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(57) ABSTRACT

A light modulator, for a display for the presentation of two-
and/or three-dimensional image contents or image
sequences, includes two opposing substrates and electrodes.
At least one liquid crystal layer is provided between the two
substrates. An alignment means is provided on the substrate
which faces the liquid crystal layer to set a predeterminable
pre-tilt of the liquid crystals. The orientation of the liquid
crystals can be controlled in a given range through an electric
field generated by the electrodes. The alignment means is
controllable and can be controlled to modify the pre-tilt of the
liquid crystals. The alignment can be controlled such the
orientation of the liquid crystals can be oriented outside the
given range or so that the pre-tilt of the liquid crystals can be
set specifically for certain positions.
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all up 180° settable turning angle of the LC molecules 2
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Fig. 14
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LIGHT MODULATOR FOR A DISPLAY FOR
DISPLAYING TWO-DIMENSIONAL AND/OR
THREE-DIMENSIONAL IMAGE CONTENTS

[0001] Thepresentinventionrelates to a light modulator for
a display for the presentation of two- and/or three-dimen-
sional image contents. The present invention further relates to
a display and to a method for operating a light modulator.

LC Alignment Layers

[0002] Conventional liquid crystal displays (LC displays)
are typically based on an equilibrium of an interaction of the
LC molecules with a surface and an interaction with an elec-
tric field.

[0003] A surface interaction defines a preferred orientation
of'the LC molecules during the absence of an electric field. If
an electric field is applied, then a force is exerted on the
molecules which is usually opposing the surface orientation
or which is effective in a predetermined direction. Depending
on the electric field strength and on the elastic forces among
the LC molecules, the LC molecules will rotate into a result-
ant orientation. There is typically a threshold field strength
above which the orientation of the LC molecules will not
change compared with the situation without field. Further,
there is a saturation field strength, which means that in fields
which are stronger than that saturation field strength the ori-
entation of the LC molecules will change no further. Between
said threshold field strength and said saturation field strength,
the LC orientation will change along with the field strength, in
particular continuously.

[0004] Ina conventional LC display, such as in a PC moni-
tor, this variable orientation serves for the representation of
greyscale values in dependence on the control voltage of an
LC pixel.

[0005] As far as defining the surface interaction is con-
cerned, there are a number of methods known in the prior art.
As a standard, a polyimide layer is used in LC displays which
is given a preferred orientation by mechanical rubbing or
brushing. At the interface with the polyimide layer, the LC
molecules align such that their long axes are parallel to the
rubbing direction. The strength of the surface interaction can
be varied by accordingly choosing certain parameters during
the manufacturing process, e.g. by applying different
mechanical rubbing pressure.

[0006] Depending on the type of LC display, one of these
three orientations is required: a planar orientation where the
preferred orientation of the L.C molecules is parallel to the
surface of the glass substrate, a homeotropic orientation,
where the preferred orientation of the LC molecules is per-
pendicular to the surface of the glass substrate or a tilted
orientation where the preferred orientation of the LC mol-
ecules has a defined angle to the surface of the glass substrate.
A planar orientation is for example typically used in an in-
plane switching (IPS) display, whereas a substantially
homeotropic orientation is for example used in a vertical-
alignment (VA) display.

[0007] Certain types of LC materials—for example nem-
atic LCs with a positive dielectric anisotropy—preferably
align such that their long axes are parallel to an electric field.
Other LC materials—for example nematic L.Cs with a nega-
tive dielectric anisotropy—preferably align such that their
long axes are perpendicular to an electric field.
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[0008] A certain combination of surface orientation on one
substrate or on either substrate with a type of LC material and
an arrangement of electrodes will be referred to below as an
LC mode; so for example the combination of planar orienta-
tion on either substrate, nematic LCs with positive dielectric
anisotropy and electrodes which are arranged such that they
generate an in-plane field is referred to as IPS mode.

[0009] Now, a surface interaction could be defined with a
number of different materials and using various methods. In
addition to the method of rubbing polyimide, which has
already been mentioned above, it is further possible to use a
material in the form of silicon oxide films which are vapour-
deposited, where the parameters of the vapour deposition
process are chosen such that a suitable preferred orientation
of the LC molecules is achieved. Moreover, a light-sensitive
polymer material could be given a preferred orientation by
way of optical methods e.g. using UV light (photo-align-
ment), where that preferred orientation serves to align the LC
molecules accordingly. Publication [1] provides an overview
of alignment layers which are known in the prior art.

[0010] Usually, the entire display panel of an LC display is
given a uniform and fix preferred orientation. However, a
spatially structured preferred orientation could be provided
alternatively which makes it possible to realise for example
different orientations of the L.LC molecules for each pixel.
[0011] Still further, switchable preferred orientations are
known in the prior art: Blinov/Chrinov describe in their book
“Electrooptic Effects in Liquid Crystal Materials”, under the
headline “Multistable Orientation”, p. 125 [2], that for a
nematic liquid crystal in contact with a crystalline substrate
which comprises an n-fold rotational symmetry of the crystal,
where n is an integer number, the LC molecules can generally
have n different orientations along one of these directions
defined by the crystal. Individual domains can then form with
different orientations along one of these n directions. An
external in-plane field can switch the orientation in individual
domains to a different one of the n possible directions. It is
further described that a multistable orientation can also be
achieved with the help of vapour-deposited silicon oxide
films. An electric field can then serve to switch from one of the
stable orientations to another one. That text further describes
the concept of a bistable LC display which is based on the
switching of a nematic LC between two possible surface
orientations. If no electric field is present, then the molecules
remain in one of the possible preferred orientations. This
makes the display similarly energy-saving as a bistable fer-
roelectric LC, because no power is required to display
unchanging content.

[0012] Further, publication [3] describes a tristable LC
device which is based on a finely-patterned surface structure.
A very fine spatial pattern of different preferred orientations
is written to a polyimide surface. The microscopic pattern
causes three equally stable LC orientations to be realised
macroscopically. An electric in-plane field serves to switch
between them.

[0013] The photo-alignment technique could also be taken
advantage of for optically switching between the surface ori-
entations, e.g. such that photosensitive molecules in the sur-
face layer of a polymer material change their conformation
under the influence of UV radiation, thereby inducing differ-
ent preferred orientations of the LC molecules which are
attached to this surface layer of the polymer material. This
way, the LC orientation can be switched through the surface
interaction in an optically addressed spatial light modulator
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(OASLM). This photo-alignment technique can for example
also serve to switch from a planar to a homeotropic orienta-
tion of the LC molecules. A disadvantage of optical switching
is its low speed, so that it is hardly suitable for use in a light
modulator which is supposed to work at high refresh rates.
[0014] There are different liquid-crystal phases. In nematic
liquid crystals, a uniform orientation of molecule axes is
energetically favoured. However, the position of the indi-
vidual molecules is distributed statistically. In smectic liquid
crystals, the molecules additionally find together in layers. A
special type of smectic liquid crystals, the chiral smectic C
phase (SmC*) comprises ferroelectric properties. Due to the
hysteresis which is caused by ferroelectricity, this type also
allows a bistable display to be realised. A certain voltage
threshold is necessary to switch the LC molecules into one
state. They will remain in this state until a voltage with oppo-
site sign and absolute value which is also above said threshold
is applied. Then, they will switch to the other state. During
this, an out-of-plane electric field is applied. However, the LC
molecules rotate in a plane which lies parallel to the substrate.
In addition to ferroelectric LCs (FLC), there are further
phases with similar properties, for example anti-ferroelectric
and ferrielectric. Ferroelectric LCs are characterised by their
high switching speed. However, they have other disadvan-
tages. Moreover, arrangements have been described which
comprise SmC* LCs but which do not comprise hysteresis
and thus no bistability, but a continuous variation in the LC
orientation as the applied voltage is changed, which is
referred to as the V-shaped FLC mode.

[0015] Publication WO 00/03288 A1 describes an electro-
optical device whose surface layer itselfhas liquid-crystal- or,
more precisely, chiral smectic-properties. That device addi-
tionally comprises a bulk LC layer which can for example
also be a nematic L.C.

