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(57) ABSTRACT 
In a liquid crystal device a substrate (1) favors at least two 
stable or metastable differently directed liquid crystal align 
ments, and Switching means for causing the liquid crystal 
material to Switch between the alignments includes means 
arranged for optically irradiating said device. The latter may 
provide linearly polarized light (3) for inducing a torque on 
the liquid crystal to determine the alignment direction, and 
may optionally cooperate with a second energy Supplying 
means such as an electric field (V) for assisting and Switching. 
Alternatively, the alignment of the liquid crystal may be 
Switched by a second energy Supplying means Such as an 
electric field, the light serving to produce heat to aid the 
Switching. Either or both energy sources may be applied 
locally for Switching of selected areas or pixels. Energy levels 
at the bistable substrate may be adjusted by the use of an 
oligomeric additive (slippery Surface). As shown, the align 
ment at the Surface of an opposed substrate (2) optionally 
follows the alignment at substrate (1). 

63 Claims, 4 Drawing Sheets 
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1. 

BISTABLE LIQUID CRYSTAL DEVICES 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions 
made by reissue. 

The present application is a U.S. National Phase (371 
application) of PCT/GB01/03112, filed 11 Jul. 2001. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to liquid crystal devices, and 

has particular but not exclusive relevance to spatial light 
modulators. 

2. Discussion of Prior Art 
It is known to incorporate anisotropic dichroic materials, or 

dyes, in a liquid crystal host material, and/or to provide liquid 
crystal material in which at least one liquid crystal component 
has a significant dichroism. In one type of device, known as a 
'guest-host’ device, guest dye molecules align co-opera 
tively with the molecules of a host liquid crystal material. 
Alteration of the liquid crystal alignment, for example by 
application of an electric field, causes the dye molecules to 
re-orientate, thereby altering the optical properties of the 
device, and in particular the absorption or colour. 

However, it is also possible to manipulate the molecules, 
for example by exposing the dye molecules to linearly 
polarised light within the absorption band of the dye, so as to 
affect the liquid crystal alignment. The polarised light tends to 
produce an effective re-orientation of the dye molecules, and 
this in turn produces a Small torque on the liquid crystal host 
material, pushing its director away from the polarisation 
direction of the incident light. Where the liquid crystal mol 
ecules absorb the polarised light directly, a similar effect can 
occur, but without the intermediation of the dye. 

It is also known that the alignment of a liquid crystal phase 
adjacent the Surface of a Substrate is dependent interalia on 
the properties of the substrate surface. Although a substrate 
Surface is often treated, for example by rubbing a polymer 
film or by vapour deposition, so as to induce a single ener 
getically preferred type of alignment at the Surface, it is 
known that it is possible to treat a substrate surface so that 
there is more than one energetically favourable alignment 
thereat. The favoured alignments will be separated by inter 
vening alignments which are less favoured energetically, i.e. 
there is an energy barrier between the favoured alignments. 
The favoured alignments may or may not be energetically 
equal, or equally favourable relative to the intervening align 
ments, and there is a degree of control of the height of the 
energy barrier as will be exemplified later. In certain cases, 
particularly where a first alignment is more energetically 
stable than a second alignment, the energy barrier may be 
sufficiently low relative to the second alignment that relax 
ation to the first alignment may occur in response to ambient 
or Supplied thermal energy, for example, so that the second 
alignment is considered to be metastable. 

In most cases at least, the Surface will receive treatments 
corresponding to each stable alignment. The treatments may 
use the same type of treatment for each alignment, for 
example two differently aligned gratings or oblique vapour 
deposition from two different angles, or different types of 
treatment may be used for different ones of the alignments, 
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2 
for example a Surface profile Such as a grating for a planar 
alignment and a coating of material to induce homeotropic 

Thus, one way of providing at least two favoured align 
ments on a Substrate Surface is to provide a Suitable surface 
relief pattern, such as one defined by two sets of parallel lines 
(gratings) extending in different directions over a common 
area. Depending on depth, the resulting pattern may vary 
front an array of isolated pillars on a flat surface to a Smoothly 
varying "eggbox” pattern. A typical spacing for each set of 
parallel lines is around one micron, and for two favoured 
alignments the two sets of parallel lines could intersect at 90° 
or a lower angle. The two azimuthal directions of the pre 
ferred liquid crystal phase alignments thereat would be 
expected to differ by a corresponding angle. This type of 
arrangement is known as “azimuthally bistable' and further 
details thereof will be found in our UK Patent No. 0744041. 

In an alternative arrangement, the Substrate comprises a 
Surface relief pattern Such as a one dimensional sinusoidal 
grating, which is designed to give stability to a planar align 
ment with a predetermined direction. Typically the surface 
corrugations of the grating are 1 micron or less in height and 
are formed using photolithography or embossing. Provided 
over the grating is a layer for inducing homeotropic alignment 
of the adjacent liquid crystal material. 
The homeotropic alignment layer and the surface relief 

pattern compete indefining the bulk alignment of the adjacent 
liquid crystal. The alignment tends to be homeotropic or 
planar depending on whether the depth of the grating is 
respectively far less or far greater than its pitch, but by tailor 
ing the depth to pitch ratio to lie between these two extremes 
a bistable region is entered where either alignment has a 
degree of stability (corresponding to respective energy 
minima as the alignment direction is altered, as indicated 
schematically in FIG. 1 as a plot of energy against liquid 
crystal tilt angle (shown by way of example only with homeo 
tropic alignment energy minima lying either side of a planar 
alignment energy minimum). The two alignment directions 
may have the same azimuthal direction (i.e. lie in the same 
azimuthal plane), or they may not. Generally, the energy 
minima for the two types of alignment may or may not be 
equal, and in the latter case, either alignment may have the 
lower energy minimum corresponding to the more preferred 
alignment—this will, in part, be determined by the depth to 
pitch ratio of the surface relief pattern. 

