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REFLEcyXvJ$ MIXED-MODE '!'WISTED !JEMATIC 

LIQUID CRYSTAL DISPLA.Y 

The present invention relates eo reflective mixec-mode 

ewis't.ed nematic liquid crystal displays, and more 
particularly to such displays wi eh an opi:.i.mised twist 

angle, polariser angle and retarda'tion. 

Reflec~ive-mode liqu.id crystal displays (LCDs} are known 
to offer various advantages compared with transmissive­

mode liquid crys'tal displays. Reflective-mode liquid 

c~stal displays have a lower power consumption, are more 

easily readable in sunliqht, have a thinner profil~ and 
weiqh less. 

Transmissive-mode ma'trix liquid crystal displays with 

back-light . illumination commonly. use a 900 ewisted 

nematic cell. Such cells work by the mechanism · of 

polarisation · rotation to ·provide the electro-optic 
effect. An incoming linearly polarised light follows the 

twist of the LC dil:'ectors . Therefore, when liqht· has 

traversed the cell, its polarisation axis is rotat1ed by 

approximately 900, and the light is -cransmitted by a 

crossed polariser. 

When such transmissive-mode t.wisted nematic cells are 
employed in reflective displays, poor brightness and low 
resolution result. The poor.brightness is caused by the 

liqht pa~sinq through 't.he crossed polariser twice, and 

the low resolution is caused from the parallax which is 

due to the thickness of the p~lariser sitting between t}\e 

liquid crystal cell and the reflectinq mirror. 
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Shin-Tson Wu et. al describe in the pa~er "Mixed-Mode 

Twisted Nematic Liquid Crystal Cells for Reflective 

Displays·•, Applied ~hysics Letters 68{ll), 11 March 1996, 

pages 1455-1457, an improved reflec~ive-mode display 

called a mixed-mode twisted nematic cell. Alt:houqh the 

arrangement proposed by Wu et al is advantaqeous ir. that 

it improves the brightness and eliminates the parallax 

caused by usinq a transmissive ewis~ed nematic cell, the 

ar~angement proposed does not provide· the optimum 

performance. 

The p:resent invention is concerned with improving the 

pe:rformance of refleceive mixed-mode twisted nematic 

liquid crystal displays. 

Accordinq to tile present invention there is provided a 

reflective -mixed-mode twisted nematic liquid crystal 

d~~~)..ay havinq a twist angle of between 67° and 83°, a 

polariser angle of between So and 111°, and a retardation 

of between O.lB and 0.28. 

The polariser angle may suitably comprise a plurality of 

ranges suitably from So to 210 and from 95° i:o lllo. 

In one arranqement the twist angle is 760 ± 3°, the 

polarised angle is 180 ± Jo and the retardation is 0.25 ± 

0.03. In this arrangement, preferably, the twist angle 

is 76°, the polariser angle is 180 and the re~ardation is 

0.25. 

In another arrangement, the twist angle is 70o ± Jo, the 

polariser anqle is So ± Jo and the retardation is 0.21 ± 
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0.03. In this arranqement, preferably, the twis~ anqle 

is 7Qo, the polariser anqle is So and the retardation is 

0. 21. 

In a further arrangement, the twist. angle is 80° ± 3°, 

the polariser 

0.23 ± O.OJ. 

anqle is 80°, 

anqle is 160 ± Jo and the retardation is 

In this arrangement, preferal:>ly, the twist 

the polariser angle is 160 and the 
retardation is Q.23. 

The polariser angle may be 980, lOSo or 106°, each ± 3°. 

In each case the ·retardations may respectively be 0.21, 
0.25 and 0.2J. The optical performance of devices 

incorporat:inq such polariser anqles is similar to or 
identical to thae rotation of the polariser through the 

above values minus 900, namely on So, 180 or l6o polariser 
angle. 

The display may comprise a polariser, a liquid crystal 
cell and reflec'ting means, and may be a direc't-view 
display. 

Alternatively, the display may comprise a polarising beam 
.splitter, a. liquid crystal cell and reflec:tinq means. 

This ~ype of display is usually a projection display. 