[0016] The orientation of the liquid crystals in the surface
layer can be switched by applying an electric field (“primary
surface switching™). That surface layer then induces a certain
orientation of the bulk layer (“induced bulk switching”). For
example, the LCs in the bulk layer can have a preferred
orientation that is parallel to that of the LC molecules in the
surface layer. An additional fix separate (conventional) sur-
face layer can be provided which determines the absolute
orientations in order to align the smectic LC molecules of the
dynamic surface layer in relation to that separate layer in their
bistable switching states. A controllable surface layer will
also be referred to as alignment means below.

[0017] The publication highlights the high switching speed
ofthe smectic LCs in the surface layer as the major advantage.
The idea is to achieve shorter response times for example of
nematic LCs in the bulk layer thanks to the induced alignment
of the bulk layer than would be achievable when controlling
of the bulk layer directly.

[0018] The publication also includes an embodiment in
which an alignment of the bulk layer which is induced with
the help of the surface layer can be combined as a two-stage
effect with a direct alignment of the bulk layer which is
realised with the help of an electric field. In that embodiment,
the threshold of the electric field strength for direct alignment
of the bulk layer is higher than the field strength which is
required for switching the surface layer. A change in the
orientation of the molecules of the bulk layer in the plane
which is parallel to the substrate can thus be induced by
applying a low out-of-plane electric field below the threshold
field strength and thus by switching the surface layer. A
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stronger out-of plane field which is applied to the same elec-
trodes controls the bulk layer directly such that the LC mol-
ecules rotate out of the plane which is parallel to the substrate.
[0019] Instead of a separate surface layer which is immis-
cible with the bulk layer, publication WO 03/081326
describes how a bulk layer is doped with molecules which are
distributed in the bulk layer but firmly attached to the surface.
The spatial separation of surface layer and bulk layer is
thereby overcome, but still an alignment in the bulk layer is
induced with the help of the defined orientation in the surface
layer. The surface layer can for example include side-chain
polymers whose side chain can be rotated, i.e. aligned, in
relation to the main chain, while the backbone chain serves to
provide the firm connection with the surface.

Phase Modulation

[0020] Phase-modulating SLMs are required for coherent
optical applications, such as holographic display devices.
These are typically light modulators which have pixels that
areregularly arranged in the x and y dimension. The pixels are
made such to modulate the phase of the light which interacts
with the light modulator. The modulation of the light which
interacts with a pixel is in particular relative to the modulation
of the light which interacts with another pixel. For a given
wavelength—for example in the visible range—this requires
aphase modulation of between 0 and 27t. Holographic display
devices require particularly fast phase-modulating light
modulators.

[0021] Several types of conventional amplitude-modulat-
ing LC displays can be modified easily such to modulate the
phase instead of the amplitude, e.g. by changing the polari-
sation of the incident light. However, the required phase range
of'up to 2w can hardly be served then; the phase range of such
modified display panels is for example only O to 7.

[0022] LC modes such as electrically controlled birefrin-
gence (ECB) or vertical alignment (VA) require a combina-
tion of layer thickness d and birefringence An such to satisfy
the equation An-d=M\/2 for amplitude modulation, but rather
An-d=N2 for phase modulation up to 2w, where A is the
wavelength of the light which is to be modulated.

[0023] Compared to an amplitude-modulating light modu-
lator, a phase-modulating light modulator which uses one of
these L.C modes either requires an L.C material with a larger
refractive index, which often also shows higher viscosity, i.e.
which reacts more slowly, or which comprises a greater layer
thickness, where conventionally the response time of a nem-
atic LC is about proportional to its squared layer thickness.
This is why a phase-modulating light modulator based on
those display types would be disadvantageously slower than
a comparable amplitude-modulating display.

[0024] However, it would generally be possible to acceler-
ate these LC modes by using a dynamic alignment layer while
maintaining the range of possible orientations of the LCs. But
the slowest switching operations are grey-to-grey transitions
in an amplitude-modulating display, or, adapted to phase
modulation, the transitions among medium phase shifts.
Since there is only a limited number of defined surface ori-
entation states, it must be suspected that not all required phase
steps can be accelerated as desired.

[0025] ECB and VA in the above-mentioned configuration
require linear polarised light for phase modulation.

[0026] Another possibility of phase modulation according
to Pancharatnam [4] takes advantage of circular polarised
light and a controllable A/2 plate (therefore An-d=A/2 applies
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here). If the optical axis of the A/2 plate is turned by the angle
¢ in the plane which is parallel to the surface, then a phase
modulation of 2¢ is obtained. An angle ¢ of 180 degrees is
required to achieve a phase of 2.

[0027] Similarly, a reflective arrangement can be provided
like this: Circular polarised light passes through a rotatably
arranged A/2 plate, then through a fix A/4 plate, then hits a
reflective layer and passes on its way back the fix A/4 plate and
the rotatably arranged A/2 plate again. The rotatably arranged
M2 plate can for example be realised in the form of a suitable
layer of liquid crystals. The fix A/4 plate can for example be
realised in the form of a polymer film. If the A/2 plate is turned
by the angle ¢, then the light will undergo on its way to the
reflector a phase modulation by twice that angle, i.e. by 2¢,
and after reflection on the way back another phase modulation
by 2¢, i.e. altogether by 4¢. A total angular range of $=90
degrees is then required to realise a phase modulation of up to
360 degrees (2m).

[0028] Another possibility of embodying a reflective
arrangement according to the prior art is to use a rotatably
arranged /4 plate and a reflective layer, where the A./4 plate is
passed twice, namely on the way to the reflector and on the
way back, so that it has the effect of a transmissive rotatably
arranged A/2 plate for the light. The rotatably arranged A/4
plate can for example be realised in the form of a suitable
layer of liquid crystals. In that case, the phase modulation that
is realised when the A/4 plate is rotated by the angle ¢ is again
twice that rotation angle, i.e. 2¢. An angular range of alto-
gether =180 degrees is again required to realise a phase
modulation of up to 360 degrees (2m). Where LC-based
phase-modulating light modulators are used, the layer thick-
ness of the A/4 plate is halved compared with a transmissive
modulator, which can have a positive effect on the response
time.

[0029] Both possibilities for reflective modulators are
described in publication [7] and shown schematically in FIG.
2 there.

[0030] With LCs, the optical axis typically corresponds
with the long axes of the LC molecules. The optical axis can
thus be tilted by tilting the LC molecules accordingly in the
plane.

[0031] Certain types of LC displays, such as in-plane
switching (IPS) or polarisation-shielded smectic (PSS), see
for example publication US 2007002267 Al, use a layer
thickness of An d=A\/2 and rotate the LC molecules by con-
trolling them through an in-plane field. PSS-type amplitude
displays are particularly fast. Control frequencies of up to 1
kHz and more have been achieved. IPS uses nematic LCs and
an in-plane electric field. PSS uses smectic molecules and an
out-of-plane electric field. To achieve amplitude modulation,
these LC modes conventionally work with linear polarised
light. However, it would be easily possible to modify the
polarisation state. For example, a A/4 plate can be used in
order to convert linear polarised light into circular polarised
light. Nematic and smectic molecules differ in that nematic
molecules align in the same direction irrespective of the sign
ofthe applied voltage, while the orientation of certain smectic
LC molecules depends on whether a positive or negative
voltage is applied.

[0032] In a PSS-type phase-modulating light modulator,
the direction of rotation and thus the phase depends on the
sign of the voltage. Document DE 10 2009 002 987.7
describes the use of the PSS mode in a phase-modulating light
modulator using circular polarised light under consideration
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of the sign of the voltage. However, the conventional rotation
angle of the LC molecules in the IPS and PSS modes does not
suffice to realise a phase modulation of 2.

[0033] In a transmissive PSS-type amplitude-modulating
light modulator and with suitable linear polarisation of the
incident light, there will be a transmittance profile which is
proportional to the squared sine of twice the rotation angle 2¢.
[0034] Minimum transmittance is achieved for ¢=0
degrees, and maximum transmittance is achieved for ¢=+45
degrees or ¢$=—45 degrees. Ideally, a transmissive PSS-type
amplitude-modulating light modulator uses a rotation angle
range of between +45 degrees and -45 degrees. In that angu-
lar range, it would also be possible to use a reflective phase-
modulating light modulator with rotatably arranged A/2 plate
and a fix A/4 plate.

[0035] However, the useful range of rotation angles ¢ for
PSS is limited by the tilting angle of the LC molecules in the
smectic phases which are used for PSS (in particular smectic
C). This tilting angle is a material-specific parameter which
depends on the actually used liquid crystal substance and
which also fluctuates with the temperature. Since nematic
materials are frequently used in conventional L.C displays,
major LC manufacturers offer mostly nematic LC materials.
The choice of commercially available smectic LC materials is
much smaller.

