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DISPLAY

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a display in which
the angular output range of light is controllable, so that the
display can be switched between a wide angle viewing mode
and a narrow angle viewing mode.

[0003] 2. Description of the Related Art

[0004] Electronic display devices such as, for example,
monitors used with computers and screens built in to mobile
telephones and other portable information devices, are usu-
ally designed to have as wide a viewing angle as possible, so
that an image displayed by the device can be seen from many
different viewing positions. However, there are some situa-
tions where it is desirable for an image displayed by a device
to be visible from only a narrow range of viewing angles. For
example, a person using a portable computer in a crowded
train might want the display screen of the computer to have a
small viewing angle so that a document displayed on the
computer screen cannot be read by other passengers on the
train. For this reason, there has been considerable effort put in
to developing display devices which are electrically switch-
able between two modes of operation—in a ‘public’ display
modethey have a wide viewing angle for general use, but they
canbe switched toa ‘private’ display mode in which they have
a narrow viewing angle so that private information can be
displayed in public places without being visible to people
other than the user of the device.

[0005] Another application of such a display may be as a
display in a motor vehicle. The viewing angle of the display
could be controlled such that the passengers are unable to see
the display or such that the driver is unable to see the display.
Alternatively the viewing angle could be controlled in order
to reduce the reflections of the display on the windshield and
the windows so that, for example, the viewing angle could be
reduced at nighttime or in low light conditions. A brightness
sensor could be provided to allow automatic switching
between a wide viewing angle and a narrow viewing angle,
and also to allow automatic control of the brightness of the
display.

[0006] A number of devices are known which restrict the
range of angles or positions from which a display can be
viewed.

[0007] U.S. Pat. No. 6,552,850 describes a method for the
display of private information on an automatic teller machine
(ATM). Light emitted by the machine’s display has a fixed
polarization state, and the machine and its user are sur-
rounded by a large screen of sheet polarizer which absorbs
light of that polarization state but transmits light of a perpen-
dicular polarization state. Passers-by can see the user and the
machine, but cannot see information displayed on the
machine’s screen.

[0008] One known element for controlling the direction of
light is a ‘louvered’ film that consists of alternating transpar-
ent layers and opaque layers provided in an arrangement
similar to a Venetian blind. The film operates on the same
principle as a Venetian blind, and it allows light to pass
through it when the light is traveling in a direction parallel to,
or nearly parallel to, the opaque layers. However, light trav-
eling at large angles relative to the plane of the opaque layers
is incident on one of the opaque layers and is absorbed. The
layers may be perpendicular to the surface of the film or they
may be at some other angle relative to the surface of the film.
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[0009] TLouvered films of this type may be manufactured by
stacking many alternating sheets of transparent material and
opaque material and then cutting slices of the resulting block
perpendicular to the layers. This method has been known for
many years and is described in, for example, U.S. Pat. Nos.
2,053,173; 2,689,387 and 3,031,351.

[0010] Other manufacturing methods are known. For
example, US Pat. No. RE 27,617 describes a process where a
louvered film is cut continuously from a cylindrical billet of
stacked layers. U.S. Pat. No. 4,766,023 describes how the
optical quality and mechanical robustness of the resulting
film can be improved by coating with a UV-curable monomer
and then exposing the film to UV radiation. U.S. Pat. No.
4,764,410 describes a similar process where a UV-curable
material is used to bond the louver sheet to a covering film.

[0011] Other methods exist for making films with similar
properties to the louvered film. For example, U.S. Pat. No.
5,147,716 describes a light-control film which contains many
elongated particles which are aligned in the direction perpen-
dicular to the plane of the film. Light rays which make large
angles to this direction are therefore strongly absorbed,
whereas light rays propagating in this direction are transmit-
ted.

[0012] Another example of a light-control film is described
in U.S. Pat. No. 5,528,319. This film has a transparent body in
which are embedded opaque regions that extend generally
parallel to the plane of the film. The opaque regions are
arranged in stacks, with each stack being spaced from a
neighboring stack. The opaque regions block the transmis-
sion of light through the film in certain directions while allow-
ing the transmission of light in other directions.

[0013] Thepriorart light control films may be placed either
in front of a display panel or between a transmissive display
panel and its backlight, to restrict the range of angles from
which the display can be viewed. In other words, the prior art
light control films make a display ‘private’. However, none of
the prior art light control films enables the privacy function to
be switched off to allow viewing from a wide range of angles.

