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7) ABSTRACT

Aliquid crystal device such as a display comprises a twisted
liquid crystal layer whose surface director orientation at a
first surface is oriented in a first direction and whose surface
director orientation at a second surface is oriented in a
second different non-perpendicular direction. The layer is
disposed, for instance, between a linear polarizer and a
reflector. A retarder is disposed between the layer and the
polarizer and compensates for residual retardation of the
layer at a first voltage across the layer. For instance, the
retarder has a retardation substantially equal to the residual
retardation and an optic axis perpendicular to the bisectrix of

the orientations.
3
I
[
~
«—
»;/ & -

72

/

’_—-’

\
A=
N>




Patent Application Publication = May 8, 2003 Sheet 1 of 13 US 2003/0086040 A1

M\,

A .
+90

o(:e"'

NS

Linéar polarization 1

1-0
0-9
— 081 A
=07 FIG 2a
506+ /
_“(_3_0' 5 /i \
= 0- 47 g \
=~ 0-3 / " 1-0
S0d /s . 0-94
=01 /.7 0-8-
OO |/ 1 T T i ;0.7_
0 SO 100 150200 250 300 -'50, 6
Retardation {nm] = 054
=
- OLF'
10 =03
0-9- S0-21
__0-8- s 0-1-
3_“07.. 00 T T T T | B
S0 6 0 SO 100 150200 250 300
+ 05 Retardation (nm)
é 0- 4 - FIG 2b
-2 \
2011 72N
00 s

050 100 150200 250300 5 5
Retardation (nm)

()




Patent Application Publication =~ May 8, 2003 Sheet 2 of 13 US 2003/0086040 A1

AN
N
N

v
Twisted LC layer6

L/f&

|

Retardation (nm)
~J
o
[}
-
o
=~

T T ) 1 I I
01 23456789101
Voltage (V) 0

_n
o
un

|

Azimuthal angle of linear
polarization
3

LN
o

i ] T T ] S
0 20 40 60 80 100 120 140
Retardation (nm)



Patent Application Publication = May 8, 2003 Sheet 3 of 13 US 2003/0086040 A1

Alignment Alignment
direction direction
930 :e+¢
5 7 8 Reflector
12
9 .
10

NN ¢

\
N \\

1 % )
Linear Y
polarizer Twisted LC layer6

-n
(]
o




May 8,2003 Sheet 4 of 13 US 2003/0086040 A1

Patent Application Publication

<
- O
-0
-~
L o>
Q
YSg
)
=
(=)
m >
BN
—
T T T T T T o
< D I M O
et .
Apagaapay <
(@]
<
YAl
- oD
- o~
r.6V
a
ng
©
| 4=
(@]
L >
- O\
- T
T T 1T T o
= D h Mo
A§1niI9143Y <

u.

(VIR

5 78 9 10

23465 6
Voltage (V)

FIG_10

w




Patent Application Publication = May 8, 2003 Sheet 5 of 13 US 2003/0086040 A1

16

LN N
N

-

N
N

12

Lir3e1ar \ -/ Reflector

v
polarizer Liquid cbrysfal layer

1—

4




Patent Application Publication = May 8, 2003 Sheet 6 of 13 US 2003/0086040 A1

10
.9-
.8.
.7..
.6..
£.5-
3
T4
§.3_
2,
) +0
.gq
O-o T T T T T T T i
0 1 2 3 & 5 8
Voltage (V) 7
FIG 12 -6
<5
=
t.h_
‘%.Bd
Q
a:.z_
.1_
O'O T [ T : ! ! o !
10 0 1 2 3 & 5
o Voltage (V)
& FIG 13
.7..
.6..
Fal N
2
t.a_
< 3-
Q
CI.Z_
.‘l_
00 1 r . T

0 1 2 3 & 5
Voltage (V)

FIG 14




US 2003/0086040 A1

Patent Application Publication = May 8, 2003 Sheet 7 of 13

o

o

-

¥

~ g

/“—’ T

<7

/ / Cr

o | A
bl S\N O
C
\ Q
e ) >
% =
y J 3
3
e
=~
N
=) o S
CN

' 2
i J 3

1
Linear
polarizer

15

FIG



Patent Application Publication = May 8, 2003 Sheet 8 of 13 US 2003/0086040 A1

Voltage(V)
FIG 16

Voltage (V)

FIG 17




May 8,2003 Sheet 9 of 13 US 2003/0086040 A1

Patent Application Publication

gL old
3P0J43913 SYHW

9 _ \

SHIAING N S—

9
Jakey I

¢ {Uswoa)d 141

02
348445QNS

3p0J4323\3

Ce—nu
, S W)y uoijepIesay

R Y ; EATIEV Y
, iy (A . . e
£ A y ) /
B . > s Mosnrs & A 3T
. » . - ‘ - - —_— M
g . : - ] T /
p ~ . - . - N ' . . * e
. . . -
. ~ . . X - -
d h . . * - N .
. . . - ..
' . | .
. - v L . -
. t M i ‘. .
. .

L

9{eJisgns Ll Jaziie)od




Patent Application Publication = May 8, 2003 Sheet 10 of 13  US 2003/0086040 A1

?

12
Reflector

‘ Y
Twisted LC layer 6

19

FiG

17

ﬁ
\
11
Linear
polarizer




Patent Application Publication = May 8, 2003 Sheet 11 of 13 US 2003/0086040 A1

o~ &
>

B v
< O~ A

O
—
~ND
< W -
-3 -
m_
O -
po
O

(@]
ey 3
o

™~ mU'l-
< O A

"n
o




Patent Application Publication

1r—'

—

_1\“__ .