[0036] This is why the angular range of between -45
degrees and +45 degrees can often not be realised with the
available L.C materials or only in small temperature ranges.
For example, the achievable angular range is only -35
degrees to +35 degrees.

[0037] Another limitation can be that although an angle of
45 degrees can be obtained theoretically the voltage that is
necessary to achieve such an angle is too high, i.e. it would
exceed the range that is realisable with a conventional L.C
backplane.

[0038] The disadvantages of an angular range that is too
small have differently strong effect on amplitude modulation
and phase modulation. In the case of amplitude modulation,
an angle of 35 degrees results for example in 88 percent of the
maximum transmittance. This means that an amplitude-
modulating display can also be operated with this angular
range if the minor disadvantage of a slightly lower luminous
efficacy and consequently a slightly higher power consump-
tion of'the display is accepted. In a reflective phase-modulat-
ing SLM, however, rotation angles of between -35 degrees
and +35 degrees would only allow a maximum phase modu-
lation of 1.55m instead of the required modulation of up to 27.
[0039] If such a phase-modulating SLM is used in a holo-
graphic display device, this would have adverse effects on the
quality of a holographic reconstruction. This represents a
serious drawback.

[0040] Amplitude modulation with the IPS mode requires a
rotation angle of between 0 and 45 degrees. This will effect a
rotation of the linear polarised light by angles of between 0
and 90 degrees, which suffices to achieve either full transmit-
tance or complete extinction with a fix polariser at the exit.
Amplitude modulation with the PSS mode takes advantage of
angles of between —45 degrees to +45 degrees, where positive
and negative angles bring about same amplitudes.

[0041] Transferred to phase modulation, this angular range
corresponds with phases of between 0 and 7t/2 (IPS) and O to
7t (PSS) in a transmissive phase-modulating light modulator
or a reflective phase-modulating light modulator with an
embodiment of the L.Cs as a rotatably arranged A/4 plate. In
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order to achieve the desired phase modulation of up to 2, the
angle at which the LC molecules are aligned had to be
enlarged, namely fourfold for IPS and doubled for PSS. This
is hardly possible. The maximum rotation angle which can be
achieved in a conventional IPS-type display is 90 degrees.
+90 degrees would represent a theoretical limit for PSS,
which is, however, never achieved in practice.

[0042] It is thus an object to provide a fast phase-modulat-
ing SLM with a modulation range of up to 2;t whose available
angular range of LC orientations is enlarged.

[0043] Publication [6] describes switchable surface align-
ment using a ferroelectric liquid-crystal polymer (FLCP).
[0044] Low-molecular liquid crystals are bonded chemi-
cally with a polysiloxane backbone such that they form
mobile side chains of a polymer. The backbone gives this
arrangement mechanical stability while the side chains can
align in an electric field similar to low-molecular liquid crys-
tals.

[0045] An LC cell is provided in that a polyimide layer is
deposited onto glass substrates and treated by mechanical
rubbing. The FLCP is applied by way of spin coating as an
additional layer onto at least one substrate atop the polyimide,
and it is also rubbed mechanically. Then, an L.C material is
filled between the two substrates. At the surface to the FLCP
layer, the LC material aligns substantially parallel to the side
chains of the FLCP. The side chains of the FLCP can be given
a different orientation by applying an electric field. This
changes the surface orientation of the LC material. Publica-
tion [6] describes that an alignment of the FLCP in an angular
range of about —15 degrees to +15 degrees was proved empiri-
cally. These angles are analogously, i.e. continuously, vari-
able depending on the applied voltage. If power is switched
off, then the LCs will return to an orientation parallel to the
rubbing direction. In that case, there will be no binary switch-
ing. The surface layer behaves like a V-shaped FLC instead.

Phase Deflector

[0046] Indiffractive optical elements, such as phase deflec-
tors, which are used in holographic display devices for
observer tracking, the challenge is to realise a high diffraction
efficiency. Such phase deflectors are described for example in
documents DE 10 2009 028 626.8 and PCT/EP2010/058625,
where they are called diffraction devices. Since phase deflec-
tors will be discussed in more detail below, the disclosed
content of documents DE 10 2009 028 626.8 and PCT/
EP2010/058625 shall be included here in full.

[0047] In tracking devices, low diffraction efficiency will
also lead to potential cross-talking of light to the other eye of
the observer who looks at the display, because the light which
is diffracted in a non-desired way can hit the eye of another
observer. While this is less critical in single-user systems,
because the two eyes of the observer always have a constant
distance to each other so that cross-talking among them can
be effectively prevented, cross-talking may cause limitations
in particular in a multi-user system where the relative posi-
tions of the individual observers vary.

[0048] Light is for example deflected in a diffraction grat-
ing according to a linear rising or linear falling phase profile,
depending on the direction of deflection. If the phase can only
modulated modulo 2w, the phase profile will show jumps
back from 2w to 0 (flyback regions). The phase profile thus
looks like a saw tooth, and in this particular case the saw tooth
shape comprises a period of a substantially linear rising edge
and an almost vertically falling edge. These regions are in
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practice not ideally sharp or vertically falling, but rather
smoothened and sloped. The falling edge of the phase profile
causes the diffraction efficiency to be reduced and thus poten-
tial cross-talking to increase. The loss in efficiency is the
greater the smaller the grating period, because then the rela-
tive portion of the falling edge of the phase profile increases in
relation to the rising edge. A smaller grating period corre-
sponds with a larger deflection angle. This effect can be
circumvented by using a polarisation grating (PG), which is
also based on the phase modulation according to Pancharat-
nam. LC molecules in a LCPG rotate continuously over two
grating periods by angles between 0 degrees and 360 degrees
and so forth. This corresponds to a phase of between 0 and 47
across the two grating periods. Since there is no jump in the
required LC orientation, the phase profile is not disturbed in
the regions 2w to 0, i.e. it can be set as desired. Light can be
diffracted at a high efficiency of almost 100%.

[0049] A tracking unit for tracking observer eyes requires a
polarisation grating with variable period so to be able to vary
the deflection angle by modifying the grating period. Con-
ventional LCPGs are created by way of photo-alignment and
have a fix period. A special type of polarisation gratings called
V-COPA (see document US 2009/0073331 Al and publica-
tion [5]) have a variable period which is controlled by an
electric field. V-COPA uses L.Cs with negative dielectric
anisotropy. Without the field, the molecules are substantially
oriented at right angles to the surface. If an out-of-plane field
is applied, then the molecules will align in the plane. By an
additional in-plane difference of the voltages, the orientation
in the plane can be defined and the grating period can thus be
varied. However, with this type of polarisation grating, a
surface orientation must be defined at selected positions at the
distance of a given pitch of the diffraction grating, so that
when applying an electric field a helical structure of the LC
orientation is generated at all as is necessary for a polarisation
grating. However, this defined surface orientation impedes
the creation of a variable period of the polarisation grating
when controlling it with the help of an electric field. This will
bring about defects in the LC orientation compared with the
desired polarisation grating.

[0050] Using the V-COPA as described in the literature,
namely as phase deflector for tracking in holographic dis-
plays at high efficiency and little cross-talking is therefore
impossible.

[0051] Other possible LC modes for polarisation gratings
with a variable period would again include IPS and PSS, but
only if the achievable rotation angle of the molecules is 180
degrees or optionally even 360 degrees. With these LC modes
there is thus the same problem in a phase deflector as in a light
modulator (SLM).

[0052] IPS/PSS phase-modulating SLM or phase deflec-
tors, optionally transmissive with a rotatably arranged A/2
plate or reflective with a rotatably arranged A/4 plate accord-
ing to this invention:

[0053] A pixel-wise (or stripe-wise) switchable or other-
wise variable surface orientation of LC molecules in a pix-
elated SLM (or deflector with stripe electrodes) is used in
combination with direct control of the LC molecules by an
electric field for the purpose of enlarging the angular range of
possible LC orientations by combining surface orientation
and direct control of the L.C molecules such that it exceeds a
value that would be possible with a fix surface orientation, in
order to enlarge the range of phase values that can be setin a
phase-modulating SLM.
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[0054] Inparticular, an angular range of the LC orientations
of about 180 degrees is achieved with LC modes such as IPS
or PSS by combining switchable or otherwise variable sur-
face orientation and direct control of the LC molecules by an
electric field, which allows a phase modulation of up to 2r to
be realised.