For a better understandinq ·of the present invention, 

embodiments will now be described by way of example, with 
reference to the accompanying drawings, in which: 

Fiqure . l is a schematic diagram of a nomally black 

direct-view reflective liquid crystal display; 
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Fiqu.re 2 is a s·chematic diagram of a noi::mally whit.e 
p~ojection reflective liquid crystal display; 

Figure 3 shows the definitions of ~wist angle and 
polariser angle for a mixed-mode twist.ed nemat:.ic liquid 
crystal display; 

Figure 4 shows a plot of retardation against integrated 
reflectance at all wavelengths of a display accordinq to 
a firs't embodiment of the present invention, where t.he 

twist angle is 76°, the polariser angle is 18° and the 
retardation is 0.25; 

Figure S is a plot of retardation against sensitivity to 
retGU:dat:ion variation for the first embodiment. of the 
present invention; 

Figure 6 is a plot of wavelength against reflectance for 
a display of the first embodiment of the present 
invention; 

Fiqure 7 shows "off"-"on" transition c:urves for three 
colours for the display accordinq to the first embodiment 
of the present inven~ion; 

Figure 8 shows a plot of retardation against integrated 
reflectance at all wavelengths for a display according to 
a second aspect of the present invention, where the twist 

angle is 70a, the polariser anqle is Sa and the 
retardation is 0.21; 

Figure 9 is a plot of retardation against sensitivity to 
retardation variation for the second embodiment of the 
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present invention; 

Figure 10 is a plot of wavelenq~h against reflectance for 
a display of the second embodiment of the present 
invent. ion; 

Figure 11 shows "off"-"on•• transition curves for ~hree 

colours for the display accordinq to the second 

embodiment of ~he present invention; 

Fiqure 12 shows a plot of retardation against integrated 
reflectance at all wavelengths for a display according to 
the third embodiment of the present invention, where ~he 

t.wist angle is SOoo, the polariser angle is 16° and the 

retardation is 0.23; 

Fiqure 13 is a plot o.f retardation against sensitivity to 
re-cardation ·variation for. the 1:hird embodiment of the 
present invention; 

Figure 14 is a plot of wavelength against reflectance for 
a display of the third embodiment of the present. 
inve~tion; 

Figure 15 shows "off"-"on" transition curves for three 

colours for the display according to t.he third embodiment 
of ~he presen~ invention; 

Figure 16 shows plots of "off "-state wavelength against 
normalised reflectance for the first, second and third 

embodiments of the present invention and three 
comparative examples. 

Figure 17 shows the "off"-"on" transition curves for 
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three colours for ehe display of a first comparative 

example; 

Figure 18 shows the "off "-"on" e:ransition curves for 

three colours for a display of a second comparative 

example; 

Fiqure l9 shows . the "off •1-"on" transition curves for 

three colours for a display of a third comparaeive 

example. 

Mixed-mode twisted. nematic liquid ceystal displays may be 
used in a direct-view or projection configuration. By 

adjus't.in9 the c:ell parameters, both no::cmally white and 

normally black cells can be obtained. The normally 
white/black direct view applica~ion using a single 

polariser corresponds to the nor.mally black/white 

projection application using a polarising beam splitter. 

Figure l shows a schema't.ic. diagram of normally black 

direct-view reflective liquid crystal display. However, 

it should be understood that direc.t-view displays do not 

have to be normally black and use a polariser. The 
display comprises a fron~ substrate l, a sinqle polariser 

. 3, liquid crystal S and a rear substrate 7 having a 
reflective coating thereon. 

Incident liqht is linearly polarised by the polariser 3. 
In the "off" state, the twist and birefringence of the 

liquid crystal 5 induce a 900 c:hanqe in the stat.e of 

polarisation of the reflected light. The reflec~ed light 
is subsequently blocked by the polariser, which produces 

a dark image. In the 11 on" state, the state of the 
polarisation of the incident liqht is not changed and the 
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reflected liqht is allowed to pass ehrouqh the polariser 
to produce a bright imaqe. Figure l shows bot.h 'the "off" 
and "on" states. 