While the exact profile of the surface relief pattern appears 
to be relatively unimportant in achieving bistability in tilt 
angle, it may contribute to the energy barrier between the two 
preferred alignments and/or to the associated energy mini 
mum for the planar alignment. It should be noted that FIG. 1 
is an example of the more general case where two stable 
orientations, not necessarily planar and homeotropic, have 
different values of “tilt” or “Zenithal angle', and that the 
invention is not limited to the situation shown in FIG. 1, but 
extends to this more general case. 

In this arrangement, the “planar alignment may some 
times involve a relatively high tilt angle, and is sometime 
referred to as the defect state, because it is also characterised 
by a pair of line defects in the liquid crystal or nematic 
director. Arrangements having stable planar and homeotropic 
states in which the liquid crystal director lies in the same 
azimuthal plane are known as "Zenithally bistable arrange 
ments', and further details thereof will be found for example 
in our UK Patent No. 23 18422, and our published patent 
application PCT/GB98/03787 (WO993.4251). 

It should be understood that other bistable surfaces will 
possess at least two preferred alignment directions which 
differ in both Zenithal and azimuthal angle. For example, 
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silicon oxide could be deposited obliquely from two different 
directions which also differ in both Zenithal and azimuthal 
angle. 

Although surface profiles in the form of gratings, formed 
for example by photolithographic techniques, have been spe 
cifically mentioned above, any other method of providing a 
Surface profile could be used. Such as by oblique evaporation. 

Furthermore, it should be noted that although the two 
bistable arrangements specifically described above both 
involve a surface profile, the latter is not a necessary require 
ment for providing a plurality of stable alignments at a Sub 
strate. Any arrangement where more than one alignment is 
energetically favourable, whether imposed by use the same 
technique adapted for each preferred direction as in the 
example of crossed gratings above, or by the use of different 
techniques for each preferred direction as in the case of the 
grating and homeotropic Surface treatment exemplified 
above, may be used. 

In addition, it is not an absolute requirement that each part 
of the Substrate Surface is adapted to favour both alignments. 
For example, each two commingled sets of Suitably dimen 
Sioned and/or shaped areas of a Substrate may be treated to 
produce the different alignments, whereupon it may be 
arranged that either of the alignments, once adopted and 
favoured by one set of areas, will prevail over the alignment 
favoured by the other set of areas. Thus two interleaved sets of 
stripes may be treated differently to produce a favoured planar 
alignment for one set and either a favoured differently 
directed second planar alignment or a homeotropic alignment 
for the other set, using any of the techniques mentioned 
above, such as Surface treatment, coating, and/or profiling. 
By careful choice of the liquid crystal material, including 

the provision of appropriate additive(s) to the liquid crystal 
material, and as indicated above by Suitably selecting and/or 
treating the Substrate surface in known ways, it is possible to 
control the energy barrier(s) between the two preferred align 
ment states. Also, in an assembled device comprising a layer 
of liquid crystal material between the one bistable (or polys 
table) substrate and a further substrate, the alignment 
imposed at the surface of the other substrate may modify the 
energies of the stable states at the one substrate. 

SUMMARY OF THE INVENTION 

A relatively recent development in modifying the interac 
tion between a liquid crystal phase and a surface goes under 
the name of “slippery surfaces, as described for example in 
International Patent Application PCT/GB98/03011 (WO 
99.18474) (Hewlett-Packard). An additive in the liquid crystal 
material, commonly an oligomer, provides large molecules 
which tend to concentrate near the substrate surface. The 
resulting reverse directed concentration gradient of the liquid 
crystal phase away from the substrate(s) is believed to reduce 
the interaction between the Substrate and/or any alignment 
layer thereon and the liquid crystal material, and accordingly 
reduces the energy required to alter the alignment of the 
adjacent liquid crystal material from that induced by the 
Substrate and/or any alignment layer thereon. In fact, at cer 
tain concentrations, such an additive will permit a planar 
aligned Surface to have complete degeneracy with regard to 
its alignment direction. The presence of Such additives can 
facilitate performance of the present invention by reducing 
the energy barrier between two or more different favoured 
alignments induced by a substrate Surface, e.g. as described 
above. 
The invention provides a liquid crystal device comprising 

liquid crystal material in contact with the Surface of a Sub 
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4 
strate, said Surface favouring at least first and second stable or 
metastable liquid crystal alignments thereat with respective 
first and second different directions, and Switching means for 
causing the liquid crystal material to Switch between said 
alignments, wherein said Switching means includes irradiat 
ing means for illuminating said device. The invention extends 
to a display comprising Such a device, and to a display or 
optical system comprising a plurality of Such devices, for 
example tiled in a common plane. 
The invention also provides a method of controlling the 

alignment of liquid crystal material in contact with a substrate 
surface which favours at least first and second stable or meta 
stable liquid crystal alignments thereat with respective first 
and second different directions, including the step of optically 
irradiating said device. 
The light from the irradiating means provides the or a first 

energy input to the device, and may act directly or indirectly 
on the liquid crystal material. Thus in some embodiments of 
the invention an unpolarised light beam alone might provide 
Sufficient thermal energy to convert from a metastable align 
ment as described above to a more stable alignment; or the 
thermal energy may be sufficient to destroy the existing align 
ment, or the liquid crystal phase, so that a second alignment 
may be preferentially adopted under a directional influence of 
Some other energy input (such as an electric or magnetic field) 
as described in greater detail below. 

In other embodiments of the invention, this light may be 
linearly polarised to impose an effective torque on the liquid 
crystal molecules either directly or indirectly, or to render one 
of the first and second alignments more energetically favour 
able relative to the other of the first and second alignments 
(this may be regarded as effective rotation), as is known in the 
art. 