[0055] This satisfies a major condition for the use of such
LC modes in phase-modulating SLMs in a holographic dis-
play device or in phase deflectors with a high diffraction
efficiency to be used as phase deflectors in a holographic
single-or multi-user system. Any techniques for switching or
otherwise varying the surface orientation which have been
mentioned in the prior art may be used. Switching may pref-
erably by realised by a dynamic surface layer which includes
smectic liquid crystals itself.

[0056] An embodiment could be as follows: In a PSS-type
display with LC orientation angles of up to +45 degrees in the
plane relative to a predetermined surface orientation, which
are controlled by an electric field, would a switching of the
surface orientation preferably by 90 degrees be added so that
the controllable angle of ‘surface 0 degrees plus field +45
degrees’ ties in with the controllable angle of ‘surface 90
degrees plus field —45 degrees’. When used as a phase modu-
lator, the phases 0 to « would then for example be set by the
surface orientation of 0 degrees and the relative orientation to
the surface in the electric field of —45 degrees (phase 0) to +45
degrees (phase 7). The phases 7 to 2 would be set by the
surface orientation of 90 degrees and the relative orientation
in the electric field of -45 degrees (phase 7) to +45 degrees
(phase 2m).

[0057] This is controlled by varying the electric field
strengths and under consideration of threshold and saturation
voltages. For example, the voltage required for switching the
surface orientation should for example be higher than the
saturation voltage of the PSS mode where the angles of +45
degrees or —45 degrees are formed. A binarily switchable
surface orientation is required for this embodiment.

[0058] Depending on the actual configuration, the direction
of the field used to define a certain surface orientation can
generally also be chosen differently from that used to achieve
direct control of the LC layer.

[0059] In an IPS-type display with an additional dynamic
smectic surface LC layer, an out-of-plane electric field could
for example switch the surface layer between two bistable
states. The LC molecules are then controlled directly by an
in-plane electric field.

[0060] In an IPS LC mode, the surface orientation will
preferably be defined such that either (irrespective of the sign
of the in-plane voltage) phases between 0 (maximum abso-
lute voltage) and about m (no field) can be set for one surface
orientation and phases between about w (no field) and 2%
(maximum absolute voltage) can be set for the other surface
orientation. In contrast to the PSS mode, the two required
surface orientations only differ by a small relative angle in
this embodiment. In the IPS mode, it is possible to use either
a surface layer whose surface orientation can be switched
binarily between two bistable states or a surface layer whose
surface orientation varies continuously as the applied field
changes.

[0061] This part of the invention will be described in more
detail below with the help of FIGS. 1 to 6.

V-COPA Phase Deflector According to This
Invention

[0062] The concept of a V-COPA is modified according to
this invention such that instead of a fix surface orientation a
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surface orientation which can be controlled pixel-wise or
stripe-wise such that it is switched between at least three
possible states (i.e. at least tristable or continuously variable)
is variably adapted to the grating period of the LCPG which
actually needs to be set. Thereby, the generation of an LCPG
of that period, which is realised through an electric field, is
supported and defects in the LCPG, which would occur due to

a fix surface orientation, are avoided or reduced.

[0063] The three states of surface orientation are for

example as follows:

[0064] 1.The surface orientation is defined such that the LC
molecules are substantially oriented perpendicular to an
electrode;

[0065] 2.Thesurface orientation is defined such that the LC
molecules are oriented at a first, slightly tilted angle rela-
tive to the surface normal;

[0066] 3.Thesurface orientation is defined such that the LC
molecules are oriented at a second slightly tilted angle
relative to the surface normal, where the second angle is
substantially tilted in the other direction and its absolute
value is substantially the same as that of the first angle.

[0067] Generally, the surface orientation can be set such
that the LC molecules (liquid crystals) are substantially
aligned with a first predeterminable pre-tilt in a first local
region of the light modulator. In a second local region of the
light modulator, the liquid crystals can be aligned by the
alignment means with a second predeterminable pre-tilt
which is turned by a first angle in relation to the first pre-tilt.
In a third local region of the light modulator, the liquid crys-
tals can be aligned by the alignment means with a third
predeterminable pre-tilt which is turned in relation to the first
pre-tilt by a second angle which has substantially the same
absolute value as the first angle but which is tilted in the
opposite direction, i.e. which has the opposite sign.
[0068] Here, the predeterminable first pre-tilt of the liquid
crystals could be substantially parallel or perpendicular to the
surface normal of a substrate so that a V-COPA or IPS/PSS
arrangement can be realised. Alternatively, the predeter-
minable first pre-tilt of the liquid crystals could be substan-
tially parallel or perpendicular to the longitudinal axis of
substantially linear electrodes, so that an IPS arrangement can
generally be realised.
[0069] In the IPS/PSS modes it is optionally also possible
for an alignment layer (or alignment means) which shows
binary behaviour to be switched between two pre-tilts only,
where these two pre-tilts are for example turned symmetri-
cally by angles of the same absolute value but which are
oriented in opposite directions in relation to the longitudinal
axis of substantially linear electrodes. This corresponds with
the second and third pre-tilt in the description above, while
the above-mentioned first pre-tilt, which would be parallel or
perpendicular to the longitudinal axis of the electrodes, can be
omitted when using an alignment layer with binary behav-
iour.

[0070] The surface orientations 2 and 3 are set at certain

positions such that their distance corresponds roughly with a

grating period of the LCPG. If the device is controlled pixel-

wise, then the surface orientation according to setting 2 or 3 is
set in the region affected by one electrode each. The orienta-
tion according to setting 1 is set by the other electrodes.

[0071] If the grating period corresponds exactly with an

integer multiple of the electrode pitch, then the distance

between positions 2 and 3 is identical to the grating period. If
the grating period does not correspond exactly with an integer
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multiple of the electrode pitch, then the surface orientations 2
and 3 shall be set by the nearest electrodes.

[0072] Forexample, a grating period which is 3.5 times the
electrode pitch can be set in that the surface orientations 2 and
3 are set at a distance of 3 and 4 pixels alternately, i.e. on
average 3.5 pixels.

[0073] This part of the invention will be described in more
detail below with the help of FIGS. 7 to 12.

[0074] Insofar, a light modulator according to the present
invention serves in particular for the presentation of two-
and/or three-dimensional image contents in a display. The
light modulator comprises two opposing substrates and elec-
trodes. At least one electrode can be provided either on just
one or on both substrates. At least one liquid crystal layer is
provided between the two substrates. An alignment means is
provided on the surface of the substrate which faces the liquid
crystal layer to set a predeterminable pre-tilt of the liquid
crystals. The orientation of the liquid crystals can be con-
trolled in a predeterminable range—in particular as defined
by a threshold field strength and a saturation field strength—
through an electric field which is generated by the electrodes.
The predeterminable pre-tilt of the liquid crystals shall in
particular be understood to be the above-mentioned preferred
direction or preferred orientation of the LC molecules.

[0075] The alignment means is of a controllable type and
can be controlled such that hereby the pre-tilt of the liquid
crystals is modified. If the pre-tilt of the liquid crystals is
modified, then the orientation of the liquid crystals in an
electric field can be controlled such that the liquid crystals can
be oriented outside the range that was defined by the previous
predeterminable pre-tilt. The orientation of the liquid crystals
outside the predeterminable range represents in particular a
continuation of the previous orientation or direction of rota-
tion which was possible in the given range of the liquid
crystals at the predeterminable pre-tilt. Now, if a liquid crystal
can be turned and aligned in the predeterminable range in a
plane, this liquid crystal can be turned and aligned in an
extended range in this plane if its pre-tilt is modified.

[0076] Inparticularifthe liquid crystals can arbitrarily turn
and align in two opposite directions of rotation when an
electric field is applied, then it could be provided that the
alignment means is of a controllable type and can be con-
trolled such that thereby the pre-tilt of the liquid crystals is
modified. If the pre-tilt of the liquid crystals is modified, then
the orientation of the liquid crystals can be controlled by an
electric field such that the liquid crystals can turn in a deter-
ministic way, i.e. only in one direction of rotation.

[0077] In the case of PG, the alignment means could be of
a controllable type and be controlled such that thereby the
pre-tilt of the liquid crystals is controlled in a predeterminable
way in dependence on the location, preferably through at least
two regions with electrodes.