[0014] There have been reports of a display which can be
switched between a public mode (with a wide viewing angle)
and a private mode (with a narrow viewing angle). For
example, US Patent Application Publication No. 2002/
0158967 suggests that a light control film could be movably
mounted on a display so that the light control film either may
be positioned over the front of the display to provide a private
mode or may be mechanically retracted into a holder behind
or beside the display to give a public mode. This method has
the disadvantage that it contains moving parts which may fail
or be damaged in use, and which add bulk to the display.

[0015] A method for switching a display panel from public
to private mode with no moving parts is to mount a light
control film behind the display panel, and to place a diffuser
which can be electronically switched on and off between the
light control film and the panel. When the diffuser is inactive,
the light control film restricts the range of viewing angles and
the display is in a private mode. When the diffuser is switched
on, the light with a narrow angle range output from the light
control film is incident on the diffuser, and the diffuser acts to
increase the angular spread of the light. That is, the diffuser
cancels out the effect of the light control film. Thus, the
display is illuminated by light traveling at a wide range of
angles and the display operates in a public mode. It is also
possible to mount the light control film in front of the panel
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and place the switchable diffuser in front of the light control
film to achieve the same effect.

[0016] Switchable privacy devices of the above type are
described in U.S. Pat. Nos. 5,831,698; 6,211,930; and 5,877,
829. They have the disadvantage that the light control film
always absorbs a significant fraction of the light incident upon
it, whether the display is in public mode or private mode. The
display is therefore inherently inefficient in its use of light.
Furthermore, since the diffuser spreads light through a wide
range of angles in the public mode, these displays are also
dimmer in public mode than in private mode (unless the
backlight is made brighter when the device is operating in
public mode to compensate).

[0017] Another disadvantage of these devices relates to
their power consumption. Such devices often use a switch-
able polymer-dispersed liquid crystal diffuser which is not
diffusive when no voltage is applied across the liquid crystal
layer and which is switched on (into the diffusive state) by
applying a voltage. Thus, to obtain the public mode of opera-
tion it is necessary to apply a voltage across the diffuser so
that the diffuser is switched on. More electrical power is
therefore consumed in the public mode than in the private
mode. This is a disadvantage for mobile devices which are
used for most of the time in the public mode and which have
limited battery power.

[0018] Another method for making a switchable public/
private display is described in US Pat. No. 5,825,436. The
light control device in this patent is similar in structure to the
louvered film described above. However, each opaque ele-
ment in a conventional louvered film is replaced by a liquid
crystal cell which can be electronically switched from an
opaque state to a transparent state. The light control device is
placed in front of or behind a display panel. When the cells are
opaque, the display operates in a private mode; when the cells
are transparent, the display operates in a public mode.

[0019] One significant disadvantage of this device is the
difficulty and expense of manufacturing liquid crystal cells
with an appropriate shape. A second disadvantage is that, in
the private mode, a ray of light may enter at an angle such that
it passes first through the transparent material and then
through part of a liquid crystal cell. Such a ray will not be
completely absorbed by the liquid crystal cell and this may
reduce the privacy of the device.

[0020] Japanese Patent Application No. 2003-28263
describes a switchable viewing angle control mechanism for
a liquid crystal (LC) panel. This uses an additional twisted
nematic (TN) LC panel, which is patterned in a checkerboard
pattern. In the narrow viewing mode, the limited viewing
angle characteristics of a standard TN LC panel are used to
make a checkerboard pattern appear when the LC panel is
viewed from an angle well away from the normal direction.
This checkerboard pattern is confusing for the viewer and
degrades the quality of the image seen from an angle well
away from the normal direction. This does have the disadvan-
tage that an additional LC panel and an additional polarizer
are required.