For example, a material which comprises a double bond 
link such as an azo compound, a stilbene or a Schiffbase will 
normally have a low energy trans isomer and a higher energy 
cis isomer. The double bond will absorb light at wavelengths 
in or close to the visible range, but preferentially for light 
polarised in one direction relative to the double bond, and the 
material is positively dichroic. In the excited state the mol 
ecule can undergo a series of changes resulting in conversion 
to the cis isomer. Consequential relaxation to the energeti 
cally favourable trans isomer can lead to a molecular align 
ment similar to the initial alignment, or to an alignment which 
is effectively rotated relative to the initial alignment. Under 
isotropic conditions, there is nothing to distinguish the initial 
and rotated alignments, but with polarised illumination one of 
the alignments of the trans isomer preferentially absorbs 
light, eventually leading to the majority of molecules ending 
up with a trans orientation that minimises the absorption of 
the incident polarised light. 
A typical sequence of events is illustrated Schematically in 

FIG. 2, in which (a) shows an azo molecule in its original 
alignment in the energetically favoured trans state, and (b) 
shows the higher energy cis State arising from absorption of 
polarised light hyl. Via any of a number of mechanisms 
including thermal and radiative mechanisms (hva) the mol 
ecule (b) may revert to the original state (a) or may proceed to 
a trans state in which the direction of the long molecular axis 
has effectively rotated (although as shown this is not a true 
rotation in the plane of the paper, the reader will appreciate 
that rotation of the molecule about the long axis is energeti 
cally relatively easy, and whether or not this occurs is in any 
case irrelevant in relation to the liquid crystal alignment to be 
induced). 

For example, where the spectral composition of the irradi 
ating light includes an absorption band of the liquid crystal 



US RE44,889 E 
5 

material, it may act directly on the liquid crystal material. The 
latter therefore need contain no dichroic additive for enabling 
the change of liquid crystal alignment Nevertheless, a dich 
roic additive having an absorption spectrum lying outside the 
spectrum of the irradiating light may be provided for other 
purposes, for example for exhibiting a desired optical change 
as in guest-host variable absorption/colour devices. 

Alternatively, the liquid crystal material may be in the form 
of a dichroic additive in a liquid crystal host, wherein the said 
spectral composition of the irradiating light includes an 
absorption band of the dichroic additive. In this case the 
dichroic additive responds directly to the irradiation, and in 
turn exerts an effective torque on the liquid crystal molecules. 

Although reference has been made to positively dichroic 
material, which tends to cause the liquid crystal material to 
align transversely to the optical polarisation direction, it is 
within the ambit of the invention to use negatively dichroic 
materials, which tend to rotate the liquid crystal materialso 
that it lies parallel to the polarisation direction. 

The director indirect torque induced by the polarised light 
may of itself be sufficient to overcome the energy barrier 
between the favoured alignment. Where this is not the case, it 
is possible either to modify the interaction between the liquid 
crystal material and the substrate to reduce the energy barrier 
so that a lightenergy input is sufficient, or to assist the realign 
ment by inputting a second form of energy. 

With respect to the first option, the preceding description 
has already briefly discussed two ways of reducing the energy 
barrier between alignments, viz. by modifying the Surface 
geometry, and by incorporating an additive to provide a “slip 
pery surface', and either or both of these may be utilised in the 
performance of the invention. 

With respect to the second option, realignment may be 
assisted by effectively putting energy into the liquid crystal 
material over and above that supplied by the light from the 
irradiating means. In the case of a liquid crystal host-guest 
additive material, the co-operative alignment means that 
energy may be supplied either to the host or to the guest 
material regardless of which of these is being energised by the 
polarised light. 
The second energy may be sufficient per se to alter the 

alignment of the liquid crystal material, although the final 
alignment may still depend on the optical input from the 
irradiating means (see case A two paragraphs below), or 
realignment may require the optical input from the irradiating 
means working in combination with the second energy input 
(see case B two paragraphs below). 
Many ways are known for energising a liquid crystal mate 

rial to alter its alignment, including the application of an 
electric or magnetic field, passage of an electric current (ion 
transport), and acoustic irradiation. 
Of these perhaps the application of an electric field is 

probably the most easily accomplished, and is often the most 
effective. For example, where the liquid crystal alignment is 
to be altered between first and second homogeneous (parallel) 
states, and has positive dielectricanisotropy, application of an 
electric field across the thickness of a layer in the first state to 
induce a homeotropic (perpendicular) alignment will then 
enable the liquid crystal material preferentially to assume the 
second state on cessation of the field under the influence of 
light of an appropriately directed linear polarisation (case A). 
Indeed, even if the magnitude of the field (or the magnitude of 
the effect of any other energy Supplying means) is insufficient 
of itself to produce an alternative alignment, the energy of the 
original preferred alignment may be raised sufficiently to 
assist in realignment of the liquid crystal material to the 
second alignment when polarised light is applied (case B). 
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6 
When the layer is sandwiched between two substrates, 

each Substrate may carry a continuous electrode for applying 
an electric field across the thickness of the layer. Either or 
both continuous electrodes may be replaced by an interdigi 
tated electrode for the same purpose, particularly if both parts 
of the interdigitated electrode are energised in the same way. 
An interdigitated electrode may also be used to apply a 

field in the plane of the layer. For example, an interdigitated 
electrode on the Substrate having two favoured alignment 
directions may be employed to alter a planar alignment of a 
positive dielectric anisotropy liquid crystal material so that it 
lies at or close to a maximum energy state between the 
favoured alignments. Removal of the field in the presence of 
linearly polarised light of an appropriate polarisation direc 
tion and intensity will induce the liquid crystal to relax to the 
favoured alignment as determined by the polarisation direc 
tion. 

In many cases, the polarisation direction of the irradiating 
light may alone determine the resulting liquid crystal align 
ment, particularly where no other energy input is provided. 
This also applies where a second energy input is provided but 
has no directional property capable of affecting the resulting 
alignment. 

However, in certain other cases, the second energy input is 
directional and can affect the resulting alignment, for 
example an electric field. Where this is not desired, the second 
energy input should normally cease before the irradiating 
light is turned off. 

Alternatively, maintaining the second energy input after 
cessation of the irradiating light may lead to determination of 
the resulting alignment by the second energy input, if this is 
desired. 

Furthermore, where the irradiating light is unpolarised, it 
cannot per se determine the resulting alignment. In Such a 
case, it will be the second energy input which will determine 
the resulting alignment, with the irradiating light being rel 
egated to performing the lesser but necessary function of 
assisting in the realignment, for example by heating the liquid 
crystal material either directly or indirectly, as by optical 
absorption by the liquid crystal material, or a component 
thereof, or by another component of a liquid crystal cell. 