[0078] The present invention further relates to a display, in
particular to a stereoscopic or holographic display which is
characterised by a light modulator according to one of claims
1 to 15. The present invention further relates to a method of
operating a light modulator according to one of claims 1 to 15.
The method according to this invention comprises the follow-
ing process steps:

[0079] a)Setting of at least one predeterminable orientation
of the liquid crystals and, as the case may be, definition of
at least one predeterminable pre-tilt of the liquid crystals
with the help of the alignment means
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[0080] b) Setting of an orientation that differs from the
predeterminable orientation of the liquid crystals
[0081] c) If the orientation that differs from the predeter-
minable orientation of the liquid crystals lies outside the
given range of liquid crystal orientations, setting of a pre-
determinable pre-tilt of the liquid crystals with the help of
the alignment means such that the orientation that differs
from the predeterminable orientation of the liquid crystals
can be set.
[0082] Reflective phase-modulating light modulator
according to this invention with a rotatably arranged A/2
plate:
[0083] According to this invention, a reflective PSS-mode
phase-modulating light modulator is designed as an optical
component which comprises an optical unit which realises
the function of a variable or rotatable A/2 plate. The optical
component further comprises on its backside a fix A/4 layer
and a reflective layer. An angular range of the rotation of the
axes of the LC molecules of at least +45 degrees is achieved
by controlling the optical unit, namely by combining direct
control ofthe PSS molecules and variable surface orientation,
which is also controlled with the help of an electric field. This
preferably allows the use of already commercially available
smectic liquid crystal materials for the PSS mode and already
proven angular ranges for switchable surface orientations.
Here, a surface orientation which varies in analogy with the
electric field is preferably used.
[0084] Insofar, the light modulator could be operated in a
reflective mode where the liquid crystal layer realises the
function of a variable A/2 plate. Circular polarised light to be
modulated passes through the liquid crystal layer and a A/4
plate which is disposed downstream of the liquid crystal layer
and is reflected by a reflective layer and passes through the A/4
plate and through the liquid crystal layer again. Alternatively,
the light modulator could be operated in a reflective mode
where the liquid crystal layer realises the function of a vari-
able A/4 plate. Circular polarised light to be modulated passes
through the liquid crystal layer and is reflected by a reflective
layer and passes through the liquid crystal layer again.
[0085] A phase-modulating light modulator preferably
comprises regularly arranged pixels, where the pixels are
made such to modulate—in particular continuously—the
phase of the light which interacts with the light modulator.
Here, a pixel modulates the light which interacts with the
pixel substantially in the same way across the entire cross
section of the pixel. For example, a pixel could be one of the
rectangles shown in FIG. 2, which are here shown in a greatly
magnified manner and which only represent a tiny detail of a
light modulator.
[0086] By applying electric fields of locally different
strength and/or direction, the liquid crystals can be oriented in
a predeterminable way such that a continuous angular distri-
bution of the liquid crystals between 0 and 360 degrees can be
achieved in relation to the pre-tilt with a variably controllable
grating period.
[0087] The following embodiments can be combined with
any already described transmissive or reflective phase-modu-
lating SLMs or phase deflectors.
[0088] In a particular embodiment of the invention, a tem-
perature calibration is provided:
[0089] The elastic parameters of an L.C material vary for
example as the temperature fluctuates. Since the overall ori-
entation which results from a combination of elastic interac-
tion among the molecules as well as surface and field por-
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tions, the rotation angle of the molecule typically varies as the
temperature changes while the electric voltage is kept con-
stant. As the temperature rises, the angle frequently becomes
larger, given a continuous voltage. However, this depends on
the molecule. The mobility does therefore not necessarily
increase as the temperature rises, even though this is usually
the case.

[0090] The change in the resilience or deflection angle
which occurs as the temperature fluctuates is reversible and
can be calibrated. This calibration is preferably be stored in a
look-up table (LUT).

[0091] At least one temperature sensor is provided in the
phase-modulating light modulator so to be able to consider
the temperature calibration. It is possible to provide a matrix
of temperature sensors so to be able to measure temperatures
locally.

[0092] Asthe case may be, the maximum rotation angle can
vary as the temperature changes, it can for example decrease
as the temperature rises. If the phase-modulating light modu-
lator is intended to be run in a defined operation temperature
range, then the smectic LC and the FLLCP and the used volt-
ages are chosen such that an angle of 45 degrees is always
achieved, even at the temperature within the operation tem-
perature range which is related to the minimum angle.
[0093] Ina particular embodiment of the invention, several
measures to compensate ageing of the device are provided.
[0094] An UV filter which is disposed in front of the display
serves to reduce chemical ageing of the materials of the
display as it widely prevents chemical bonds from breaking
up which is caused by the high photon energy of the UV
radiation. The chemical bonds will remain stable. A firm
chemical bond of the FLC molecules also prevents in particu-
lar an undesired mixing of these molecules in the switchable
surface orientation layer with the L.C molecules inthe PSS L.C
layer.

[0095] The above cited prior art takes advantage of an
FLCP in the form of a polysiloxane with FLC side chains.
However, this has the drawback that it requires an additional
layer to be deposited in the LC cell.

[0096] It is thus proposed to directly bond the FLC mol-
ecules chemically with a polyimide, which is a material
which is already used for surface alignment in the LC cell.
Chemical bonding of the FL.Cs to the polyimide alignment
layer can be achieved by attaching a functional group to the
FLCs where the functional group is bonded to the FL.Cs on the
one hand and to the molecules of the polyimide alignment
layer on the other.

[0097] Generally, using a FLCP is only one possibility of
realising a switchable surface alignment. Another possibility
ofrealising a switchable surface alignment which is proposed
here is to use carbon nanotubes (CNT). CNT can also be
bonded chemically with suitable functional groups. The pos-
sibility of attaching various functional groups to CNT is
described in the literature. This can specifically beused in this
context. It is further also possible to attach two functional
groups to the FL.C or CNT, where one provides a chemical
bond to the alignment layer and the other one provides a
chemical bond to the LC material. These two functional
groups can be specific, so that it is circumvented that the FL.C
or CNT are “stapled” to the alignment layer on either side.
[0098] Other molecules diffusing into the LC layer may
also have an adverse effect, e.g. in the form of an ageing
process. Short-chained CH molecules (and plasticisers) dif-
fuse into the L.C. However, the diffusion coefficient depends

Aug. 16,2012

on the LC material and can be chosen such that the diffusion
into the LC material is minimised in the actual material com-
bination. Short-chained CH molecules can be added to the
alignment layer in a higher concentration in order to compen-
sate the diffusion which takes place until a diffusion equilib-
rium is attained. Sealing, which is also required for the LC
layer, shall be performed such that the seal also represents a
diffusion blockage for the present short-chained molecules.
[0099] Generally preferred physical forms and continua-
tions of the teaching will be explained in conjunction with the
description of the preferred embodiments of the invention and
the accompanying drawings. The Figures are schematic
drawings, where

[0100] FIG. 1 is a front view (i.e. the typical view of an
observer towards the display panel and in line with the surface
normal of the substrate) which shows the orientations of the
PSS LC molecules when different voltages are applied, rep-
resenting the prior art,

[0101] FIG. 2 is a front view which shows (in a simplified
manner) a detail of a first embodiment of the present inven-
tion, where the PSS L.C molecules cannot only be oriented in
an angular range of altogether 90 degrees (-45 degrees to +45
degrees) as in FIG. 1, but rather in an angular range of alto-
gether 180 degrees, thanks to a surface orientation which can
be switched binarily by 90 degrees,

[0102] FIG. 3 illustrates the principle of phase modulation
with circular polarised light according to the prior art,
[0103] FIG. 4 is a front view which shows a detail of an
IPS-mode display, namely the orientation of the molecules if
no electric field is applied on left and the orientation of the
molecules if an electric field is applied which is generated by
the absolute voltages Vmax in the top right and bottom right
drawings,

[0104] FIG. 5is a front view which shows an arrangement
which compares to that in FIG. 4, but where the pre-tilt of the
LC molecules is slightly turned relative to the electrode
arrangement,

[0105] FIG. 6 is a front view which shows an arrangement
which compares to that in FIG. 5, where here in a further
embodiment of the present invention the direction of rotation
of the LC molecules can be specified due to a binarily swit-
chable or continuously variable pre-tilt,