[0021] Japanese Patent Application No. 9-105958
describes a display having a switchable view angle control
device, containing a liquid crystal material, placed in the path
of light from an image display device. In a narrow display
mode, the liquid crystal molecules of the view angle control
device are oriented vertically (that is, perpendicular to the
substrates and parallel to the normal axis of the display).
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[0022] While the display of Japanese Patent Application
No. 9-105958 can provide a narrow display mode, it is diffi-
cult to switch the view angle control device to give a wide
display mode. One way of obtaining a wide display mode is to
switch the liquid crystal material of the view angle control
device to anisotropic state. However, this requires heating the
liquid crystal material to a temperature at which it becomes
isotropic, and this is undesirable. Alternatively, a wide dis-
play mode may be obtained by switching the liquid crystal
material of the view angle control device such that the liquid
crystal molecules are aligned horizontally (that is, parallel to
the substrates). However, this requires switching the liquid
crystal molecules between a vertical alignment and a hori-
zontal alignment, and this is very hard to do in practice.
[0023] Y. Hisatake et al. disclose, in SID Digest *05, page
1218, a display having a switchable view angle control
device, containing a liquid crystal material, placed in the path
of light from an image display device. The view angle control
device is an ultra super twisted (“UST”) liquid crystal cell,
that is switchable between a positive retardation state and a
negative retardation state. The image display device is a
twisted nematic liquid crystal cell. When the UST liquid
crystal cell has a positive retardation, the viewing angle of the
display is less than the viewing angle of the TN liquid crystal
cell, whereas when the UST liquid crystal cell has a negative
retardation, the viewing angle of the display is greater than the
viewing angle of the TN liquid crystal cell.

[0024] The “Rocket” software provides a further method of
switching a display between a public mode and a private
mode. This software makes use of the fact that a grey level
curve of a liquid crystal display is angle dependent, and may
show contrast inversion at some viewing angles. It obtains a
private viewing mode by operating the device in a voltage
range which produces contrast inversion as high viewing
angles, so that an image can be seen only at viewing angles
close to the normal direction of the display. This approach has
the disadvantage that it cannot obtain a good private viewing
mode with newer liquid crystal materials that have grey level
curves with a much reduced dependence on viewing angle.

SUMMARY OF THE INVENTION

[0025] A preferred embodiment of the present invention
provides a display including: a display device having a first
polarizer, one of a second polarizer and a reflector, and a
display layer disposed between the first polarizer and the
second polarizer or the reflector; and a liquid crystal layer
disposed between the display layer and one of the first polar-
izer and the second polarizer or the reflector; wherein the
liquid crystal molecules of at least a region of the liquid
crystal layer are switchable between a first state in which the
display has a first display mode with a first viewing angle
range and a second state in which the display has a second
display mode having a second viewing angle range smaller
than the first viewing angle range, the liquid crystal layer
having the same sign of retardation in the first state as in the
second state; wherein, in the second state, liquid crystal mol-
ecules of the at least one region are tilted with respect to the
normal axis of the display over at least a portion of the
thickness of the liquid crystal layer, and lie substantially
parallel to a plane defined by the normal axis of the display
and the transmission axis or absorption axis of the first polar-
izer or one of the first and second polarizers.

[0026] Inadisplay according to a preferred embodiment of
the present invention, a narrow view mode is obtained by
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aligning the liquid crystal molecules of at least one region of
the liquid crystal layer such that they have a tilt alignment
over at least a portion of the thickness of the layer. A wide
view mode may be obtained by switching the liquid crystal
molecules to be perpendicular to the normal axis of the dis-
play (that is, to a horizontal alignment). Switching from a tilt
alignment to a horizontal alignment is much easier to achieve
than switching from a vertical alignment to a horizontal align-
ment as taught in JP 9-105958.

[0027] Aligning the liquid crystal molecules parallel to a
plane defined by the normal axis of the display and the trans-
mission axis or absorption axis of one of the polarizers (in the
case of a transmissive display), or defined by the normal axis
of the display and the transmission axis or absorption axis of
the polarizer in the case of areflective display having a single
polarizer, ensures that, in the narrow view mode, an observer
viewing the display along the normal axis of the display
experiences a normal grey-level curve.

[0028] The display layer may be any suitable layer, for
example, a liquid crystal layer or another electro-optic layer.
[0029] The grey-level curve of the display may be arranged
to vary with viewing angle in the second display mode.
[0030] The liquid crystal molecules of the at least one
region of the liquid crystal layer may produce, in the second
state, an angle-dependent change in the polarization state of
light passing through the at least one region of the liquid
crystal layer.

[0031] The liquid crystal molecules of the at least one
region of the liquid crystal layer may produce, in the second
state, substantially no change in the polarization state of light
passing through the at least one region of the liquid crystal
layer at angles within the first angular viewing range.

[0032] The liquid crystal molecules of the at least one
region of the liquid crystal layer may produce, in the second
state, a viewing angle-dependent refractive index anisotropy
for the at least one region of the liquid crystal layer.