In many cases the same type of method, including provid 
ing an input from the irradiating means, will be used for 
switching between the preferred alignments in both direc 
tions. However, in other cases different methods will be used 
for the different switching directions, provided that at least 
one switching direction involves irradiation from the irradi 
ating means. 

This may be particularly So where the energy minima for 
the preferred alignments are not equal, and including the case 
where one alignment is metastable, so that the energy barrier 
depends on Switching direction. For example Switching in 
one direction, from the less stable or metastable alignment, 
may require only unpolarised or polarised light from the 
irradiating means. Switching in the reverse direction may 
require a second energy input, such as an electric field, used 
alone or in conjunction with appropriate light from the irra 
diating means. Alternatively, Switching in the one direction 
could be effected by a second energy input, with reversal 
requiring a combination of the second energy input and Suit 
able light from the irradiating means. 
The light from the irradiating means may be applied locally 

So as to produce different alignments across the area of the 
device. Where a second energy input is also required. Such as 
an electric field, this may also be applied locally so that only 
a restricted area of the device may be written at any time. In 
this case, one of the irradiation and second energy input may 
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be applied universally and the other may be applied locally, so 
that the local input determines which areas are switched. 
Alternatively both inputs may be applied locally, possibly 
with different distributions so that only areas where both 
inputs occur are switched, i.e. an AND logical function. Other 
logical arrangements may occur to the skilled person. 
The ability to alter selected areas of the device means that 

it can be used for a number of purposes, including displays 
and optical data processing. For example, our copending 
International Patent Application No. PCT/GB98/01866 (WO 
9900993) describes an autostereoscopic display in which an 
assembly of displays is tiled, and International Patent Appli 
cation No. PCT/GB98/03097 (WO 9919767) shows an 
assembly of individual displays for holographic purposes. 
A device is described by Kimetal in "Optical Switching of 

Nematic Liquid Crystal by Means of Photosensitive Polyim 
ides as an Alignment Layer Applied Physics Letters, 29 Nov. 
1999, pp. 3458-60. In this device the threshold voltage for 
Switching between two liquid crystal alignments is influenced 
by irradiation of the polyimide layer, and it is suggested that 
the latter undergoes “photophysical changes”. It is possible to 
Switch the liquid crystal by varying the radiation in the pres 
ence of a constant Voltage. However, the alignment layer itself 
is not described as favouring more than one alignment direc 
tion. Moreover as described this device requires irradiation of 
the alignment layer to change its properties, whereas in 
embodiments of the present invention the spectral composi 
tion of the light is selected with respect to the liquid crystal 
materialso as to exert a torque thereon or to alter its tempera 
ture for Switching purposes. 

Similarly, Wang etal in Alignment of a Nematic Liquid 
Crystal Induced by Anisotropic Photo-Oxidation of Photo 
sensitive Polyimide Films' in Applied Physics Letters, 15 
Oct. 1998, pages 4573-8, describe a process in which the 
alignment properties of a polyimide film can be altered by 
irradiation with linearly polarised laser light. Again, however, 
there is no Suggestion that the layer is ever capable of Sup 
porting either of two alignments at the same time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other features and advantages of the invention will become 
apparent upon consideration of the appended claims, to which 
the reader is referred, and upon a reading of the following 
description of exemplary embodiments of devices according 
to the invention, made with reference to the accompanying 
drawings in which: 

FIG. 1 schematically illustrates the variation of energy 
with Zenithal angle of liquid crystal material on a Zenithally 
bistable surface; 

FIG. 2 schematically illustrates the effect of light on anazo 
compound; 

FIGS. 3(a) to 3(d) schematically illustrate operation of 
Embodiment 2 below, which is an example using an azimuth 
ally bistable surface; 

FIGS. 4 and 5 are voltage-time graphs illustrating the 
response of the cell of Embodiment 2: 

FIGS. 6 and 7 are voltage-time graphs further illustrating 
the response of the cell of Embodiment 2, and the need for the 
electric field to be applied in this embodiment; 

FIG. 8 schematically illustrates a Zenithally “bistable' sur 
face with a modified energy barrier relative to that of FIG. 1 so 
that it is effectively monostable: 

FIGS. 9(a) to 9(c) illustrate the operation of a liquid crystal 
cell incorporating the surface of FIG. 8: 

FIG. 10 is generally similar to FIG. 1, and is used to 
illustrate conjoint electrical and optical addressing; and 
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8 
FIG. 11 illustrates an embodiment of the current invention 

in which a plurality of cells are employed in a common plane. 

DETAILED DISCUSSION OF EMBODIMENTS 

Embodiment 1 

A layer of liquid crystal material containing a dichroic 
additive is sandwiched between first and second substrates. 
The first substrate has a surface profile for azimuthal bistable 
Surface alignment (two stable, or favoured, planar alignments 
having different azimuthal directions), and the second Surface 
comprises a non-rubbed polymer surface of the type which, if 
rubbed, would promote planar alignment. The liquid crystal 
material contains a slippery Surface additive of a sufficient 
concentration to allow degeneracy of (planar) alignment at 
the second substrate surface but insufficient to destroy the 
bistability of alignment at the first substrate surface. This 
construction means that either of the two bistable alignments 
at the first Substrate Surface generates a respective uniform 
planar texture across the liquid crystal layer with a different 
azimuthal direction. 

Application of linearly polarised light of a sufficient inten 
sity and an appropriate polarisation direction to the liquid 
crystal material Suffices to convertone uniform planar texture 
to the other or vice versa. The intensity of the polarised light 
will be determined, inter alia, by the energy barrier between 
the bistable alignments as determined by the Surface geom 
etry of the first substrate, and the concentration of slippery 
Surface additive, amongst other factors. 