[0106] FIG. 7a is a front view which shows a detail of a
conventional phase deflector, which has VA LC in this
example,

[0107] FIG. 7b1is a diagrammatic view which illustrates the
resultant phase profile when the LC molecules are oriented as
shown in FIG. 7a,

[0108] FIG. 8a is a front view which shows a detail of a
conventional LCPG for phase modulation of circular
polarised light,

[0109] FIG. 85 is a diagrammatic view which illustrates the
resultant phase profile when the LC molecules are oriented as
shown in FIG. 8a,

[0110] FIG. 9 is a front view which shows a detail of a
conventional V-COPA during the absence of an electric field,
[0111] FIG. 10 is a front view which shows the V-COPA of
FIG. 9 during the presence of an electric field, and with LC
molecules which are aligned according to a suitable period,
[0112] FIG. 11 is a front view which shows the V-COPA of
FIG. 9 during the presence of an electric field, and with LC
molecules which are aligned according to a non-suitable
period,
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[0113] FIG. 12 is a front view which illustrates another
embodiment of the present invention in the form of a detail of
a V-COPA with a controllable surface orientation during the
presence of an electric field, and with LC molecules which are
aligned according to a surface orientation which is adapted to
the period,

[0114] FIG. 13 is a sectional view which shows an LC cell
as known in the prior art,

[0115] FIGS. 14 and 15 are front views showing a further
embodiment of the present invention,

[0116] FIG. 16 is a sectional view which shows an LC cell
as known in the prior art with a fringe-field (FFS) electrode
arrangement and with a switchable alignment means,

[0117] FIG. 17 is a sectional view which shows a further
embodiment of the present invention, and

[0118] FIGS. 18 and 19 are sectional views, each showing
an electric field distribution for the embodiment of FIG. 17.

[0119] Identical or comparable parts are given like numer-
als in all Figures.

[0120] FIG. 1 shows a detail of a prior art PSS LC display
with a fixed or unchanging preferred orientation of the LCs as
defined by the surface alignment. This preferred orientation is
indicated by the arrow VR. If no voltage is applied, i.e. if U=0
V, which is shown in the middle in the diagram, then the LC
molecules will align parallel to this preferred orientation VR.
If a voltage which exceeds a certain threshold is applied
perpendicular to the drawing plane, then the molecules will
rotate relative to this direction, where the direction of rotation
depends on the sign of the voltage and where the rotation
angle depends on the absolute voltage. Above a voltage satu-
ration value, a fix maximum rotation angle is attained. In an
LCD which serves to modulate the amplitude of the light, this
angle typically lies somewhere around +45 degrees. The
direction of polarisation of the incident light is not shown in
the drawing. An amplitude modulation would be realised with
linear polarised light, and a phase modulation would be rea-
lised with circular polarised light. Phase values between 0 and
7t would then have to be set to achieve a rotation angle range
of between —-45 degrees and +45 degrees.

[0121] FIG. 2 shows a detail of a PSS L.C display according
to this invention with binarily switchable surface orientation.
One preferred orientation VR1 of surface alignment can be
switched to another preferred orientation VR2. If no field is
applied (top middle and bottom middle), then the LC mol-
ecules will align parallel to one of these preferred orientations
VR1 or VR2. If a field is applied, then they will align at a
corresponding angle relative to these preferred orientations
VR1 and VR2, respectively.

[0122] Inthe present example, the angle of VR1 and VR2 is
90 degrees. This means that the orientation of the LCs which
is attained if the preferred surface orientation VR1 is active
and if maximum positive voltage is applied (0 degrees+45
degrees, as illustrated in the diagram in the top right corner)
corresponds with that if the preferred surface orientation VR2
is active and if maximum negative voltage is applied (90
degrees—45 degrees, as illustrated in the diagram in the bot-
tom left corner). Generally, the orientation of the LC mol-
ecules can be varied in an angular range of 180 degrees by
combining a certain surface orientation and a certain electric
field. This angular range is sufficient for a phase modulation
in a range of between 0 and 2.
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[0123] The surface orientation can for example be set by
applying a short voltage pulse to a bistable surface layer, and
the direct control of the bulk LC can be performed sequen-
tially.

[0124] FIG. 3 illustrates once more the general principle of
the phase modulation according to Pancharatnam [4]. Circu-
lar polarised light falls ona A/2 plate. The direction of rotation
of the circular polarised light changes. In addition, a phase
occurs which depends on the angle of the optical axis of the
A2 plate in the plane. If the optical axis is turned by the angle
¢ (illustration on the right hand side in FIG. 3), then the phase
at the exit will change by the angle 2¢.

[0125] FIG. 4 shows schematically a detail of a pixel of a
prior art IPS-mode LCD with two in-plane electrodes E1, E2,
which can generate an electric field in the drawing plane. In
this example, the given surface orientation VR is exactly 90
degrees relative to the direction of the field. In such an
arrangement, clockwise and counter-clockwise rotation of
the molecules in the field is energetically equal. It is thus
possible that domains with different orientations will form,
namely the orientations shown in the top right and bottom
right part of the drawing.

[0126] FIG. 5 shows schematically a detail of a pixel of a
prior art IPS-mode LCD where the surface orientation VR'
deviates by a small angle (pre-tilt) from 90 degrees relative to
the orientation of the electric field. This pre-tilt energetically
favours a clockwise rotation of the molecules. As can be seen
from FIG. 5, an IPS cell is only capable of realising a maxi-
mum rotation angle of near 90 degrees, because the L.C mol-
ecules can only align in a range of between the surface ori-
entation and the orientation parallel to the field. However, 45
degrees are typically already sufficient for amplitude modu-
lation.

[0127] FIG. 6 shows schematically a detail of a pixel of an
IPS-mode display with switchable surface orientations VR1
and VR2. The orientation is switched by a small angle around
the direction normal to the electric field. If the surface orien-
tation VR1 is active, then the clockwise direction of rotation
ofthe LC molecules is preferred if an electric field is applied.
If the surface orientation VR2 is active, then the counter-
clockwise direction of rotation of the LC molecules is pre-
ferred if an electric field is applied.

[0128] It is for example possible in this context to take
advantage of a surface layer which shows a binary behaviour,
i.e. which switches between the two pre-tilt conditions with
angles of —e and +e relative to the electrode surfaces.

[0129] This allows the angular range of between -90
degrees and —¢, and the angular range of between +€ and +90
degrees to be realised, where € is the angle to the normal of the
electric fields in the preferred orientations VR1 and VR2.
These angles can be very small, for example ranging between
2 and 5 degrees. This allows a phase modulation of between
0 and 2z with the exception of the small gap around =. In a
phase deflector, the L.C orientation is also affected by the
neighbouring [.C molecules, so that a continuous helix of LC
orientations will form there, whereby said gap will be closed.
[0130] Alternatively, a surface layer can be used whose
pre-tilt can be changed continuously in an angular range of
between —e and +€. Then, a first pre-tilt (without applied field)
can be parallel to the electrodes. Small angles of the LC
relative to the electrode, namely between —e and +¢, can only
be achieved by setting the pre-tilt of the surface layer. The
angular range of between —90 degrees and —€, and the angular
range of between +e and +90 degrees is realised—as in the
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binary case—in that the pre-tilt of the surface layer is set to +
or —e and that the LC is additionally directly controlled
through an in-plane field.

[0131] FIG. 7a shows a conventional phase deflector,
which comprises a VA-mode LC in this example. A phase
modulation of between 0 and 27 is realised by turning the L.Cs
out of the drawing plane (the drawing shows the projection of
the LCs into the drawing plane—the shorter they are the more
are they turned out of this plane).

[0132] FIG. 75 illustrates the resulting phase profile. At the
point of transition from 27 to 0, there should be a jump in the
LC orientation by 90 degrees in order to be able to modulate
the phase ¢ as desired. However, since the elastic forces
between the LC molecules do not permit such jump in orien-
tation, there will be a smoothening effect, indicated by black-
striped LC molecules in the drawing. A decreasing edge AA
(flyback region) occurs in the phase profile. In a holographic
display, the light is not deflected as desired in this flyback
region. The diffraction efficiency is reduced and undesired
cross-talking into a different observer eye may occur.