>/

11
Linear polarizer

17

=%

18

7«1/

k

May 8,2003 Sheet 12 of 13

10

7

AN

N\
[

J

1
Linear polarizer

1~

<

Zz

11
Linear polarizer

¢

Twns’red LC {ayer 6

8
10

\\
Y S/

v
Tmsfed LC layer6

R

(o]
(e ~2

\

US 2003/0086040 A1

\F.G :
N

\,

Reflector

FIG 24

<\
NN

Twisted LC layeré

N

12
Reflector

12
Reflector



Patent Application Publication = May 8, 2003 Sheet 13 of 13 US 2003/0086040 A1

+0
.9-
-84
-
.6-
;‘.5_
2
g.[‘__
z.a_
Q
.7
.‘]_‘
0‘0 T T T T T T T T T
012345678910}0
Voltage (V) ]
FIG 23 id
.8-
.7..
.6..
;‘.5_
R4
-::;.4_
2.3_
[oF]
x.p
.1_
10 0-0-
.G- 0 1 2 3 & 5
ry Voltage (V)
7 FIG 25
6 '
.4?.5—4
4
T4
é’.a_
&
27 FIG 27
Ep
0-0 — T T

Voltage (V)



US 2003/0086040 Al

LIQUID CRYSTAL DEVICE AND DISPLAY

FIELD OF THE INVENTION

[0001] The invention relates to a liquid crystal device and
to a liquid crystal display incorporating such a device. Such
a display may comprise a reflective display for use in low
power equipment or in bright environments, such as outdoor
sunshine, where a back lit display would be difficult to read.

BACKGROUND OF THE INVENTION

[0002] A known type of reflective liquid crystal display
comprises a liquid crystal layer disposed between a linear
polarizer and a reflector. The liquid crystal layer is switch-
able between a first state, in which polarized light from the
polarizer is incident on the reflector with linear polarization,
and a second state, in which light from the polarizer is
incident with circular polarization on the reflector. When
linearly polarized light is incident on the reflector, it is
reflected without effectively changing its polarization azi-
muth. The display or picture element (pixel) of the display
in this mode is reflective and appears bright. In the second
mode, the circularly polarized light is reflected by the
reflector with the opposite sense of circular polarization. In
this case, the display or the pixel appears dark. The liquid
crystal layer may provide linear polarization in the absence
of an applied electric field across the layer, in which case the
display is of the normally white type. Alternatively, the
liquid crystal layer may provide circular polarization in the
absence of an applied field, in which case the display is of
the normally black type.

[0003] Aknown display of this type has a twisted nematic
liquid crystal layer. Beynon et al, Proceeding of the Inter-
national Display Research Conference, 1997, L.-34 relates to
this type of display and derives values for the liquid crystal
parameters of retardation, twist and alignment orientation
necessary to produce circular polarization by the layer. Most
of these sets of parameters are such that the display bright-
ness approaches a maximum value asymptotically as the
electric field across the liquid crystal layer approaches
infinity. Thus, the maximum brightness white state cannot be
achieved for a finite applied field.

[0004] U.S. Pat. No. 5,490,003 and Yang, Euro Display
1996, pp 449 disclose an arrangement where the maximum
brightness can be achieved. However, this arrangement has
a somewhat chromatic dark state and the maximally bright
state occurs at a relatively high voltage.

[0005] Untwisted liquid crystal displays of this type
exhibit the same problem of being unable to achieve the
maximum brightness white state for finite applied field. U.S.
Pat. No. 4,767,190 discloses an arrangement of this type in
which an additional fixed retarder of relatively low retarda-
tion is disposed optically adjacent the untwisted liquid
crystal layer with the optic axes of the retarder and the layer
crossed. The retardation of the additional retarder is there-
fore effectively subtracted from the retardation provided by
the liquid crystal layer and this allows the maximum bright-
ness white state to be achieved for a finite applied field.
However, this technique is not applicable to twisted liquid
crystal displays because the direction of the director, and
hence the optic axis, varies azimuthally so that perfect
cancellation of retardation cannot be achieved.
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[0006] In order to achieve a high contrast ratio (the ratio
of light reflected by the display in its maximal reflection
state to light reflected by the display in its darkest state), the
dark state should be made as achromatic as possible. This
requires that the light incident on the reflector for the dark
state should be as close to perfectly circularly polarized as
possible for as much of the visible spectrum as possible. In
order to improve the achromaticity of the dark state, it is
known to provide extra retarders which are optically in
series with the twisted liquid crystal layer, generally
between the layer and the linear polarizer. For instance, it is
known to provide an achromatic quarter wave retarder
between the polarizer and the twisted liquid crystal layer as
disclosed in Wu et al, Appl. Phys. Lett., 1996, 68, pp 1455.

[0007] In the display or pixel dark state, the liquid crystal
layer should have minimal effect on the polarization of light
from the retarder so that the achromaticity of the display
should be determined by the achromatic. quarter wave
retarder. In the bright state, the liquid crystal layer converts
the circular polarization produced by the quarter wave
retarder to linear polarization. However, the liquid crystal
layer only has zero retardation at infinite voltage so that
there is some residual retardation which degrades the ach-
romaticity of the dark state and requires as large a voltage as
possible to achieve the best possible dark state. Further, most
achromatic quarter wave retarders are formed from combi-
nations of retarders and are therefore usually circular polar-
izers rather than quarter waveplates, which compounds the
problem further.

[0008] In the case of twisted liquid crystal layers, the only
exception to the problem of residual retardation is in the case
where the twist of the liquid crystal is 900. In this case, the
surface portions of the liquid crystal layer approximately
cancel each other when the voltage and hence applied field
across the layer exceeds a predetermined value (assuming
equal pretilts at both liquid crystal layer surfaces). For
instance, Wu et al, Appl. Phys. Lett., 1996, 68, pp 1455,
discloses a twisted nematic liquid crystal display of this type
including an achromatic retarder. However, such a display
cannot achieve as bright a white state as displays in which
the liquid crystal twist is different from 90° except for much
larger retardation.

[0009] The term “optic axis” as used herein refers exclu-
sively to the slow axis of a birefringent material.

SUMMARY OF THE INVENTION

[0010] According to a first aspect of the invention, there is
provided a liquid crystal device including;: a layer of twisted
liquid crystal having a first surface director orientation
oriented in a first direction at a first surface of the layer and
a second surface director orientation oriented in a second
direction at a second surface of the layer, the first direction
being different from and non-perpendicular to the second
direction; a retarder arranged to compensate for a residual
retardation of the layer with a first finite applied field across
the layer, the retarder having an optic axis which is sub-
stantially parallel or perpendicular to the bisectrix of the first
and second directions; and a reflector for reflecting light
transmitted through the layer.