Embodiment 2 

This is similar to embodiment 1, but (a) the energy barrier 
between the bistable alignments is of a magnitude Such that 
the polarised light alone is insufficient to cause conversion 
between the two planar textures (or if a source of polarised 
light of Sufficient light intensity is available to cause conver 
sion it would be detrimental to the cell), and (b) each substrate 
is provided with a continuous electrode for applying a field 
across the liquid crystal layer thickness. When a field is 
applied of Sufficient intensity to induce a homeotropic align 
ment in the layer and is then removed in the presence of 
linearly polarised light, the alignment of the liquid crystal 
material at the first substrate relaxes to the preferred align 
ment determined by the polarisation direction. 

FIGS. 3(a) to 3(d) schematically illustrate operation of this 
embodiment, for a cell comprising a liquid crystal layer 3 
between an azimuthally bistable first electrode providing sub 
strate 1 and a (non-aligning) second electrode providing Sub 
strate 2. FIGS. 3(a) to 3 (c) cover a period when linearly 
polarised illumination L is being applied (effectively to 
induce a torque on the liquid crystal molecules). Within that 
period, FIG.3(b), an electric field is applied across the cell by 
applying a potential difference V between the electrodes of 
the Substrates, to produce a homeotropic orientation. On 
removal of the field the alignment at the substrate 1 relaxes to 
that determined by the polarisation direction of the illumina 
tion L. FIG.3(c). The liquid crystal orientation at the bistable 
substrate is transferred through the bulk liquid crystal layer to 
the other substrate, as permitted by the slippery surface effect 
thereat, FIG.3(d). 

This embodiment has the advantage that the device can 
only be updated when an electric field is applied, and is 
otherwise stable. It is possible to arrange that the electric field 
perse is Sufficient to produce the homeotropic orientation for 
Subsequent relaxation to a state determined by application of 
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polarised light. By selectively illuminating different areas 
with different optical polarisations, it is possible to write an 
image. 

However, it is also possible to arrange that only those 
portions of the liquid crystal which are addressed both opti 
cally and electrically are brought to the homeotropic state, in 
which case selective spatial optical addressing of the cell 
enables only selected areas of the cell to be written and 
latched, giving rise to the possibility of writing a complex 
image with a single electrode pair, e.g. for high density 
images and image or data storage. 

In an experiment, an azimuthally bistable grating Surface 
was prepared by coating a clean glass Substrate with etched 
indium tin oxide. A photoresist Microposit S1805 as supplied 
by Shipley Europe Limited was spin coated onto this coating 
giving a layer nominally 0.5 microns thick. A 1 micron pitch 
binary grating mask was then placed in contact with the 
photoresist and exposed using a broadband UV light Source 
(365 nm, 404 nm and 435 nm at about 150 ml/cm). The 
grating was then rotated by 90° and the exposure repeated. 
Development of the exposed photoresist according to speci 
fication was followed by a soft bake in UV light for 15 
minutes (254 nm light at about 9 mW/cm) and a hard bake at 
180° C. for 2 hours. A cell was constructed using the above 
substrate and a similarly processed substrate in which the 
photoresist, however, was not exposed to create agrating. The 
gap between the Substrates was nominally 5 microns and was 
filled using a standard mixture E63 from Merck, which has a 
nematic phase at room temperature. To this mixture was 
added 2 weight percent of a dichroic dye D2, also from 
Merck, and 2 weight percent of an oligomer 3M Flourad 
FC430 as supplied from 3M Belgium N.V. The dye has peak 
absorption at 487 nm, dropping to Zero at close to 600 nm. 
A 20 mW argonion laser (448 nm wavelength) displaying 

a 1 mm Gaussian beam profile at the cell was used to address 
the cell via a rotatable half-wave plate to control its polarisa 
tion direction. The optical response of the cell was monitored 
using a linearly polarised beam from a 5 mW HeNe laser (663 
nm wavelength) plus linear polariser focussed to a spot size at 
the cell smaller than that of the argon ion laser. The transmit 
ted intensity of the 633 nm light was detected by a photodiode 
fitted with a linear analyser and a notch filter to exclude 
virtually all visible wavelengths other than the HeNe light. 
The device was addressed with bipolar electrical pulses to 
switch the cell into a homeotropic state. Bistable liquid crys 
tal cell orientations at 90° to each other were set vertical and 
horizontal while the polariser and analyser were set at plus 
and minus 45° respectively. Since the stable states have opti 
cally equivalent transmissions between crossed polarisers a 
quarter wave plate was incorporated after the cell to distin 
guish the two states. 

Switching of the device is illustrated in FIGS. 4 and 5. 
showing transmission T as a function of time t over a period 
of around 50 seconds. During application of 488 nm illumi 
nation of either vertical (FIG. 4) or horizontal (FIG. 5) linear 
polarisation, an 80 mV 10 msec bipolar electric pulse VP was 
also applied, which triggered data collection by the oscillo 
Scope. Subsequent removal of the illumination around 5 sec 
onds lateratapoint T1 allowed the liquid crystal to relax (over 
possibly hundreds of milliseconds) to a final orientation, and 
as can be seen by a comparison of the final parts of FIGS. 4 
and 5, this can be selected by selection of the polarisation 
direction of the 488 nm illumination. 
A further insight into the behaviour of the cell may be 

gained from a consideration of FIGS. 6 and 7, showing trans 
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10 
mission T as a function of time t over a period of around 200 
seconds. In FIG. 6 the cell is taken through the following 
series of steps: 
11. Horizontal polarised light ON. 
12. Voltage pulse applied. 
13. Horizontal polarised light OFF. 
14. Horizontal polarised light ON. 
15. Voltage pulse applied. 
16. Horizontal polarised light OFF. 
17. Vertical polarised light ON. 
18. Voltage pulse applied. 
19. Vertical polarised light OFF. 
20. Vertical polarised light ON. 
21. Voltage pulse applied. 
22. Vertical polarised light OFF. 

This shows that there is no net effect of repeating the 
addressing cycle, viz. steps 4 to 6 and 10 to 12. However, 
when an addressing cycle specifying a new orientation is 
carried out, as in steps 17 to 19, the liquid crystal alignment 
changes to a second stable state (step 18). 