Fi9ure 2 shows a schematic diagram of a. no.z:mally white 
projectinq reflect.ive liquid crystal display. Compared 
with the arrangement of Figure l, ·the polariser l is 
replaced with a polarising beam splitter 9. However, it 
should be understood that. projection displays do no-c have 
to be no:cmally white and use a plolarisin9 beam splitter. 
The angle of the liquid crystal director to ehe 

· polarising beam. splitter 9 is the same as the angle to 
the polaxiser 3 in Figure 1. Incident light is polarised 
linearly by .reflecting off a cube prism polariser 
comprising the polarising beam splitter 9, and is 
directed to the liquid crystal 5, which is the same as 
the liquid crystal 5 of the F iqu;re l arrangement. . The 
liqht is reflec~ed back by the rear substraee 7, having a 
reflective coatinq, which is the same as the rear 
substrate 7 ot ehe Fiqure 1 arrangement. In the "off" 

state, a 90° chanqe in the state of ·polarisation is 
. induced in the light reflected from the rear substra·te 7. 

The reflected light is able to pass through the 
polarising beam splitter, which produces a bright image 
.on screen 11. In the "on" state, the sta"t•! of 
polarisation of the reflected light is unchanged. The 
liqht is subsequently reflec'ted by the polarising beam 
splitter back in the direction of the incoming light, 
thereby producing a dark imaqe on the screen 11. Fiqure 
2 shows the arrangement for both the "off" and ''on" 
states. 

It should be noted that the normally white mode usinq a 
polarising beam splitter can also be employed in direct-
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view applications. 
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The discussion below asswnes a normally white (i.e. white 

in l:he "off" state) projection display. 

In a no.:cmally white projection application, the 

brightness of the "off" state is dependent upon the 

birefringence of the liquid crystal. Therefore, precise 

tuning of the cell parameters is ilnperative. 

achieve ( 1) maxi.mum The present embodiments seek to 

c~ntrast, (2) unifo:cmity of 

wavelengths (broadness of band), 
response to different 

and (3) insensitivity of 

response to cell gap variation. 

In both the direct-view and projeet:ion configurations, 

unifoimi. ty of cell response to different wavelengths is 

important in colour s~ential applications, where the 

siqnals for three colours are multiplexed in time. 

Colour sequential applications require one single bread 

band cell. 

In prior art:. mixed-mode twisted nematic liquid crystal 

displays, perfoJ:Jnance is very sensitive to variations in 

.the cell gap, and ~his is why it is par~icularly 

important for the embodiments of the present invention to 

provide insensitivity of perfoJ:mance t.o cell qap 

varia~ion. The retcu:dation of a liquid crystal display 

is defined as the product of cell gap and birefringence 

of the liqu.id crystal. 

Fiqure 3 shows the definition of the twist angle and 

polariser angle parameters for a mixed-mode twisted 

nematic liq11id crystal display. The twist angle is the 
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difference between the aliqnmen't direc~ions a~ the front 
and rear surfaces of the mixed-mode twisted nematic cell. 
Polariser angle is the angle between the alignment 

direction of the front surface of che mixed-mode twisted 
nematic cell and the polarisation axis. 

To achieve 
variation, 
retarda~ion 

insensitivicy of response to retardation 
a perfo:cnance measure is developed. The 
is allowed to vary for ± 0.01 and the 

integral difference between the two response curves is 

obt:ained. Let RrOJ be the reflectance of the LCDs at 

retarda~ion r, measured at: wavelenqth A· We define 

J 700nm 
c;t>(r)~ Rr(l)ciA. 

A,=400nm 

as a measw::e of brightness at the "off" state. The 
sensitivity of spectral performance . to retardation 
variation at a particular retardation value is defined as 

n<r>=lct>Cr + 0.01)-q)(r - O.Ol) I 

Notice that for the ''off "-"on'' transition simulation, 

reflective mode with one single ideal polariser is used 
to emula~e ~he use of a polarisinq beam splitter. This 
results in ·an optical inversion (dark state becomes 
bright and vice versa). 

Three confiqurations have been derived which give qood 

"off" st:ate briqhtness and "on" state darkness, 
insensitivity eo retardation variation, and excellent 
unifoz:mity in frequency response. They are as follows: 

( l} 76° ± 2° twist angle, 180 ± 20 polariser anqle, and 
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0. 25 ± O. 02 retardation (abbreviated as 76, 18, 0. 2S 

mode) 

(2) 70a ± 20 twist angle, So ± 20 polariser angle, and 

0.2l ± 0.02 retardation (abbreviated as 70,8,0.21 

mode) 

(3) 80° ± 2o twis~ angle, 160 t 20 polariser angle, and 

0. 23 ± 0. 02 retardation (abbreviated as 80, 16, O. 23 

mode) 

The 76,18,0.25 mode (l) 