[0011] The retarder may have a retardation substantially
equal to the residual retardation and the optic axis of the
retarder may be substantially perpendicular to the bisectrix.
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[0012] The term “bisectrix” as used herein is used essen-
tially in its conventional mathematical sense i.e. the direc-
tion in the smaller included angle between the first and
second directions and equiangularly spaced from each. Fur-
ther, the term “surface director orientation” as used herein is
defined as the orientation of the director at an alignment
surface projected onto the alignment surface plane of the
liquid crystal layer, so that the surface director orientation is
the orientation which the director would have in the absence
of any surface pretilt. Also, the surface director orientation
(SDO) is equivalent to (SDO=). Thus, the first and second
directions and the bisectrix are located in a common plane
which is perpendicular to the optical axis of the device.

[0013] The retarder may be a waveplate whose retardation
differs from 2/4 by the residual retardation, where A is a
working wavelength of the device. In one embodiment, the
retardation of the retarder may be substantially equal to the
sum of A/4 and the residual retardation and the optic axis of
the retarder may be substantially perpendicular to the bisec-
trix of the first and second directors. In another embodiment,
the retardation of the retarder may be substantially equal to
the difference between A/4 and the residual retardation and
the optic axis of the retarder may be substantially parallel to
the bisectrix of the first and second directions.

[0014] The direction of twist of the layer is defined to be
positive if the liquid crystal director twists clock-wise in the
direction of propagation of light through the layer and
negative if the direction of twist is anti-clockwise.

[0015] The retarder may be disposed between the layer
and at least one %/2 plate.

[0016] The layer may produce a retardation substantially
equal to A4 with a second finite applied electric field across
the layer, where the second applied field is different from the
first applied field and 2 is working wavelength of the device.
The second applied field may correspond to zero potential
difference across the layer.

[0017] The first applied field may correspond to a potential
difference across the layer of less than or equal to seven
volts.

[0018] The layer may be homogeneously aligned.
[0019] The layer may be pixellated.
[0020] The retarder and the layer may be disposed

between a linear polarizer and a reflector. The retarder may
be disposed between the layer and a quarter waveplate.

[0021] According to a second aspect of the invention,
there is provided a liquid crystal display including a device
in accordance with the first aspect of the invention.

[0022] Tt is thus possible to provide a device in which a
twisted liquid crystal is used as a retarder and the device is
capable of providing a retardation substantially equal to zero
at a chosen finite voltage. For instance, in the case of single
polarizer reflective displays using twisted liquid crystal, the
contrast ratio of the display may be increased by a factor of
between 2 and 10 compared with known displays of this
type. The device can achieve a dark state of good achroma-
ticity for any chosen voltage applied across the liquid crystal
layer. For instance, the dark state may be achieved for an
applied voltage less than 5 volts so as to allow the device to
be used in an active matrix addressing arrangement.
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[0023] Reflective displays are frequently used in low
power equipment because of the lower power consumption.
For instance, reflective displays do not require a back light
so that the power consumed by a back light is avoided. As
the retardation of the retarder increases, the voltage at which
the dark state is achieved falls. This allows the driving
voltage of a display of this type to be made as low as
possible. As a result, it is possible to reduce the power
consumption of a display of this type.

[0024] The invention will be further described, by way of
example, with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 is a diagram of a system illustrating how
two small retarders may be represented by a single retarder.

[0026] FIGS. 2a to 2¢ are graphs of the modulus of
ellipticity against retardation in nanometers for the system of
FIG. 1 with different angular parameters.

[0027] FIG. 3 is a diagram of a system illustrating how a
twisted liquid crystal layer with an applied voltage may be
approximated by two small uniform retarders.

[0028] FIG. 4 is a graph of retardation against voltage for
which the ellipticity of the system of FIG. 3 is zero.

[0029] FIG. 5 is a graph of the azimuthal angle of linear
polarization against retardation at which the ellipticity is
zero for the system of FIG. 3.

[0030] FIG. 6 is a diagram of a reflective liquid crystal
display constituting a first embodiment of the invention.

[0031] FIG. 7 is a graph of reflectivity against voltage of
a display of the type shown in FIG. 6 but omitting a retarder.

[0032] FIG. 8 is a graph of reflectivity against voltage of
the display of FIG. 6 with a first set of liquid crystal
parameters.

[0033] FIG. 9 is a graph of reflectivity against voltage for
the display of FIG. 6 with a second set of liquid crystal
parameters.

[0034] FIG. 10 is a graph of reflectivity against voltage for
the display of FIG. 6 with a third set of liquid crystal
parameters.

[0035] FIG. 11 is a diagram of a liquid crystal display
constituting a third embodiment of the invention.

[0036] FIG. 12 isa graph of reflectivity against voltage for
the display of FIG. 11 with a first set of parameters.

[0037] FIG. 13 is a graph of reflectivity against voltage for
the display of FIG. 11 with a second set of parameters.

[0038] FIG. 14 is a graph of reflectivity against voltage for
the display of FIG. 11 with a third set of parameters.

[0039] FIG. 15 is a diagram of a reflective liquid crystal
display constituting a fourth embodiment of the invention.

[0040] FIG. 16 is a graph of reflectivity against voltage for
the display of FIG. 15.

[0041] FIG. 17 is a graph of reflectivity against voltage for
the display of FIG. 11 with a fourth set of parameters.
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[0042] FIG. 18 is a diagram illustrating a pixellated liquid
crystal display constituting a fifth embodiment of the inven-
tion.

[0043] FIG. 19 is a diagram of a reflective liquid crystal
display constituting a sixth embodiment of the invention.

[0044] FIG. 20 is a graph of reflectivity against voltage for
the display of FIG. 19.

[0045] FIG. 21 is a graph of reflectivity against voltage for
a display of the type shown in FIG. 19 but omitting a fixed
retarder.