FIG. 7 illustrates the need for the voltage pulse and shows 
the following sequence of events: 
31. Horizontal polarised light ON. 
32. Voltage pulse applied. 
33. Horizontal polarised light OFF. 
34. Vertical polarised light ON. 
35. Vertical polarised light OFF. 
36. Vertical polarised light ON. 
37. Voltage pulse applied. 
38. Vertical polarised light OFF. 

Steps 31 to 33 with horizontally polarised illumination are 
not intended to affect the state of the cell but to ensure that it 
is in the state induced by horizontally polarised illumination. 
Steps 34 and 35 with vertically polarised illumination in the 
absence of an applied Voltage likewise do not alter the state of 
the cell. However, the insertion of a voltage pulse 37 during 
illumination with vertically polarised light, steps 36 to 38. 
triggers a change of State and on removal of the illumination 
at step 38 the liquid crystal alignment is altered. 

Embodiment 3 

A layer of liquid crystal material containing a dichroic 
additive is sandwiched between first and second substrates, 
the first Substrate having a surface profile providing an azi 
muthal bistable Surface alignment, and the second Surface 
comprising a polymer Surface which has been rubbed to pro 
mote planar alignment thereat parallel to one of the preferred 
alignments at the first Substrate. The planar alignment at the 
second Substrate persists, so that in one state of the device 
there is a uniform planar texture across the liquid crystal 
layer, and in the other state the liquid crystal is twisted. The 
liquid crystal material also contains a chiral additive to render 
the energies of the uniform and twisted States generally (and 
preferably Substantially) equal, so as to facilitate Switching 
therebetween on application of light of the appropriate linear 
polarisation direction and intensity. 

Optionally, the liquid crystal material may include a slip 
pery surface additive as in embodiments 1 and 2, but not at 
Such a high concentration that the planar alignment at the 
second surface is rendered ineffective, and/or the device may 
include electrodes for applying a field across the layer thick 
ness as in embodiment 2. 

Embodiment 4 

A layer of liquid crystal material containing a dichroic 
additive is sandwiched between first and second substrates, 
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the first Substrate having a surface profile providing an azi 
muthal bistable Surface alignment, and the second Surface 
comprising a polymer Surface which has been rubbed to pro 
mote planar alignment thereat between the preferred align 
ments at the first substrate. The construction is such that the 
alignment twists in one direction or the other on passing 
across the layer thickness, depending on the alignment 
adopted at the first substrate. 

Preferably the energies of the two states of the device are 
Substantially equal, although this depends on the energy rela 
tion between the favoured alignments at the first substrate. It 
is preferred that the alignment at the second Substrate is 
Substantially parallel to the direction corresponding to the 
energy maximum between the favoured alignments at the first 
substrate. Where the energies of the two favoured alignments 
at the first Substrate are equal, this direction may be midway 
between the favoured alignments. Where the energies of the 
two favoured alignments at the first Substrate are unequal, this 
direction may or may not be midway between the favoured 
alignments. However, the alignment at the second substrate 
can deviate from the ideal position provided that the intensity 
of the polarised light (and any other energy input) is sufficient 
for realignment. 

Optionally, the liquid crystal material may include a slip 
pery Surface additive as in embodiments 1 and 2, but not at 
Such a high concentration that the planar alignment at the 
second surface is rendered ineffective, and/or the device may 
include electrodes for applying a field across the layer thick 
ness as in embodiment 2. 

Embodiment 5 

A layer of liquid crystal material containing a dichroic 
additive is sandwiched between first and second substrates, 
the first Substrate having a surface profile providing an azi 
muthal bistable Surface alignment, and the second Surface 
comprising a Surface which has been treated to promote 
homeotropic alignment thereat. There is twist in alignment 
direction on passing from one Substrate to the other, regard 
less of the alignment direction at the first substrate, so that the 
energies of the two states of the device are generally or Sub 
stantially equal (depending on the energy relation between 
the alignments at the first Substrate). 

Optionally, the liquid crystal material may include a slip 
pery surface additive as in embodiments 1 and 2, but not to the 
extent that the alignment at the second Surface is rendered 
ineffective, and/or the device may include electrodes for 
applying a field across the layer thickness as in embodiment 
2. 

In each of embodiments 1 to 5, it is preferred that the two 
favoured azimuthal alignments at the first substrate are at 90° 
to each other. 

Embodiment 6 

While embodiments 1 to 5 incorporate azimuthally 
bistable substrate surfaces, this incorporates a Zenithally 
bistable alignment layer on Substrate Surface 1, generally of 
the type already illustrated with respect to FIG. 1, and a 
second Substrate 2 for homeotropic alignment. By tailoring 
the grating pitch to depth ratio, and in particular by using a 
relatively shallow grating, although this would depend on 
other parameters of the device and liquid crystal in question, 
it is possible to arrive at an energy profile as shown in FIG. 8, 
in which the planar state is stable but with only a low activa 
tion energy E for Switching to the homeotropic state. Care 
needs to be taken that the grating pitch to depth ratio is not so 
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12 
low as to render the planar state totally unstable. The liquid 
crystal material incorporates a dichroic dye. 

Normally the device will rest with a homeotropic align 
ment as in FIG. 9(a). An electric field or voltage pulse can be 
used to switch the alignment at the surface of the bistable 
substrate 1 to planar, FIG.9(b). This planar alignment tends to 
relax to the homeotropic alignment of FIG. 9(a) at a rate 
determined inter alia by the activation energy E, and where 
this is sufficiently slow, selected areas of the device may be 
forced to switch faster by the application of polarised light L. 
FIG. 9(c), arranged to apply a torque to the liquid crystal 
material. Thus it is possible to write a temporary image on the 
device, which could be repeatedly refreshed at an appropriate 
rate. 

In the planar state the liquid crystal molecules lie perpen 
dicular to the grooves. Light incident on the liquid crystal and 
linearly polarised perpendicular to the grooves will be 
absorbed by the dichroic dye, which will then apply a torque 
to the liquid crystal molecules, pushing them away from the 
polarisation direction. As a consequence the liquid crystal So 
illuminated will tend to fall into the energetically favoured 
homeotropic orientation. 