For the 760 twis~ angle, lSo polariser angle mode, cells 

with different retardation {0.20-0.30, O.Ol step) are 

simula~ed. Figure 4 and S show respeceively ~(r) and 

1¢1(.r+O.Ol)-.:>(r-O.Ol) I· From .Figures 4 and 5, the 

maximum of cf> ( r) and the minimum of I <I> { r+-0 . 0 l) -cp ( r-0 . 01) I 
occur ·at the retardation ·value 0. 2 5 . This reearda,tion 

value corresponds to the maximum "off'' state brightness 

and minimum sensitivity to retardation variation 

according t:o t:he above definition. Figure 6 shows the 
plot of wavelength against no:cmalised reflectance for the 

76, 18, O. 25 mode, Fiqure 7 shows the "off "-."on" transieion 
curves for ~he three wavelengths 4SOmn, 550mn, and 650run. 

Notice the optical inversion in Figure 7. 

The 70,8,0.21 mode (2) 

Figures 8 and 9 show respectively ci>(r) and lc.t>(.rt-0.01)­

~(r-O.Ol) I for retardation values 0.15 s r ~ 0.25. We 

observe that the maximwn cf ~(r) and the minimwn of 

I«> ( r+O. 01) -<1> ( r-o. 01) I occur at the retardation value 

0. 21. The value corresponds to maximum "off" state 

brightness and minimwn sensitivity to retardation 
variation according to our criteria. Figure 10 shows the 
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wavelenqth aqainst reflectance plo'!: for the quiescent 
state while Figure 11 shows the "off "-"on" transi~ion 

curves. Notice the optical inversion in Fiqure 11. 

~he 80,16,0.23 mode (3) 
Figures 12 and l3 show respectively ~(r) and l~(r+O.Ol)-

~(r-0.01) j for re~ardation values from 0.20 to O.JO. We 

observe that the max.imwn of <J,l(r) and the minimum of 

l<t>Cr+0.01)-~(r-O.Ol)j occur at the retardation value 
0.23 which corresponds to maximum "off" state briqhtness 
and minimum sensitivity to retardation variation 

acco.rdinq to the above c:ri teria. F iqure 14 shows t.he 
wavelength against reflectance plot for the quiescent 

state while Figure 15 shows. the "off "-"on" transition 

curves. No~ice the optical inversion in Figure 15. 

For each of the modes ( l) to ( 3) 1 the range of twist 

anqle, polariser angle and retardation can be varied, 

respectively, by ± 3o, ± Jo and ± 0 .. 03 (rather than by ± 

2°, ± 20 and ± O. a 2, as above} , and still provide 

superior · characteristics. However, with. the larger 

ranges, a backqround colour may appear on the display. 
In some applications this can be tolerated. 

Comparative Expaples 

Three commonly known existing mixed-mode nematic 
operatinq modes are as follows: 

(4) 450 twist anqle, 22 .So polariser anqle, and 0.32 

retardation (abbreviated as 45,22.S,0.32 mode} 

(5) 6Qo twist an9le, JOo polariser angle, and 0.35 
retardation (abbreviated as 60,30,0.35 mode) 
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(6) 90° twist angle, 200 polariser anqle, and 0.24 
retardation (abbreviated as 90,20,0.24 mode) 

Figure 16 shows plot.s of "off" state wavelength against 
noJ:malised reflectance for modes (1)-(3) according to the 
present invention and modes ( 4 )-( 6) of the Comparative 
Examples. 

In Figure 16 characteris~ics of mode (1) are shown with 
circles "0"; characteristics of mode (2) are shown with 
solid line " - " ; characteristics of mode ( 3) are shown 
with dotted line " ... "; characteristics of mode ( 4) are 
shown with asterisks "*"; characteristics of mode ( 5) 
a:re shown with crosses "x"; and characteristics of mode 
( 6) are shown .with plus siqns "+". 

The modes ( 1 )- ( 3) are superior t.o the modes ( 4 )- ( 6·) in 
tel:'llls of higher uniformity of response to different 
wavelengths (broader band} and brightness. The 
reflectivity of mode (5) reaches the peak at about 550nm 
but is very colour dispersive. The modes ( 4) and ( 6) are 
ngt bxiqht enough. 