[0046] FIG. 22 is a diagram of a reflective liquid crystal
display constituting a seventh embodiment of the invention.

[0047] FIG. 23 is a graph of reflectivity against voltage for
the display of FIG. 19.

[0048] FIG. 24 is a diagram of a reflective liquid crystal
display disclosed in European Patent Application No.
97308853.7.

[0049] FIG. 25 s a graph of reflectivity against voltage for
the display of FIG. 24.

[0050] FIG. 26 is a diagram of a modification of the
display of FIG. 24 to provide an eighth embodiment of the
invention.

[0051] FIG. 27 is a graph of reflectivity against voltage for
the display of FIG. 26.

DESCRIPTION OF THE EMBODIMENTS

[0052] Like reference numerals refer to like parts through-
out the drawings.

[0053] FIG. 1 illustrates a system for use with input light
having a linear polarization as shown at 1 defining a refer-
ence direction for optic axes of the elements of the system.
The system comprises first and second retarders 2 and 3,
each having a retardation of . The optic axis of the first
retarder 2 is disposed at an angle 6 with respect to the
reference direction and the optic axis of the second retarder
3 is disposed at an angle of ¢ with respect to the optic axis
of the first retarder 2. The optic axes of the first and second
retarders 2 and 3 are therefore disposed at angles of —¢/2 and
+¢/2 with respect to the bisectrix 4 of the optic axes. The
system finally comprises a retarder § having a retardation y.
The optic axis of the retarder 5 is disposed an angle of
(6+(9/2)£90) i.e. perpendicular to the bisectrix 4.

[0054] The ellipticity of the system illustrated in FIG. 1
may be calculated from Jones matrices, for instance as
disclosed in “Optical Waves in Crystals”, Yariv et al, pub-
lished by John Wiley, 1984, where a value of zero represents
linear polarization, a value of +1 represents circular polar-
ization and intermediate values represent degrees of ellip-
ticity of light passing through the system of FIG. 1 from the
retarder 5 through the retarder 3. The retardation v of the
retarder 5 is equal to 2.8. cos ¢.

[0055] FIG. 2aq illustrates ellipticity against retardation at
a wave length of 550 nanometers, where 0=75° and ¢=45°.
These parameters are such that the ellipticity deviates most
rapidly from the zero with variation of 3. The unbroken
curve FIG. 2¢ illustrates this function for the system of FIG.
1 omitting the retarder 5 whereas the broken line illustrates
this function for the system shown in FIG. 1. Thus, the
ellipticity deviates from zero as the retardation  of each of
the retarders 2 and 3 increases. However, this deviation is
relatively small for low values of . In fact, the ellipticity
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remains less than 0.05 for retardations [ less than 50
nanometers for all combinations of retarder orientation.

[0056] FIG. 2b shows curves similar to those shown in
FIG. 24 but for a system of the type shown in FIG. 1 in
which 0=15° and ¢=60°. Similarly, FIG. 2¢ illustrates
ellipticity for the system of FIG. 1 with 8=30° and ¢=30°.

[0057] If the first and second retarders 2 and 3 were
replaced by a single retarder whose optic axis were aligned
in the direction of the bisectrix 4, an ellipticity of zero would
be produced for all values of the retardation. Thus, FIGS. 2a
to 2¢ illustrate that the first and second retarders 2 and 3 are,
to a good approximation, equivalent to a single retarder
whose optic axis is aligned in the direction of bisectrix 4 for
relatively small retardations f.

[0058] FIG. 3 illustrates a system in which the individual
first and second retarders 2 and 3 are replaced by a twisted
liquid crystal layer 6. The liquid crystal layer 6 comprises a
nematic liquid crystal, for example of the type known as
Z11-4792 available from Merck. The layer 6 has a twist
angle $=30° and an input director oriented at 8=30° to the
input polarization (equivalent to the case of 2¢). Accord-
ingly, the optic axis of the retarder 5 is oriented at —45°. The
surface director orientations 9 and 10 are shown in the
surfaces 7 and 8 of the liquid crystal layer 6 together with the
bisectrix 4. The retarder 5 has a retardation y. The liquid
crystal layer 6 has a thickness such that the retardation is 250
nanometers.

[0059] Inanon-doped twisted liquid crystal, as the voltage
is increased above the threshold voltage and the director
mid-plane tilt increases, the two regions either side of the
mid-plane can be considered to “optically decouple”, mak-
ing them appear to be (at normal incidence) two separate
uniform retarders.

[0060] The minimum in ellipticity of the system of FIG.
3 may be calculated as a function of the retardation y of the
retarder 5. The voltage across the liquid crystal layer 6 at
which the ellipticity minimum occurs may be noted. When
the retardation of the retarder 5 cancels the finite voltage
residual retardation of the liquid crystal layer 6, the ellip-
ticity is equal to zero. Any deviation from zero would mean
that the retarder 3 is not completely cancelling the residual
retardation of the liquid crystal layer 6.

[0061] The retardation vy for a single wavelength is shown
in FIG. 4 as a function of the voltage for which the ellipticity
is zero. FIG. 5 illustrates the azimuthal angle of linear
polarization from the liquid crystal layer 6 as a function of
the retardation y. The voltage at which the ellipticity is zero
decreases as the retardation y of the retarder 5 increases.
However, as the retardation 7 increases, two things happen.
At some v value, the ellipticity value deviates from zero
indicating that the retarder 5 is no longer compensating the
residual retardation of the liquid crystal layer 6. Secondly,
the deviation of the azimuthal angle of the polarization state
from its original direction increases. If the retarder 5 and
liquid crystal layer 6 were used in transmission, these two
facts would mean that the device performance would
become worse as y increased, especially because of the
change in polarization azimuth. However, in reflection these
two phenomena are not so important, for two reasons.
Firstly, in reflection the system has an inherent optical
symmetry due to the forward and reverse pass of the light
through the components, which means that the deviation of
the ellipticity from zero may not have such a marked effect
if the optical components have been chosen correctly. Sec-
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ondly, in reflection the polarization azimuth at the reflector
has no bearing on the optical performance of the display;
linear polarized light will be reflected as linear polarized
light with the same polarization azimuth regardless of the
value of the azimuthal angle. Therefore there is a significant
advantage of reflection devices over transmission as it is
possible to compensate for the residual retardation of a
twisted liquid crystal layer over a larger range of retardation
values.