In variations of this embodiment, the surface 2 can provide 
a planar orientation with a high or low pretilt, and/or it could 
be another grating Surface. Any variation can also be operated 
with non-linear, e.g. circular polarised, illumination. 

Embodiment 7 

This is similar to embodiment 6, but the grating is deeper, 
thereby reversing the energy levels and making the planar 
state more energetically favourable. A combination of elec 
trical and optical addressing is used to Switch selected areas to 
the higher energy homeotropic state, the electrical field being 
below the threshold for switching in the absence of illumina 
tion. In this case it is the homeotropic state which is meta 
stable and relaxes to the planar state. Forcing the transition to 
the planar state requires off-axis illumination. The planar 
state can be induced across the whole liquid crystal layer 
using a blanking electrical pulse. 

Embodiment 8 

Embodiments 6 and 7 represent extreme examples of 
Zenithally bistable devices, and as previously mentioned the 
planar state Sometimes involves a high tilt angle or defect 
state with line defects in the nematic director. Other grating 
profiles may be used which provide more distinct energy 
troughs for both types of alignment, as shown in FIG. 10, 
which is generally similar to FIG. 1. In Such a case conjoint 
use of electrical and optical addressing is preferred, that is, the 
electric field may be used to switch from a (planar) state A to, 
say, a state B, at which point illuminated areas may pass over 
to (homeotropic) trough C (or the process may occur in the 
opposite direction C to A). Unilluminated areas will relax to 
state A on removal of the field and illumination. 

Embodiment 9 

This is a variation of Embodiment 8 in which the final 
nudge over the energy hump is provided by local heating 
rather than illumination. Such local heating can occurthrough 
light absorption by a dye or other light absorptive material, 
e.g. in the liquid crystal material or the grating. Non-dichroic 
dyes provide a polarisation insensitive device, whereas Suit 
ably aligned dichroic dyes, as in a liquid crystal host, render 
the heating effect dependent on the polarisation of incident 



US RE44,889 E 
13 

illumination. The switching direction of the device is deter 
mined by the polarity of the applied electric field, and not by 
a light induced torque. 

FIG. 11 shows the current invention being used to form a 
high resolution display. A single panel of the display com 
prises a liquid crystal display according to the present inven 
tion. Each panel comprises Substrates 1, 2 as disclosed in 
relation to FIG.3 above, between which is a LC material. The 
plurality of panels are arranged in a common plane. Any gap 
between adjacent panels is preferably kept to a minimum to 
minimize the appearance of Such gaps to a viewer. Optical 
radiation may be directed towards one side Such as Substrate 
1 of each panel, and this radiation will modify the properties 
of the LC as described in relation to the embodiments men 
tioned above. Any such modification to the properties of the 
LC material may be viewed as an image across all panels of 
the display. 

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

in contact with the surface of a substrate, said surface favour 
ing favoring at least first and second stable or metastable 
liquid crystal alignments thereat with respective first and 
second different directions, and Switching means for causing 
the liquid crystal material to Switch between said alignments, 
wherein said Switching means includes first energy Supplying 
means arranged for applying optical radiation to said liquid 
crystal material, characterized in that said liquid crystal mate 
rial and said optical radiation are selected for significant 
absorption of the radiation by the liquid crystal material. 

2. A device according to claim 1 wherein said first energy 
supplying means is arranged to provide linearly polarised 
light of a polarisation direction and spectral composition 
selected or selectable for effectively rendering one of the first 
and second alignments less energetically favourable favor 
able than the other of said the fire first and second align 
mentS. 

3. A device according to claim 1 wherein said first energy 
Supplying means is arranged to provide linearly polarised 
light of a polarisation direction and spectral composition 
selected or selectable for effectively inducing a torque on 
molecules of the liquid crystal molecules material to alter 
the liquid crystal alignment between the first and second 
alignments. 

4. A device according to claim 2 wherein the liquid crystal 
material contains no dichroic additive, and said spectral com 
position includes an absorption band of the liquid crystal 
material. 

5. A device according to claim 1 wherein the liquid crystal 
material comprises a dichroic additive in a liquid crystal host. 

6. A device according to claim 5 wherein the said a 
spectral composition associated with the optical radiation 
includes an absorption band of the dichroic additive. 

7. A device according to claim 5 wherein the said a 
spectral composition associated with the optical radiation 
includes an absorption band of the liquid crystal host. 

8. A device according to claim 2 wherein said Switching 
means further comprises second energy Supplying means to 
assist in the Switching of the liquid crystal material between 
said alignments. 

9. A device according to claim 8 wherein the second energy 
Supplying means is arranged to apply energy to the liquid 
crystal material to destabilise the existing liquid crystal align 
ment. 

10. A device according to claim 8 wherein the energy from 
said second energy Supplying means induces a homeotropic 
alignment at the Surface of the Substrate. 
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11. A device according to claim 8 wherein the energy from 

said second energy Supplying means induces a planar align 
ment at the surface of the substrate. 

12. A device according to claim 8 wherein the said second 
energy is provided by an electric field. 

13. A device according to claim 8 wherein said second 
energy Supplying means is arranged to promote said Switch 
ing of the liquid crystal material between said alignments, but 
is insufficient of itself to cause said Switching. 

14. A device according to claim 1 and further comprising 
second energy Supplying means to assist in the Switching of 
the liquid crystal material between said alignments. 

15. A device according to claim 14 wherein said second 
energy Supplying means is arranged to determine which of 
said alignments is adopted. 

16. A device according to claim 15 wherein said first 
energy Supplying means cooperates with the device to pro 
duce heat by light absorption, to cause said Switching in 
cooperation with said second energy Supplying means. 

17. A device according to claim 15 wherein the energy 
from said second energy supplying means favours favors a 
homeotropic alignment of the LCliquid crystal material at 
the substrate. 

18. A device according to claim 15 wherein the energy 
from said second energy Supplying means induces a planar 
alignment of the LCliquid crystal material at the substrate. 

19. A device according to claim 14 wherein the said second 
energy is provided by an electric field. 

20. A device according to claim 1 wherein the liquid crystal 
material comprises an oligomer for reducing the energy 
between the first and second alignments. 

