llnearly polarized
entering 1light to polarized light having «a selected
ellipticity B and polarization; I

at least one liquid crystal cell means for rotating
the polarlzatlon of the entering light from said first
selected direction to a second selected direction when in a
non-energized "off" state and having a normal mode

ellipticity substantially equal to said selected

ellipticity B;

second means for convertlna elliptically polarized

light emerging from said at least one liquid crystal cell to

light which is linearly polarized in the second selected

direction; and

exit polarizer means for extinguishing light from
said second converting means when said at least one liquid
crystal cell is in the “off" state.

2. The device of claim 1, wherein said liquid crystal
cell means selected ellipticity B is selected to cause a

"'chosen wavelength of light to be completely blocked by the

exit polarizer.

3. The device of claim 1, wherein said'first and
second converting me€ans are each a birefringent film.

4. The device of claim 3, wherein each birefringent
film comprises: |

a glass substrate; and

a sheet of polymer material stretched. across said
glass substrate and bonded to said substrate by an ultra-
violet curable adhesive to provide a stable retardation.
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wavel ength for a [err] twisted nematic LC cell filled with Merck [err]
liquid crystaL—naLeFfaf—havrﬁg—é ‘An of 0.085 at a wavel ength of 590nm and a

cell thickness of. bo laced 12 G aphs are shown for the LC cel

wit hout birefri and with birefringent filns having

retardations of d 40nm The birefringent_ filns were

formed by stretch sheet over g thin glass supgsr

bondi ng the sheet to the substrate with ana}fftra vi ol et ?EESE:(E‘[{;% BEEN
S.- The device of claim 3, wherein said first and

second blrefrlngent films each have a fast axis which is
oriented in the same direction.

6. The device of .claim S5, wherein said first
birefringent film fast axis is oriented at about,45 reiatlve
to a polarization axis of said entrance polarlzer means and
said first selected direction, and said second birefringent
film fast axis is oriented at about 45° Jelative to a

polarization axis of said exit polarizer means and said
second selected direction.

7. The device of claim 3, wherein each birefringent
film has a retardation less than about 100 nanometers.

8. The device of claim 3, wherein each birefringent
fllm has a reta*datlon of about 25 nanometers.

9. The device of claim 3, whereln said second
birefringent film has a selected blrefrlngence for converting

light with said selected ellipticity B to linearly polarized
light.

10. The device of claim 1, wherein said liquid crystal
cell has a twist angle of about 90°,

11. The device of claim 1, wherein said liquid crystal
material is a super-twisted nematic material.

12. The devide of claim 1, whereln said liquid crystal
cell satisfies the Gooch- -Tarry minimum condition to cause a

chosen wavelength of light to be completely blocked by the
exit polarlzer

-_——
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curabl e adhesive to maintain a stable retardation. The out put of exit
pot arizer 20 is bel ow about 0.5% over nost of the visible [light spectrum
for the LCD devices wth birefringent filns 26 and 28 and the out put
was substantially black for the "off" state. These results are superior to
the results obtained with prior art devit®s which utilized a single
birefringent filmhaving retardations of several hundred nanoneters. The
birefringent filns with retardations bel ow about 100nm al so appear to be
relatively insensitive to LC cell thickness, polarizer orientation,

birefringent filmorientation, vi‘ewing angle and different wavel engths. It
will be readily understood by those s%ﬁﬁﬂgﬂégﬁ t he :

LIQUID CRYSTAL DISPLAY DEVICE

A liquid crystal display device (10) includes an
entrance polarizer (18) to provide light which is linearly
polarized in a first selected direction and a first
birefringent film (26) to convert the linearly polarized
light from the entrance polarizer to elliptically polarized
light having a selected ellipticity. At least one liquid
cfystal cell (2) having an ellipticity equal to the selected
ellipticity receives the 1light propagating from the first
‘birefringent film; the 1liquid crystal cell includes first
and second parallel-facing transparent plates (14a,14Db)
which sealably contain a quantity of liquid crystal material
(16). The 1liquid crystal material comprises at. least a
first molecule immediately adjacent the first transparent
plate which is oriented in the first selected direction and
at least a second molecuié immediately adjacent the second
transparent plate which is oriepted in a second selected
direction. A second birefringent film (28) converts the
elliptically polarized light propagating from the at  least
one liquid crystal cell to light which is linearly polarized
in the second selected direction. BAn exit polarizer (20)
having a polarization axis oriented orthogonally to the
second -selected direction will _extinguish the 1light
propagating from the second birefringent film when the
liquid crystal cell is in an "off" state.