[0062] FIG. 6 illustrates a liquid crystal display of the
reflective type including the retarder 5 and the liquid crystal
layer 6 disposed between a linear polarizer 11 and a reflector
12. The linear polarizer 11 has a transmission direction 1
defining the reference direction as described hereinbefore.
The surface director orientation 9 of the surface layer 7 of
the liquid crystal layer 6 is oriented at an angle 6 to the
direction 1 and the layer 6 has a twist ¢ towards the surface
layer 8 so that the alignment direction of the surface layer 8
is (d+$zm ), where m=0,1. For instance, as illustrated in
FIG. 6, 0=0 and ¢=63.60. The liquid crystal layer 6 is
homogeneously aligned with substantially equal surface
pie-tilt.

[0063] To produce a twisted liquid crystal layer 6 with a
non-splayed director profile at zero applied field and with a
positive direction of twist, the surface director orientation 9
is provided by an alignment direction of 0°. This alignment
direction may be provided by buffing a polyimide alignment
film along the 0° direction. However, other alignment tech-
niques, such as evaporated silicon oxide and photo-aligned
polymers, may be used. The surface director orientation 10
is provided by an alignment direction of -116.4° and a pretilt
similar to that at the surface layer 7. Alternatively, for a
non-splayed director profile at zero applied field, the align-
ment directions may be 180° and 63.6°.

[0064] For a splayed director profile at zero applied field,
the alignment directions corresponding to the surface direc-
tor orientations 9 and 10 may be 0° and 63.6° respectively,
or 180° and -116.4° respectively.

[0065] The layer 6 comprises the nematic liquid crystal
known as ZLI-4792 as described above and having a thick-
ness such that the retardation in the absence of an applied
electric field is 250 nanometers. However, other liquid
crystals may be used provided they have positive dielectric
anisotropy and are of the out-of-plane switching nematic
type.

[0066] The retarder 5 may be of the NRZ type available
from Nitto.

[0067] As described hereinbefore, the retarder 5 has an
optic axis which is perpendicular to the bisectrix of the
surface director orientations 9 and 10. Thus, the orientation
of the optic axis a is given by (0+(¢/2)+90) and, as shown
in FIG. 6, has a value of -58.2°.

[0068] FIG. 7 illustrates the reflected luminance (light
source D65) as a function of the voltage applied across the
liquid crystal layer 6 for a normally black display of the type
shown in FIG. 6 but omitting the retarder 5. The curve of
FIG. 7 illustrates that the reflectivity approaches asymptoti-
cally the maximum value of 1 as the voltage across the liquid
crystal layer 6 increases. Thus, the maximum reflectivity
cannot be achieved for a finite voltage. FIG. 8 shows a curve
similar to FIG. 7 for the display of FIG. 6 including the
retarder 5. The effect of the retarder 5, which has a retar-
dation of 20 nanometers, is to compensate for residual
retardation in the layer 6 at a finite voltage so that the
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maximum reflectivity occurs at a voltage of 5.1 volts. The
actual voltage at which the maximum reflectivity occurs
may be varied by varying the retardation of the retarder §.
For instance, the voltage may be lowered by increasing the
retardation of the retarder §.

[0069] Compared with the performance illustrated in FIG.
7, the dark state of the display is adversely affected by the
presence of the retarder 5. This is because the presence of the
retarder 3 results in elliptical rather than circular polarization
at the reflector 12 when the display is in the dark state.
However, the dark state performance can be improved by
changing the parameters of the liquid crystal layer 6 so that
the layer 6 converts the elliptical state to a circular state,
rather than a linear state to the circular state, while main-
taining good brightness of the reflective state.

[0070] FIG. 9 is a graph similar to FIG. 8 for the display
of FIG. 6 but with modified liquid crystal parameters. In this
case, the twist ¢ is 57.50 and the zero voltage retardation of
the layer 6 is 212.4 nanometers. The retarder 5 has a
retardation of 20 nanometers and its optic axis is oriented at
-61.25°. The maximum reflectivity occurs at a voltage of 6.0
volts but a reflectivity greater than 0.99 occurs for a voltage
of 4.7 volts across the liquid crystal layer 6. However, the
dark state performance is improved and has a reflectivity
value similar to that illustrated in FIG. 7. Thus, the contrast
ratio of the display is improved compared to that illustrated
in FIG. 7.

[0071] FIG. 10 illustrates the performance for the display
of FIG, 6 with ¢=63.6°, 0=8°, a=-06.2° and the zero
voltage retardation of the liquid crystal layer 6 is 242.1
nanometers. The contrast ratio performance is similar to that
illustrated in FIG. 9 but, in this case, the maximum reflec-
tivity occurs at a voltage of 6.3 volts.

[0072] The parameters whose performances are illustrated
in FIGS. 9 and 10 provide a similar dark state performance
to a display of the type shown in FIG. 6 but with the retarder
5 omitted. However, the maximum brightness state occurs at
a voltage across the liquid crystal layer 6 which is attainable
by, for instance, active matrix drivers 26 as shown in FIG.
18. By suitable tuning of the parameters of the display, the
performance can be optimized for the specific application.
For instance, the maximum display brightness for finite or
convenient driving voltages can be improved and/or the
darkness of the dark state can be improved. Similarly, for
displays comprising red, green and blue pixel, the on-state
voltage can be optimized for each color and remains con-
venient.

[0073] The sets of the parameters described hereinbefore
are given as examples of an infinite number of sets.