[0133] FIG. 8 shows a prior art LCPG, which is based on
the modulation of circular polarised light. A rotation of the
LC molecules by 180 degrees (see FIG. 8a) corresponds with
a phase of 27 (see FIG. 8b). Since the LC molecules keep on
rotating continuously, there will be no defect in the phase
profile at the 2r/0 transition points (see FIG. 8b). Conven-
tional LCPG have a fix grating period, which is defined by
one-off optically induced alignment. Although it would gen-
erally be possible to use an optically addressed variable
LCPGinaholographic display, it would not be able to achieve
the required response times.

[0134] FIG. 9 shows a prior art V-COPA. An LCPG is
formed partly by applying an electric field there. However, a
predeterminable surface orientation would still be necessary
for an LCPG to be generated in the field.

[0135] FIG. 9 shows the orientation of the molecules during
the absence of an electric field. This orientation is chiefly at
right angles to the drawing plane. At certain positions, how-
ever, the LC molecules are slightly tilted upwards (1') or
downwards (1") caused by their surface orientation relative to
the surface normal. At the other positions, they can be ori-
ented exactly perpendicular to the surface of the substrate (1).
[0136] FIG. 10 shows a prior art V-COPA. Here, the mol-
ecules comprise a negative dielectric anisotropy. FIG. 10
shows the orientation of the molecules in the electric field for
one grating period. The molecules are turned into the drawing
plane by an out-of-plane field. However, to achieve a certain
orientation in this plane, a continuous rotation in a range of
between 0 and 360 degrees must be achieved. This means that
a variable orientation must be realised in this plane depending
on the actual grating period. This is achieved partly by apply-
ing an additional in-plane field, for example at the positions 4
and 4'. However, the orientation at the positions 1' and 1" is
first set by previous tilting according to the surface orientation
in the no-field condition. A continuous rotation will occur
between these positions (e.g. left between 1' and 4) caused by
elastic forces.

[0137] FIG. 11 illustrates the problem which emerges when
the grating period of a prior art V-COPA is varied. At several
positions, there will be a conflict between the alignment
which is defined by the surface orientation (dotted/light grey)
and the orientation which is necessary for the grating period.
This is why a phase profile with changed period can only be
generated locally. Seen globally, there will be defects.
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[0138] FIG. 12 illustrates the solution of this problem
according to the present invention. The surface alignment can
be matched to the actual grating period by way of pixel-wise
switching between the three surface orientations 1, 1' and 1".
This way, the conflict shown in FIG. 11 can be circumvented
and a global change in the grating period becomes possible
without defects. Such a V-COPA which is modified according
to this invention is suitable for observer tracking in holo-
graphic displays.

[0139] Asdescribed above, in an L.C which is controlled by
an in-plane electric field, the orientation of the long axes of
the LC molecules can be set in an angular range of up to 180
degrees in combination with a controllable surface orienta-
tion of the LC. Thanks to this controllable angular range, it is
possible to realise a variable polarisation grating with the help
of such an electrode arrangement.

[0140] Now, further embodiments will be described which
focus on details of the required electrode arrangements and
control of the L.LC molecules.

[0141] FIG. 13 illustrates the prior art according to [6] and
shows a section through an LC cell which comprises two
glass substrates GS which are arranged at a distance defined
by spacers SP, where the inner surfaces of the two glass
substrates are covered with plane electrodes EO and EU and
with controllable surface alignment layers or alignment
means FLCPO and FLCPU. A layer NLC with a nematic LC
is disposed between the controllable alignment means. The
controllable alignment means EO, EU here consist of a fer-
roelectric liquid crystal polymer (FLCP).

[0142] Here, the two alignment means FLCPO, FLCPU are
controlled through an out-of-plane field between the two
plane electrodes EO, EU. The nematic LC itself is only con-
trolled indirectly through its interaction with the alignment
means FLCPO, FLCPU, and not directly such as by an elec-
tric field.

[0143] FIG. 14 shows schematically another embodiment
of the present invention in the form of a variably controllable
polarisation grating. It has a layer structure which compares
to that illustrated in FIG. 13. FIG. 14 is a front view, so that the
layer structure is not shown in this Figure. In contrast to FIG.
13, however, this embodiment does not feature a plane elec-
trode, but rather striped and individually controllable elec-
trodes E1 to En, which are indicated as rectangular boxes and
of which only a few are shown in the longitudinal direction
here in the drawing. The electrodes E1 to En are applied to
either glass substrate. The electrodes E1 to En on the upper
and lower glass substrates lie one above the other (congruent)
and are thus not shown separately in the front view. The
electrodes E1 to En are made of a transparent material or have
a transparent design, at least for the light used, they are for
example made of indium tin oxide (ITO).

[0144] The LC orientation is defined according to the prin-
ciple shown in FIGS. 5 and 6 by a combination of out-of-
plane fields with which the switchable pre-tilt is set, i.e. with
which the direction of rotation of the LC molecules is set to
clockwise or counter-clockwise, and in-plane fields with
which the desired rotation angle of the LC molecules is even-
tually realised. In addition, elastic forces also apply among
the individual LC molecules, so that in the lateral direction a
rotation angle of the LC molecules can be set which changes
continuously with the position.

[0145] FIG. 14a shows an initial homogeneous orientation
of the LC molecules without an electric field as induced by a
certain surface orientation. This condition represents the sur-
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face orientation without an electric field. In the case of a
continuously variable surface orientation as controlled by an
electric field, as shown here, the surface orientation without
electric field is preferably chosen to be parallel to the elec-
trodes E1 to En. In the case of a binarily switchable surface
orientation (which will remain unchanged when the electric
field is switched off), the LC molecules can also be in one of
these switching states without field, i.e. they can also show a
small angle relative to the longitudinal axis of the electrodes
E1 to En.

[0146] FIG. 145 illustrates how a pre-tilt which is suitable
to control a polarisation grating can be generated by control-
ling the switchable alignment means. An out-of-plane field is
applied between corresponding electrodes E1 to En on the
upper and lower substrate. The switchable alignment means
gives the LC molecules at the surface a small clockwise or
counter-clockwise pre-tilt, depending on the sign of the volt-
age. In a polarisation grating, a rotation of the LC molecules
by 180 degrees is required within one grating period, i.e. a
clockwise rotation for half a grating period and a counter-
clockwise rotation for the other half grating period, starting
from the zero position. FIG. 145 shows an example in which
the grating period to be set precisely corresponds with the
fourfold electrode distance. Generally, however, the grating
period does not necessarily have to be an integer multiple of
the electrode distance.

[0147] Here, a positive out-of-plane voltage is applied to
two electrodes (i.e. upper electrode on ‘+’, indicated as O+),
and a negative out-of-plane voltage is applied to the following
two electrodes (i.e. upper electrode on ‘-’, indicated as O-).
The alignment means is thereby controlled or switched, and
the LC molecules are tilted accordingly clockwise or counter-
clockwise by a small angle. The molecules which lie between
the electrodes are also moved through the elastic forces
among the L.C molecules.

[0148] FIG. 14¢ shows the orientation of the LCs after
having eventually applied an in-plane electric field in order to
create the polarisation grating in the LC layer. An in-plane
field of variable strength, which depends on the required local
rotation angle, is applied between two adjacent electrodes on
the same substrate (schematically indicated in FIG. 14¢ with
1++ for a strong electric field, 1+ for a medium electric field
and 10 for no electric field). A strong in-plane field 1++ results
in a rotation of the LC molecules of up to 90 degrees, a weaker
field 1+ in an accordingly smaller rotation. The in-plane field
directly affects the LC molecules between the electrodes.
Thanks to the elastic forces, the molecules which lie directly
under the electrodes E1 to En are moved as well. The sign of
the in-plane field can be chosen freely, because it does not
affect the direction of rotation of the alignment. The latter is
merely defined by the small pre-tilt shown in FIG. 145.
[0149] What has been described above represents one pos-
sible embodiment, which, however, has some disadvantages.
In particular, the out-of-plane fields which serve to switch the
alignment means can also affect the LC molecules themselves
such that the latter are not only tilted, but additionally turned
out of the plane, which would disturb the process.

[0150] FIG. 15 thus shows an embodiment which involves
LC molecules with negative dielectric anisotropy, which
align at right angles to the field. Here, the surface orientation
is chosen to be perpendicular to the long axis of the substan-
tially linear electrodes E1 to En, see FIG. 154. An alignment
means, which is again switched by an out-of-plane field,
defines the direction of rotation to be clockwise or counter-
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clockwise, see FIG. 155. Because of their tendency to align
perpendicular to the field, there is no risk here that the LC
molecules are turned out of the plane by the field. FIG. 15¢
shows the situation when the polarisation grating is active.