[0033] The liquid crystal molecules of the at least one
region of the liquid crystal layer may produce, in the second
state, substantially zero refractive index anisotropy for light
propagating along the normal axis of the display.

[0034] The liquid crystal molecules of the at least one
region of the liquid crystal layer may produce, in the second
state, a viewing angle-dependent angle between the optic axis
of the liquid crystal layer and the transmission axis of one of
the polarizers for the at least one region of the liquid crystal
layer.

[0035] For light propagating along the normal axis of the
display, the optic axis of the at least one region of the liquid
crystal layer may be substantially parallel to the transmission
axis of the one of the polarizers.

[0036] Inthe second state, the liquid crystal layer may have
at least a first region in which the liquid crystal molecules
have a first liquid crystal alignment and a second region in
which the liquid crystal molecules have a second liquid crys-
tal alignment different from the first liquid crystal alignment.

[0037] The first region and the second region may be later-
ally adjacent.
[0038] In the second state, the first region and the second

region may each extend through the thickness of the liquid
crystal layer.

[0039] The display may include a patterned alignment sur-
face arranged to define the first region and the second region
in the liquid crystal layer.
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[0040] The display may include a patterned electrode layer
arranged to define the first region and the second region in the
liquid crystal layer.

[0041] In the second state, the first region may extend
through a first portion of the thickness of the liquid crystal
layer and the second region may extend through a second
portion of the thickness of the liquid crystal layer.

[0042] The liquid crystal layer may be an OCB liquid crys-
tal layer.
[0043] Alternatively, the liquid crystal layer may be an

ECB liquid crystal layer.

[0044] The display may include another liquid crystal
layer, the another liquid crystal layer being disposed between
the liquid crystal layer and the exit polarizer; wherein, in the
second mode, the liquid crystal molecules of the liquid crystal
layer have a first liquid crystal alignment and the liquid crys-
tal molecules of the another liquid crystal layer have a second
liquid crystal alignment different from the first liquid crystal
alignment.

[0045] The first and second liquid crystal alignment may be
tilt alignments.
[0046] Thetiltalignments do not need to extend through the

entire thickness of the (respective) liquid crystal layer, but
may extend only through a portion of the thickness of the
(respective) liquid crystal layer. Thus, a bend state, a splay
state or a twist profile may be used to provide the tilt align-
ments, in addition to uniform tilt states.

[0047] The first tilt alignment may be in an opposite direc-
tion, relative to the normal axis of the display, to the second
tilt alignment. This provides an abnormal grey level curve for
light propagating at large angles to the normal axis of the
display, on both sides of the normal axis.

[0048] Alternatively, the first tilt alignment may be in the
same direction, relative to the normal axis of the display, as
the second tilt alignment and the first tilt alignment may have
a different angle of tilt to the second tilt alignment. This
provides a patterning of the grey level curve, and thereby
improves privacy.

[0049] In the second state, the liquid crystal layer may
further have at least a third region in which the liquid crystal
molecules have a third liquid crystal alignment and a fourth
region in which the liquid crystal molecules have a fourth
liquid crystal alignment, the third and fourth liquid crystal
alignments being different from one another and being dif-
ferent from the first and second liquid crystal alignments.
[0050] The liquid crystal layer may have a refractive index
anisotropy of one sign and the display may further include an
optical compensation layer having a refractive index anisot-
ropy of an opposite sign. This allows a wide view mode to be
obtained for liquid crystal alignment other than a horizontal
alignment. The liquid crystal layer may have a positive refrac-
tive index anisotropy and the optical compensation layer may
have a negative refractive index anisotropy. The liquid crystal
layer may be a VAN liquid crystal layer.

[0051] In the first state, liquid crystal molecules of the at
least one region of the liquid crystal layer may be aligned
substantially perpendicular to the normal axis of the display.
[0052] Forat least one angle in the first viewing angle range
but outside the second viewing angle range, the grey level
curve may be substantially flat. This further improves the
privacy of the narrow view mode, as text cannot be read by an
observer ata viewing angle at which the grey level curve is flat
since there is no contrast between the text and the back-
ground.
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[0053] The second viewing angle range may be within the
first viewing angle range. The second viewing angle range
may include the normal direction.

[0054] Thesecond viewing angle range may have a bisector
which is non-normal to the display.

[0055] The display may be arranged to display an indica-
tion when the molecules are in the second state. It may be
arranged to display the indication in response to the content of
data for display.