[0074] The display shown in FIG. 11 differs from that
shown in FIG. 6 in that the retarder 5 is replaced by an
achromatic combination retarder comprising a half wave-
plate 15 and a retarder 16 whose retardation is equal to x.A/4,
where x is a parameter whose value may be selected. The
surface director orientations 9 and 10 are oriented as
described hereinbefore whereas the optic axes of the half
waveplate 15 and the retarder 16 are oriented at p and 4 to
the reference direction 1. For instance, the half waveplate 15
may have a retardation close to 270 nanometers and p=15°
whereas the retarder 16 may have a retardation close to 135
nanometers and 1=75°. The liquid crystal layer 6 may
comprise ZILI-4792 as described hereinbefore with a zero
voltage retardation of 240 nanometers, 6=40° and ¢=70°.
The surface director orientation 9 may be produced with an
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alignment direction of 40° and the surface director orienta-
tion 10 of -70° to give a 70° twist with no splay in the zero
applied field state. However, a liquid crystal layer with
parameters close to any of the solutions given in Beynon et
al may be used. An optimum bright state is provided when
0=40°, but © may have any value with only a relatively small
effect on the chromaticity of the bright state. The half
waveplate 15 and the retarder 16 may be retarders of the
NRZ type available from Nitto.

[0075] The half waveplate 15 and the retarder 16 comprise
a conventional achromatic retarder when x is equal to 1. The
reflectivity performance for a display using such a retarder
is illustrated in FIG. 12. The reflectivity approaches zero
asymptotically as the voltage across the liquid crystal layer
6 increases so that minimum reflectivity cannot be achieved
for a finite drive voltage.

[0076] FIG. 13 illustrates the reflectivity for the display of
FIG. 11 with the retardation of the retarder 16 reduced
below a quarter wave length i.e. below 135 nanometers by
20.6 nanometers, i.e. x=0.847. The reflectivity of the dark
state now reaches a minimum at a voltage of 4.75 volts.
Although the maximum reflectivity of the bright state is
reduced compared with the performance illustrated in FIG.
12, the contrast ratio of the display for drive voltages less
than 5 volts has increased from about 20:1 to about 95:1.

[0077] FIG. 14 illustrates the performance improvement
which may be obtained by altering the liquid crystal param-
eters of the layer 6. In this case, the retardation of the
retarder 16 is reduced by 27.5 nanometers below a quarter
wave length (135 nanometers), (x=0.796), ¢=65° and
8=42.5° and the retardation of the layer 6 is 257 nanometers.
The dark state performance is similar to that illustrated in
FIG. 13 whereas the bright state performance has been
substantially improved and approaches that illustrated in
FIG. 12. The contrast ratio is greater than 100:1 and the
maximum dark state reflectivity occurs for 4.78 volts across
the liquid crystal layer 6. Also, the chromaticity of the bright
state is improved compared with the performances illus-
trated in FIG. 13.

[0078] An identical optical performance to FIGS. 12-14
can be achieved by using a negative LC twist if the signs of
all the other angles in the device are opposite. In the display
shown in FIG. 11, the direction of twist of the liquid crystal
layer 6 is positive i.e. clockwise from the surface 7 to the
surface 8. Although a negative i.e. anti-clockwise direction
of twist may be used, the positive direction of twist provides
a more achromatic bright state.

[0079] Although the liquid crystal layer 6 may have either
direction of twist, a more achromatic bright state is provided
when the direction of twist is the same as the direction of
angular offset from the reference direction 1 of the optic axis
of the retarder. Thus, in the embodiment illustrated in FIG.
11 where 1<90°, the offset of the optic axis of the retarder
16 from the reference direction 1 is clockwise and the layer
6 has a clockwise twist from the surface 7 to the surface 8.

[0080] FIG. 15illustrates a display which differs from that
shown in FIG. 11 in that the optic axes of the half waveplate
15 and the retarder 16 are rotated by 90° so that the optic axis
of the retarder 16 is perpendicular to the bisectrix of the
surface director orientations 9 and 10. The surface director
orientations 9 and 10 may be provided by alignment direc-
tions of 130° and 240°, respectively. The retardation of the
retarder 16 is increased above a quarter wave length by 17
nanometers, i.c. x=1.126. The reflectivity of this arrange-
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ment is shown in FIG. 16, in which the maximum dark state
reflectivity occurs at 5.5 volts and the contrast ratio is greater
than 100.

[0081] In the embodiment shown in FIG. 15, ¢>90° so
that the optic axis of the retarder 16 is offset from the
reference direction 1 by (180°-y) in the anti-clockwise
direction. To provide a more achromatic bright state, the
layer 6 has an anti-clockwise twist from the surface 7 to the
surface 8.

[0082] FIG. 17 illustrates the reflectivity of the display of
FIG. 11 with the retardation of the retarder 16 reduced
below a quarter wavelength (135 nanometers) by 75 nanom-
eters in order to maximize the reduction in ON state voltage
compared to FIG. 12. The reflectivity of the dark state
reaches a minimum at 3.45 volts. The parameters of the
liquid crystal are altered to recover the maximum possible
bright state value such that 6=45°, ¢=60° and the retardation
of the layer 6 is 316 nanometers.

[0083] Other liquid crystals may be used having lower
threshold voltages than Z1.I-4792 and being better optimized
for low voltage driving with thin film transistors. An
example of such a material is MLC-6476 available from
Merck. The bright and dark state voltages may thus be
reduced, resulting in lower power consumption. For
example, the dark state voltage of FIG. 16 becomes 4.0 volts
with MLC-6476.

[0084] FIG. 18 illustrates diagrammatically the construc-
tion of a color display panel of the active matrix type. The
display panel comprises substrates 20 and 21, for instance
made of glass. The substrate 20 carries pixel electrodes in
the form of a micro-reflective structure (MRS), which acts
as the reflector 12. Each of the pixel electrodes is connected
to 4 thin film transistor (TFT) element 24 which is connected
to row and column addressing electrodes (not shown). The
row and column electrodes may correspond to gate and
source electrodes for the thin film transistors.

[0085] The substrate 21 carries a plain electrode 22. The
retarder 5 comprises a retardation film which is disposed
between the polarizer 11 and the substrate 21. A micro color
filter 23 is disposed between the liquid crystal layer 6 and the
substrate 21 and comprises red (R), green (G) and blue (B)
filters. The layout of the optical elements of the display panel
shown in FIG. 18 corresponds to the display shown in FIG.
6.