[0151] Nevertheless, these embodiments have the disad-
vantage that the in-plane and out-of-plane fields which are to
be applied can interact and disturb each other’s desired
effects.

[0152] FIG. 16 shows a switchable alignment means with a
fringe field (FFS) electrode arrangement as known in the prior
art. This type of arrangement is chosen in the cited document
which represents the prior art because only lower voltages are
required to control the alignment means. The lower substrate
GS is covered with a base electrode GE and, atop of that, an
insulating layer ISOL and stripe electrodes SE. The upper
substrate GS has a fix alignment layer fAL. The out-of-plane
field between the base electrode GE and the stripe electrodes
SE continues beyond to include the switchable alignment
means FLOP. According to the prior art, the alignment means
FLOP is switched homogeneously across the entire area of a
pixel.

[0153] FIG. 17 shows an embodiment with a plane elec-
trode GE and—very much in contrast to a conventional fringe
field—individually controllable stripe electrodes SE, here
applied on either substrate GS. However, the in-plane elec-
trodes SE may optionally be disposed on one substrate GS
only. Here, advantage is preferably taken of the fact that the
out-of-plane field does not extend very far into the LC layer
NLC, so that it does not have a disturbing effect there. The
in-plane field can be generated by the individually control-
lable stripe electrodes SE so to create a polarisation grating
with a predeterminable grating period.

[0154] FIG. 18 is a section through the arrangement that
shows the layer structure and simulation data, illustrating the
equipotential lines when controlling the alignment means. In
this example, the grating period to be set is 6 times the
electrode distance. In contrast to the plane base electrode GE,
3 stripe electrodes SE are supplied with negative voltage,
while 3 stripe electrodes SE are supplied with positive volt-
age. Equipotential lines which run parallel to the substrate GS
represent an out-of-plane component of the field. As can be
seen in the drawing, there is an out-of-plane field above the
electrodes SE. This defines a clockwise direction of rotation
for half a grating period and a counter-clockwise direction of
rotation for the other half.

[0155] FIG. 19 shows the control situation with substan-
tially in-plane fields (equipotential lines run perpendicular to
the substrate GS) in the LC layer and with substantially out-
of-plane fields (equipotential lines run parallel to the sub-
strate GS) in the switchable alignment means. The orientation
of the LC molecules is shown schematically in the form of
needles. It can be seen that the needles on the left point
beyond the drawing plane, while the needles on the right point
in front of the drawing plane and the needles L.C in the centre
lie parallel to the drawing plane. This demonstrates the
desired rotation of the LC molecules by 180 degrees within
one set grating period.

[0156] Thetwo typesoffieldsillustrated in FIGS. 18 and 19
can optionally be realised subsequently so to provide a two-
stage control, or the type of field illustrated in FIG. 19 can be
used on its own, because it already comprises the desired
out-of-plane and in-plane fields. In a simplified version of this
embodiment, it is preferably possible to do without the in-
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plane electrodes of the second substrate. This makes the
mechanical alignment of the two substrates superfluous.
[0157] Finally, it must be said that the embodiments
described above shall solely be understood to illustrate the
claimed teaching, but that the claimed teaching is not limited
to these embodiments.
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1. Light modulator for a display for the presentation of two-
and/or three-dimensional image contents, where the light
modulator comprises two opposing substrates and electrodes,
where at least one liquid crystal layer is provided between the
two substrates, where an alignment means is provided on the
surface of the substrate which faces the liquid crystal layer to
set a predeterminable pre-tilt of the liquid crystals, where the
orientation of the liquid crystals can be controlled in a prede-
terminable range through an electric field which is generated
by the electrodes, wherein

the alignment means is of a controllable type and is con-

trollable such that the pre-tilt of the liquid crystals is
changeable, and in that if the pre-tilt of the liquid crystals
is modified then the alignment of the liquid crystals in an
electric field can be controlled such that the orientation
ofthe liquid crystals is orientable outside the given range
or such that the pre-tilt of the liquid crystals is settable in
a predeterminable way in dependency of a predeter-
mined location.

2. Light modulator according to claim 1, wherein the align-
ment means can be controlled such that the liquid crystals can
rotate in a deterministic way.

3. Light modulator according to claim 1, further compris-
ing regularly arranged pixels, where the pixels are made such
to modulate the phase of the light which interacts with the
light modulator, where a pixel preferably modulates the light
which interacts with the pixel substantially in the same way
across the entire surface of the pixel.

4. Light modulator according to claim 3, further compris-
ing a reflective working principle, where the liquid crystal
layer realises the function of a variable A/2 plate, where
circular polarised light to be modulated passes through the
liquid crystals and a A/4 plate which is disposed downstream
ofthe liquid crystal layer and is reflected by a reflective layer
and passes through the A/4 plate and through the liquid crystal
layer again.
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5. Light modulator according to claim 3, further compris-
ing a reflective working principle, where the liquid crystal
layer realises the function of a variable A/4 plate, where
circular polarised light to be modulated passes through the
liquid crystals and is reflected by a reflective layer and passes
through the liquid crystal layer again.

6. Light modulator according to claim 3, wherein the light
which interacts with the light modulator is changeable with a
substantially constant phase value substantially across the
entire cross section of a pixel of the light modulator.

7. Light modulator according to claim 1, further compris-
ing a phase deflector as described in document PCT/EP2010/
058625, where it is called a diffraction device, or as described
in claim 1 of PCT/EP2010/058625, where it is called a dif-
fraction device, to which a diffractive structure of variable
period is writable.

8. Light modulator according to claim 7, wherein substan-
tially linear electrodes and/or a planar electrode are provided
on at least one substrate.

9. Light modulator according to claim 7, wherein the sur-
face orientation is set such that the liquid crystals are substan-
tially aligned with a first predeterminable pre-tilt in a first
local region of the light modulator, in that in a second local
region of the light modulator the liquid crystals are aligned by
the alignment means with a second predeterminable pre-tilt,
which is turned by a first angle in relation to the first pre-tilt,
and in that in a third local region of the light modulator the
liquid crystals are aligned by the alignment means with a third
predeterminable pre-tilt, which is turned in relation to the first
pre-tilt by a second angle which has substantially the same
absolute value as the first angle but which is turned in the
opposite direction.

10. Light modulator according to claim 9, wherein the first
predeterminable orientation of the liquid crystals is substan-
tially parallel or perpendicular to the surface normal of a
substrate.

11. Light modulator according to claim 9, wherein the first
predeterminable orientation of the liquid crystals is substan-
tially parallel or perpendicular to the longitudinal axis of
substantially linear shaped electrodes.

12. Light modulator according to claim 7, wherein by
applying electric fields of locally different strength and/or
direction the liquid crystals can be oriented in a predeter-
minable way such that a continuous angular distribution of
the liquid crystals between 0 and 360 degrees is achieved in
relation to the pre-tilt with a variably controllable grating
period.

13. Light modulator according to claim 1, wherein at least
one temperature sensor is provided for measuring the current
temperature of the light modulator in order to take the mea-
sured current temperature into account when controlling the
light modulator.

14. Light modulator according to claim 1, further compris-
ing a UV filter for preventing the entry of UV light into the
light modulator and thus to slow down chemical ageing of the
materials of the light modulator.

15. Light modulator according to claim 1, wherein FLC
molecules or CNTs are directly bonded chemically with a
polyimide alignment means—for example via a functional
group.

16. A display, in particular to a stereoscopic or holographic
display, further comprising a light modulator according to
claim 1.
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17. A method for operating a light modulator according to ¢) If the orientation that differs from the predeterminable
claim 1, comprising the following process steps: orientation of the liquid crystals lies outside the given
range of liquid crystal orientations, setting of a prede-
terminable pre-tilt of the liquid crystals with the help of
the alignment means such that the orientation that differs
from the predeterminable orientation of the liquid crys-
tals is settable.

a) Setting of at least one predeterminable orientation of the
liquid crystals and, as the case may be, setting of at least
one predeterminable pre-tilt of the liquid crystals with
the help of the alignment means

b) Setting of an orientation that differs from the predeter-
minable orientation of the liquid crystals ok kKK
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