[0056] The display may further include an ambient light
sensor for causing the display to provide the second viewing
angle range when the ambient light is below a threshold.

[0057] The image display layer may be a liquid crystal
display layer.

[0058] The display may be a vehicle display.

[0059] Itis thus possible to provide a display whose view-

ing angle may be switched, for example, between a wide view
mode and a narrow or private view mode. The first liquid
crystal device may be used with adisplay device which can be
of any suitable type and whose operation need not be changed
in order to provide the wide and narrow view modes.

[0060] Such adisplay may be used, for example, in desktop
monitors, mobile telephones and personal digital assistants
(PDAs). Such an arrangement is simple to implement and
may be manufactured by well-known and established manu-
facturing techniques. In some preferred embodiments of the
present invention, the first liquid crystal device does not
require any electrode patterning or internal structure, for
example, to define pixels. If the first liquid crystal device has
a single liquid crystal region for switching the viewing angle
range across the whole of the display device, a very simple
electrode pattern may be used and is easy to manufacture.
Although the display may be switched between the first and
second viewing angle ranges, the viewing angle may be var-
ied continuously or in steps by, for example, applying the
appropriate drive voltages to the first liquid crystal device.
[0061] Such displays may be used in applications requiring
a “public” mode with a wide viewing angle for general use
and a “private” mode with a narrow viewing angle so that, for
example, private information may be read in public places.
[0062] Another application for such a display is in a vehicle
dashboard. For example, the viewing angle of the display may
be controlled so that a passenger or a driver is unable to view
the display. Alternatively, the viewing angle may be con-
trolled in order to reduce reflection of the display in wind-
shields and windows, especially at night or in low light con-
ditions. In order to provide automatic control, for example, a
brightness sensor and a backlight brightness control may be
provided.

[0063] In yet another application, the liquid crystal layer
acts as a switchable compensation film. Displays such as
liquid crystal displays are usually laminated with static com-
pensation films to improve the viewing angle characteristics.
Such known arrangements are generally arranged to give the
best results in one direction, usually horizontally. For a dis-
play which can be rotated and viewed in landscape or portrait
modes, it is advantageous to be able to switch a compensation
film so as to give improved results depending on the display
content.

[0064] Such displays may also be used in applications
where two or more images are spatially multiplexed and
displayed by the display device. For example, such a display
may have a first mode in which one image is displayed across
the display and a second mode in which two or more different
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images are displayed across the display in a spatially multi-
plexed manner. In the second mode, the displayed images
may be stereoscopically related to provide an autostereo-
scopic display or may be entirely independent of each other to
provide different views to different viewers. The different
modes may require different optical compensation and a swit-
chable compensator may be used to achieve this.

[0065] Other features, elements, processes, steps, charac-
teristics and advantages of the present invention will become
more apparent from the following detailed description of
preferred embodiments of the present invention with refer-
ence to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0066] FIG. 1A is a schematic plan view of a display
according to a first preferred embodiment of the present
invention in its private mode.

[0067] FIG. 1B shows the display of FIG. 1A in its public
mode.
[0068] FIG. 1C is a schematic plan view of a display

according to a second preferred embodiment of the present
invention in its private mode.

[0069] FIG. 1D shows the display of FIG. 1C in its public
mode.
[0070] FIGS. 2A and 2B show a display according to a

preferred embodiment of the present invention in its private
mode.

[0071] FIGS. 2C and 2D show the display of FIG. 2A in its
public mode.
[0072] FIGS. 3A1-3A4 and 3B1-3B6 illustrate the prin-

ciple of operation of a display according to a preferred
embodiment of the present invention.

[0073] FIGS. 4A to 4E illustrate modifications of the pre-
ferred embodiment of FIG. 2A.

[0074] FIG. 5A is a schematic sectional view through a
display of a further preferred embodiment of the present
invention in its public mode.

[0075] FIG. 5B is a schematic sectional view through the
display of FIG. 5A in its private mode.

[0076] FIGS. 6A to 6C illustrate the operation of the dis-
play of FIG. 5A.

[0077] FIG. 7A is a schematic sectional view of a display
according to a further preferred embodiment of the present
invention in its public mode.

[0078] FIG. 7B shows the display of FIG. 7A in its private
mode.
[0079] FIGS. 8A to 8C illustrate the operation of the dis-

play of FIG. 7A.