21. A device according to claim 1 wherein the first energy 
Supplying means is arranged for local irradiation of the 
device. 

22. A device according to claim 1 wherein the first align 
ment is planar. 

23. A device according to claim 1 wherein the second 
alignment is planar. 

24. A device according to claim 1 wherein the second 
alignment is homeotropic. 

25. A device according to claim 1 wherein the alignment is 
comprised of surface comprises a grating structure. 

26. A display comprising a device according to claim 1. 
27. An optical system or display comprising a plurality of 

optical devices, at least one said device being a device accord 
ing to claim 1. 

28. An optical system comprising a plurality of said 
devices each according to claim 1. 

29. A system according to claim 27 wherein said plurality 
of optical devices is tiled in a common plane. 

30. A method of controlling the alignment of liquid crystal 
material in contact with a substrate surface which favours at 
least first and second stable or metastable liquid crystal align 
ments thereat with respective first and second different direc 
tions, including the step of comprising of 

optically irradiating said a liquid crystal material with 
radiation, wherein a significant portion of said radiation 
is absorbed by said liquid crystal material, and 

controlling, based at least in part on said optically irradi 
ating, an alignment of said liquid crystal material in 
contact with a substrate surface which favors both a first 
stable or metastable alignment associated with a first 
direction and a second stable or metastable alignment 
associated with a second direction, wherein the second 
direction is different than the first direction. 
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31. The method according to claim 30 wherein the step of 
optically irradiating provides radiation selected for signifi 
cant absorption by the liquid crystal material. 

32. The method according to claim 30 wherein said step of 
optically irradiating includes the provision of linearly 5 
polarised light. 

33. The method according to claim32 wherein said linearly 
polarised light is such as to effectively configured to exert a 
torque on molecules of the liquid crystal molecules material 
or to effectively rotate the liquid crystal molecules. 10 

34. The method according to claim 33 30 wherein said 
step of optically irradiating includes the provision of unpo 
larised light. 

35. The method according to claim 34 wherein the unpo 
larised light produces heating in the liquid crystal material. 15 

36. The method according to claim 30 including the addi 
tional step of providing a further energy input to the device 
for controlling the alignment. 

37. The method according to claim 36 wherein the further 
energy input is an electric field. 2O 

38. The method according to claim 36 wherein the optical 
irradiation continues after the further energy input has ceased. 

39. The method according to claim 36 wherein the further 
energy input continues after the optical irradiation has ceased. 

40. The method according to claim 36 wherein the further 25 
energy input is applied locally. 

41. The method according to claim 30 wherein the optical 
irradiation is applied locally. 

42. The method according to claim 30 wherein one said 
alignment of the liquid crystal alignments is planar. 30 

43. The method according to claim 42 wherein another 
said alignment of the liquid crystal alignments is planar. 
44. The method according to claim 42 wherein another 

said alignment of the liquid crystal alignments is homeo 
tropic. 35 

45. The method according to claim 30 including the step of 
providing an oligomer in the a liquid crystal phase of the 
material. 

46. The method according to claim 30 wherein said sub 
strate surface is provided as a grating structure. 40 

47. A device, comprising: 
a substrate configured to promote a phase alignment in a 

first direction and a second direction, and 
a liquid crystal material located adjacent the substrate, 

wherein different portions of the liquid crystal material 45 
are configured to be coincidentally aligned with the first 
and second directions of alignment when localized areas 
of the device are optically addressed based at least in 
part, on a significant absorption of optical radiation by 
the liquid crystal material. 50 

48. The device of claim 47, wherein the first direction of 
alignment is a favored alignment of the substrate, and 
wherein metastable portions of the liquid crystal material 
that correspond to the localized areas of the device are con 
figured to be aligned with the favored alignment when the 55 
device is optically addressed. 
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49. The device of claim 48, wherein the favored alignment 

is more stable than a state of the metastable portions. 
50. The device of claim 47, wherein the localized areas of 

the device are both optically addressed and electrically 
addressed. 

51. The device of claim 47, wherein an electric field is 
configured to be applied universally to the device while the 
localized areas of the device are optically addressed. 

52. The device of claim 47, wherein energy states associ 
ated with the first and second directions of alignment are 
equal. 

53. The device of claim 52, further comprising another 
substrate, wherein the liquid crystal material is located 
between the two substrates, and wherein a direction of align 
ment of the liquid crystal material at the other substrate is 
midway between the first and second directions of alignment. 

54. The device of claim 47, wherein the different portions of 
the liquid crystal material are configured to switch between 
the first and second directions of alignment whereas other 
portions of the liquid crystal material do not switch. 

55. The device of claim 54, wherein the other portions of 
the liquid crystal material are not optically addressed. 

56. The device of claim 54, wherein at least some of the 
different portions are aligned in the first direction and at least 
some of the other portions are aligned in the second direction. 

57. A method, comprising: 
optically addressing a liquid crystal material located adja 

cent a substrate, wherein the substrate is configured to 
promote a phase alignment in both a first direction of 
alignment and a second direction of alignment, and 

switching different portions of the liquid crystal material 
coincidentally between the first direction of alignment 
and the second direction of alignment based, at least in 
part, on a significant absorption of optical radiation by 
the liquid crystal material. 

58. The method of claim 57, wherein the different portions 
of the liquid crystal material are configured to switch accord 
ing to a localized absorption of the optical radiation in the 
liquid crystal material. 

59. The method of claim 57, wherein the different portions 
of the liquid crystal material are selectively addressed by the 
optical radiation. 

60. The method of claim 59, wherein certain portions of the 
liquid crystal material are not optically addressed. 

61. The method of claim 60, wherein a first portion of the 
liquid crystal material is aligned differently than a second 
portion of the liquid crystal material after the liquid crystal 
material is optically addressed. 

62. The method of claim 57, further comprising supplying 
a secondary source of energy to the liquid crystal material to 
assist said switching. 

63. The method of claim 62, wherein the secondary source 
of energy is provided by an electric field. 

k k k k k 