[0086] FIG. 19 illustrates a display of the same basic type
as that shown in FIG. 6 but modified by the inclusion of a
quarter waveplate 17 to change the mode of operation from
normally black to normally white. The quarter waveplate 17
has an optic axis 18 orientated at an angle d of 45° to the
reference direction 1. The quarter waveplate 17 has a
retardation of about 137.5 nanometers. Note that, the quarter
waveplate 17 may be disposed between the liquid crystal
layer 6 and the reflector 12.

[0087] In this embodiment, the retarder 5 has an optic axis
aligned at an angle o of 58.75° to the reference direction 1
and a retardation of 20 nanometers. The surface director
orientation 9 at the surface 7 of the twisted liquid crystal
layer 6 is aligned at an angle 6 of 120° to the reference
direction 1 and the twist ¢ of the layer 6 is 57.5°. The surface
director orientations 9 and 10 may be provided by alignment
directions of 120° and -2.5°, respectively. In the absence of
an applied field, the retardation of the layer 6 is 212.4
nanometers.
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[0088] The following text and drawings refer to cases
where the layer 6 is a liquid crystal of the type MLC-6476
available from Merck.

[0089] As shown in FIG. 20, the reflectivity of the display
of FIG. 19 substantially achieves the maximum value at and
close to zero volts. The minimum reflectivity occurs at 7.5
volts but is not a sharp minimum and a good dark state is
achieved for voltages above approximately 5 volts. The
minimum reflectivity is not particularly low but is deter-
mined by the quarter waveplate 17, which is not particularly
achromatic.

[0090] As described hereinbefore, the dark state voltage
may be reduced further by increasing the retardation of the
retarder 5 and altering the parameters of the layer 6 as
necessary to optimize the bright state. Further, the minimum
reflectivity may be reduced by using an achromatic true
quarter wave retarder in place of the element 17.

[0091] For comparison, FIG. 21 illustrates the reflectivity
of a display of the type shown in FIG. 19 but with the
retarder 5 omitted. The dark state performance of such a
display is substantially degraded compared with the perfor-
mance of the display of FIG. 19 as illustrated in FIG. 20.

[0092] FIG. 22 illustrates a normally white display in
which, instead of using the fixed retarder 5 of FIG. 19 to
compensate for residual retardation in the layer 6, the
retardation of the quarter waveplate (5 in FIG. 22) is altered.
The optic axis of the quarter waveplate 5 is again oriented
at an angle a of 45° to the reference direction but the
retardation is changed to 175 nanometers (i.e. about 3/4+40
nanometers). The surface director orientation 9 of the sur-
face 7 of the layer 6 is oriented at 107.5°, the layer 6 has a
twist ¢ of 550 and the retardation in the absence of an
applied field of the layer 6 is 237 nanometers. The surface
director orientations 9 and 10 may be provided by alignment
directions of 107.5° and -17.5°, respectively.

[0093] The reflectivity of the display of FIG. 22 is illus-
trated in FIG. 23. The reflectivity minimum occurs at a
voltage of 4.46 volts (lower than FIG. 20 because of the
compensation of a larger residual retardation). A similar
result may be obtained by decreasing the retardation of the
retarder 5 to about 95 nm (ie., about A/4-40 nm) and
orientating the twisted LC layer 6 so that the bisectrix of the
twist angle is substantially parallel to the optic axis of the
retarder 5. The LC retardation and twist angle may need to
be slightly altered to recover the bright state, as previously
described.

[0094] The techniques disclosed herein may be applied to
the devices incorporating a twisted liquid crystal layer as a
switching element disclosed in European Patent Application
No. 97308853.7, the contents of which are hereby incorpo-
rated by reference in the present application. For instance,
FIG. 24 illustrates a device of the type shown in FIG. 14 of
European Patent Application No. 97308853.7. The retarder
17 has an optic axis 18 aligned at an angle d of 15° to the
reference direction 1 and a retardation of 222.7 nanometers.
The surface director orientation 9 is oriented at an angle 0
of 32.5°, the layer 6 has a twist ¢ of 63.6° and a retardation
of 152.5 nanometers. The surface director orientations 9 and
10 may be provided by alignment directions of 32.50 and
-83.9°, respectively.

[0095] FIG. 25 illustrates the reflectivity performance of
the display of FIG. 24. The maximum reflectivity occurs
above 5 volts and is substantially less than the maximum
possible value.
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[0096] FIG. 26 shows the device of FIG. 24 modified by
the inclusion of the retarder 5 so as to provide an embodi-
ment of the present invention. The retarder 5 has its optic
axis aligned at an angle o to the reference direction 1 of
-33.2° and a retardation of 50 nanometers. The parameters
of the twisted liquid crystal layer 6 are modified such that the
surface director orientation 9 is oriented at an angle 6 of
29.5°, the twist 1 of the layer 6 is 54.6° and the retardation
of the layer 6 is 208.5 nanometers. The surface director
orientations 9 and 10 may be provided by alignment direc-
tions of 29.5° and -95.9° respectively.

[0097] FIG. 27 illustrates the reflectivity performance of
the display of FIG. 26. Comparing the performances shown
in FIGS. 27 and 25, the display of FIG. 26 illustrates a
much higher reflectivity maximum which is achievable at
about 5 volts. The bright state performance and the contrast
ratio of the display shown in FIG. 26 are therefore substan-
tially improved compared with the display of FIG. 24.

[0098] The invention being thus described, it will be
obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the
spirit and scope of the invention, and all such various
modifications as would be obvious to one skilled in the art
are intended to be included and may be made within the
scope of the following claims. For instance, any of the
retarders described hereinbefore may be biaxial so as to
improve viewing angle. It is intended that the reflective
devices described in this invention may be used either as
direct view reflection displays, or in reflective projection
display systems. In direct view displays, a single linear
polarizer is conventionally used as the means of polarization
at the front of the device. In projection, the display system
may use either a single polarizer or a polarizing beam splitter
depending on the design of the optical system.