The following table shows eh.e measures cP and n for -c.he 
"off" states. It can be observed -c.hat the modes (1)-(3) 
are superior to the modes (4)-(6) in the sense of smaller 
sensitivity of perfo:cmance to retardation variation. 
Figures 17, 18 and 19 show.the "off"-"on" transition for 
the modes (4}-(6). It can be seen that modes {4) and (6) 
are not briqht enough in the "off" state while the inode 
(5} is colour dispersive. 
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MOOE t1> n 
( 1) 76,18.0.25 28.2970 0.0559 I 

(2) 70,8,0.21 29.0755 0.1367 

( 3) 80,16,0.23 28.0498 0.22S8 

(4) 45,22.S,0 • .32 21. 8945 0.4089 

( 5) 60,30,0.35 24.2812 1. 2732 

(6) 90,20,0.24 25. 2213 0.2734 

The colours used in modes (1)-(3) according to the 
present invention, and in modes ( 4 )-( 6) of the 
Comparative Examples are 450nm {light blue) 5SOnm. 
(purple) and 650nm (dark blue) . 

The present invention may be particularly applicable to 
reflective microdisplays for direct-view· or· projection 
applications. Microdisplays are small, hig'h resolution· 
displays, further details of which.can be found on Web 
site WWW . .MICRODISPLAYWEB.COM. One particular 
m.i.crodisplay with which 1:he _present invention may be 
useful is one based on bulk silicon wafer incorporatinq 
ac~ive matrix with a reflective liquid crystal layer. 
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CLAIMS: 

1. A reflecti~e mixed-mode twisted nematic liquid 
c.:cystal display device, havi~g a twist anqle of be~ween 

670 and 83°, a polariser angle of between So and 111°, and 
a re~~dation of between 0.18 and 0.28. 

· 2. A device according to cla.iln 1, wherein the 

polariser angle ranqe comprises ~he ranqes 5° to 21° and 

9So to lllo. 

3. · A device . accordinq to claim l, wherein the device 

has a twist anqle of 760 ± Jo, a polariser angle of 18° ± 

3~ and a retardation of 0.25 ± 0.03. 

4. A device according to claim 3, wherein the device 

has a twist angle of 760, a polariser anqle of 18° and a 
.retardation o:f 0. 2 S . 

5. A device acco:rdinq to claim 1, wherein t:he device 
has a twist angle of ?Oo ± Jo, a polariser anqle of So t 

-3° and a reta.J:dation of 0.21 t 0.03. 

6 . A device according to claim 5, wherein the device 

has a twist angle of 700, a polariser angle of Bo and a 
retardation of 0.21. 

7 . A device according to claim l, wherein the device 

has a twis~ anqle of 8Qa ± Jo, a polariser anqle of 160 ± 

3° and a retardation of 0.23 t 0.03. 

8 · A device according to claim 7, wherein the device 
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has a twist angle of SOo, a polariser anqle of 16° and a 
retardation of 0.23. 

9 . A device according to c lairn l, wherein the device 
has a twist angle of 760 ± Jo, a polariser angle of 108° ± 

3° and a retardation of 0.25 t 0.03. 

l 0. A device according to claim 9 , wherein the device 

has a twist angle of 760, a polariser angle of 108° and a 
reta.zdation of 0.25. 

ll. A device according to claim 1, wherein the device 

has a twist angle of ?Oo ± 30, a polariser angle of 980 ~ 

Jo and a retardation of 0.21 ± 0.03. 

12. A device according to claim ll, wherein the device 

has a twist angle of 70°, a ·polariser angle of 98° and a 
retardation of 0.21. 

13. A device according to claim 1, wherein the device 

has a twist angle of 800 t Jo, a polariser angle of 1060 t 

3° and a retardation of 0.23 t 0.03. 

14. A device according to claim 13, wherein the device 
has a twist anqle of BOo, a polariser angle of 106° and a 
retardation of 0.23. 

15. A device according to any one of claims 1 to 14, . 
wherein the device is a display comprising a polariser, a 
liquid crystal cell and reflectinq means. 

16. A device according to any one of claims l to 14, 
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wherein the device is a display, eomprisinq a polarising 
beam splitter, a liquid crystal cell and a refleC'tinq 
means. 

17. A reflective mixed-mode twisted nematic liquid 
cryst.al display substantially as hereinbefore described 
with reference t.o and/or substantially as illust.rated in 
any one of or any combination of Figures l to 16 of the 
accompany drawings. 