Figure 1
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art that the present invention is not limted to the specific enbodi nents

descri bed and illustrated herein. D fferent enbodi nents and adaptati ons
besi des those shown herein and described, as well as nany vari ations,

modi fications and equi val ent arrangenents, will now be apparent or wll -be
reasonably suggested by the foregoing specification and draw ngs, w thout
departing fromthe substance or scope of the invention. Wiile the
present invention has been described 2 rein in detail inrelationtoits
preferred enbodi nents, it is to be unde] good that this disclosure is only

Il lustrative and exenplary of the present invention.
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13 CLAIM5 What is clainmed is: 1. A liquid crystal display device

conpri sing: an entrance pol arizer having a polarization axis for linearly
polarizing in a first selected direction light entering said device; a
fisrst birefringent filmdi sposed adjacent to and substantially parallel to
said entrance polarizer to convert the linearly polarized entering light to
elliptically polarized |ight having a selected ellipticity [err], said '
first filmhaving a naxinun1retardaﬂ<n27@ 100 nanoneters

This is the reptacement sheet

Date: ) ZJULB%



at least one liquid crystal cell disposed substantially parallel to said
first birefringent filmand adjacent thereto, said cell having a nornal
node ellipticity substantially equal to said selected ellipticity [err] and
bei ng capable of rotating said elliptically polarized |light entering said
cell fromsaid first selected direction to a second sel ected directi on when

said cell is in a non-energized "off" state, the angle of rotation inparted
to said |light corresponding to the tw gngle of said cell; a second
birefringent filmdisposed adjacent to substantially parallel to said

. liquid crystal cell for converting elliptically polarized |ight energing
fromsaid liquid crystal cell to light which is linearly polarized in said

second sel ected direction, said second film having a maxi mum retardati on of

100 nanoneters; and an exit pol arizer disposed adjacent to and

substantially parallel to said second birefringent filmand having a

pol ari zati on axis di sposed substantially orthogonal to

I 4
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said second sel ected direction, whereby |ight energing fromsaid second

birefringent filmis extinguished when said liquid crystal cell is in the
"of f" state. 2. The device of claim 1, wherein said normal node
el1ipticity of said liquid crystal eell is selected to cause a chosen
wavel ength of light to be conpletely blocked by said exit polarizer. 14
3. The device of claiml, wherein each of said first and second

birefringent filns conprises: a glasshdubstrate and
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a sheet of polyner material stretched across said glass substrate and
bonded to said substrate by an ul traviol et curable adhesive to provide a

stable retardation. 4. The device of claim1l, wherein each of said first
anmd second birefringent filns has a fast axis, each of said fast axis being
oriented in the sane direction. 5. The device of claim4, wherein said

first birefringent filmfast axis is cig ted at about [err] relative to
said polarization axis of said entranc g | arizer and said first selected
direction respectively, and said second birefringent filmfast axis is
oriented at about [err] relative to said polarization axis of said exit

pol ari zer and said second sel ected direction respectively. 6. The devi ce
‘of claim1, wherein each of said first and second birefringent filnms has a
retardation of about 25 nanoneters. 7. The device of claim 1, wherein

said second birefringent film has a
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bi refr| ngence selected tToconvert light with said selected ellipti

f"err] to I|
sa.Jd Iqu|d

nematlc materlal.

&It _
i ght. 8. The device of claiml, quhéy’n

a twist angle of about [err]. 9. _
d crystal cell conprises a super tw sted

i
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CLAIMS
What is claimed is:

1. A liquid crystal display device comprising:

an entrance polarizer having a polarization axis for linearly polarizing in a first
selected direction light entering said deﬁce;

a first birefringent film disposed adjacent to and substantially parallel to said
entrance polarizer to convert the linearly polarized entering light to elliptically
polarized light having a selected ellipticity B, said first film having a maximum
retardation of 100 nanometers;

at least one liquid crystal cell disposed substantially parallel to said first
birefringent film and adjacent thereto, said cell having a normal mode ellipticity
substantially equal to said selected ellipticity B and being capable of rotating said
elliptically polarized light entering said cell from said first selected direction to a
second selected direction when said cell is in a non-energized "off" state, the angle of
rotation imparted to said light corresponding to the twist angle of said cell;

| a second birefringent film disposé& adjacent to and substantially parallel to
said liquid crystal cell for converting elliptically polarized light emerging from said
liquid crystal cell to light which is linearly polarized in said second selected direction,
said second film having a maximum retardation of 100 nanometers; and

an exit polarizer disposed adjacent to and substantlally parallel to said second
birefringent film and having a polarization axis dlsposed substantially orthogonal to
said second selected direction, whereby light emerging from said second birefringent

film is extinguished when said liquid crystal cell is in the "off" state.

2.
crystal cell is selected to cause a chosen waveiength of light to be completely blocked

The device of claim 1, wherein said normal mode ellipticity of said liquid

by said exit polarizer.
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3. ' The device of claim 1, wherein each of said first and second bireﬁingent films

- comprises:

a glass substrate; and - |
a sheet of polymer material stretched across said glass substrate and bonded to
said substrate by an ultraviolet curable adhesive to provide a stable retardation.

4, The device of claim 1, wherein each of said first and second birefringent films

has a fast axis, each of said fast axis being oriented in the same direction.

5. The device of claim 4, wherein said first birefringent film fast axis is oriented
at about 45° relative to said polarization axis of said entrance polarizer and said first
selected direction respectively, and said second birefringent film fast axis is oriented
at about 45° relative to said polarization axis of said exit polarizer and said second

selected direction respectively.

6. The device of claim 1; wherein each of said first and second birefringent films

has a retardation of about 25 nanometers.

7. The device of claim 1, wherein said second birefringent film has a
birefringence selected to convert light with said selected ellipticity B to linearly
polarized light.

.
7

8. The device of claim 1, wherein said liquid crystal cell has a twist angle of
about 90°.

9. The device of claim 1, wherein said liquid crystal cell comprises a super

twisted nematic material.

This ig the replacement sheet

pate: 2 1 MAY 38
|