What is claimed is:
1. A liquid crystal device comprising:

a layer of twisted liquid crystal having a first surface
director orientation oriented in a first direction at a first
surface of the layer and a second surface director
orientation oriented in a second direction at a second
surface of the layer, the first direction being different
from and non-perpendicular to the second direction;

a retarder arranged to compensate for a residual retarda-
tion of the layer with a first finite applied field across
the layer, the retarder having an optic axis which is
substantially parallel or perpendicular to the bisectrix
of the first and second directions; and

a reflector for reflecting light transmitted through the

layer.

2. The device as claimed in claim 1, in which the retarder
has a retardation substantially equal to the residual retarda-
tion and the optic axis of the retarder is substantially
perpendicular to the bisectrix.

3. The device as claimed in claim 1, in which the retarder
is a waveplate whose retardation differs from %/4 by the
residual retardation, where ) is a working wavelength of the
device.

4. The device as claimed in claim 3, in which the retarder
is disposed between the layer and at least one 3/2 plate.

5. The device as claimed in claim 3, in which the
retardation of the retarder is substantially equal to the sum
of 2/4 and the residual retardation and the optic axis of the
retarder is substantially perpendicular to the bisectrix of the
first and second directions.



US 2003/0086040 Al

6. The device as claimed in claim 5, in which the retarder
is disposed between the layer and at least one 3/2 plate.

7. The device as claimed in claim 3, m which the
retardation of the retarder is substantially equal to the
difference between »/4 and the residual retardation and the
optic axis of the retarder is substantially parallel to the
bisectrix of the first and second directions.

8. The device as claimed in ¢laim 7, in which the retarder
is disposed between the layer and at least one 3/2 plate.

9. The device as claimed in claim 1, in which the first
finite applied field corresponds to a potential difference
across the layer of less than or equal to seven volts.

10. The device as claimed in claim 1, in which the layer
produces a retardation substantially equal to h/4 with a
second finite applied electric field across the layer, where the
second finite applied field is different from the first finite
applied field and corresponds to substantially zero potential
difference across the layer, and » is a working wavelength of
the device.

11. The device as claimed in claim 3, in which the layer
produces a retardation substantially equal to /4 with a
second finite applied electric field across the layer, where the
second finite applied field is different from the first finite
applied field and corresponds to substantially zero potential
difference across the layer, and X is a working wavelength
of the device.

12. The device as claimed in claim 1, in which the layer
is homogeneously aligned.

13. The device as claimed in claim 1, in which the layer
is pixellated.

14. The device as claimed in claim 1, in which the retarder
and the layer are disposed between a linear polarizer and the
reflector.

15. The device as claimed in claim 1, in which the retarder
is disposed between the layer and a quarter waveplate.

16. The device as claimed in claim 2, in which the retarder
is disposed between the layer and a quarter waveplate.

17. The device as claimed in claim 10, in which the
retarder is disposed between the layer and a quarter wave-
plate.

18. A liquid crystal display comprising:

a liquid crystal device including a layer of twisted liquid
crystal having a first surface director orientation ori-
ented in a first direction at a first surface of the layer and
a second surface director orientation oriented in a
second direction at a second surface of the layer, the
first direction being different from and non-perpendicu-
lar to the second direction, a retarder arranged to
compensate for a residual retardation of the layer with
a first finite applied field across the layer, the retarder
having an optic axis which is substantially parallel or
perpendicular to the bisectrix of the first and second
directions, and a reflector for reflecting light transmit-
ted through the layer;

polarizing means for polarizing light incident on the
display; and
controlling means for controlling the voltage applied to

the layer of twisted liquid crystal.
19. The liquid crystal display as claimed in claim 18,

wherein the retarder has a retardation substantially equal
to the residual retardation and the optic axis of the
retarder is substantially perpendicular to the bisectrix.
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20. The liquid crystal display as claimed in claim 18,

wherein the retarder is a waveplate whose retardation
differs from A/4 by the residual retardation, where . is
a working wavelength of the device.

21. The liquid crystal display as claimed in claim 20,

wherein the retarder is disposed between the layer and at
least one L/2 plate.
22. The liquid crystal display as claimed in claim 20,

wherein the retardation of the retarder is substantially
equal to the sum of A/4 and the residual retardation and
the optic axis of the retarder is substantially perpen-
dicular to the bisectrix of the first and second direc-
tions.

23. The liquid crystal display as claimed in claim 22,

wherein the retarder is disposed between the layer and at
least one L/2 plate.
24. The liquid crystal display as claimed in claim 20,

wherein the retardation of the retarder is substantially
equal to the difference between A/4 and the residual
retardation and the optic axis of the retarder is substan-
tially parallel to the bisectrix of the first and second
directions.

25. The liquid crystal display as claimed in claim 24,

wherein the retarder is disposed between the layer and at
least one L/2 plate.
26. The liquid crystal display as claimed in claim 18,

wherein the first finite applied field corresponds to a
potential difference across the layer of less than or
equal to seven volts.

27. The liquid crystal display as claimed in claim 18,

wherein the layer produces a retardation substantially
equal to 2/4 with a second finite applied electric field
across the layer, where the second finite applied field is
different from the first finite applied field and corre-
sponds to substantially zero potential difference across
the layer, and % is a working wavelength of the device.

28. The liquid crystal display as claimed in claim 20,

wherein the layer produces a retardation substantially
equal to /4 with a second finite applied electric field
across the layer, where the second finite applied field is
different from the first finite applied field and corre-
sponds to substantially zero potential difference across
the layer, and 7. is a working wavelength of the device.

29. The liquid crystal display as claimed in claim 18,

wherein the layer is homogeneously aligned.
30. The liquid crystal display as claimed in claim 18,

wherein the layer is pixellated.
31. The liquid crystal display as claimed in claim 18,

wherein the retarder is disposed between the layer and a
quarter waveplate.
32. The liquid crystal display as claimed in claim 19,

wherein the retarder is disposed between the layer and a
quarter waveplate.
33. The liquid crystal display as claimed in claim 27,

wherein the retarder is disposed between the layer and a
quarter waveplate.
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