[0080] FIGS. 9A and 9B are schematic sectional views ofa
display according to a further preferred embodiment of the
present invention in its wide viewing mode and narrow view-
ing mode, respectively.

[0081] FIG. 10A shows intensity as a function of angle at
three grey level values for the display of FIG. 9A.

[0082] FIG. 10B shows intensity as a function of angle at
three grey level values for the display of FIG. 9B.

[0083] FIG. 11 illustrates a possible problem in a narrow
viewing mode.
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[0084] FIG. 12 is a schematic plan view of an electrode for
overcoming the problem illustrated in FIG. 11.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0085] FIG. 1A is a schematic plan sectional view of a
display 13 according to a preferred embodiment of the
present invention. The display preferably includes a transmis-
sive image display layer 1 which can be driven to display a
desired image. The image display layer 1 may be of a con-
ventional type, which does not require any change in order to
provide a display having a wide view mode and a narrow view
mode. For example, the image display layer 1 may be a liquid
crystal layer, and in particular may include a thin film tran-
sistor (TFT) liquid crystal panel that provides a pixelated full
color or monochrome display in response to image data sup-
plied to the display. However, any suitable display layer may
be used.

[0086] The image display layer 1 is disposed between an
entrance polarizer 2 and an exit polarizer 3. The polarizers 2,
3 and the image display layer 1 together constitute an image
display device 4.

[0087] The display is illuminated by a backlight 5 which
emits light with reasonable uniformity of intensity through-
out a relatively wide angular distribution range as shown at 6.
The backlight 5 may also be of conventional type as used to
illuminate known displays.

[0088] The display includes one or more additional com-
ponents, indicated generally at 7, disposed in the path of light
from the backlight 5 to an observer 8. The one or more
additional components 7 each provides angular light modu-
lation, for example, changing the output of the display
between a narrow angular light distribution 9 as shown in
FIG. 1A and a wide angular light distribution 10 as shown in
FIG. 1B.

[0089] According to a preferred embodiment of the present
invention, the one or more additional components each is able
to switch the display between the narrow display mode of
FIG. 1A in which the display has a narrow angular viewing
range 9 and the wide display mode of FIG. 1B in which the
display has a wide angular viewing range 10. The one or more
additional components each is able to modify the viewing
angle of the display by producing a “grey level curve” that, in
the narrow display mode, is a function of the viewing angle. In
the wide display mode, however, the grey level curve is sub-
stantially independent of the viewing angle. The display is
switchable between the wide display mode and the narrow
display mode by suitably controlling the one or more addi-
tional components 7. Thus, the present preferred embodiment
of the present invention provides a display that can easily be
switched between a “public mode” (the wide viewing mode)
in which a displayed image can be seen and understood over
a wide range of viewing angles and a “private mode” (corre-
sponding to the narrow viewing mode) in which a displayed
image can be seen and understood over only a narrow range of
viewing angles.

[0090] The“grey level curve” of animage display device s,
as 1s well known, the characteristic curve of luminance of the
display device against the applied voltage. (In the case of a
transmissive display device, the luminance of the device is,
for a backlight of constant intensity, proportional to the trans-
missivity of the device). A typical grey level curve is shown in
FIG. 6A, and it can be seen that the maximum luminance (i.e.,
the “white state™) is obtained for an applied voltage of around
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1 voltage, and that increasing the applied voltage to around
3V leads to a state of substantially zero luminance, i.e., to the
“black state”. This is shown by the full black line in FIG. 6 A,
which corresponds to a viewing angle of about £10° from the
normal axis of the display. Thus, if a display having this grey
level curve is operated by applying a voltage of either about
1V or about 3V, it can be operated in a white/black display
mode. If intermediate voltages are applied, levels of lumi-
nance intermediate of the maximum and minimum luminance
levels are obtained, and these are known as “grey levels”. In
most operations, the voltage applied to an image display
device is controlled to obtain intermediate grey levels in
addition to the states of maximum and minimum luminance.
The grey level curve of FIG. 6A was obtained for a twisted
nematic liquid crystal display device, but many display
devices have a similar grey level curve.

[0091] Itisknown that a display device formed by a liquid
crystal layer interposed between first and second linear polar-
izers will affect the transmission of light passing through the
device. The device affects not only the intensity of light
transmitted through the device, but also the angular distribu-
tion of intensity of light transmitted through the device. The
angular distribution of intensity arises from a change in the
polarization state of light which is dependent on the angle
between the direction of propagation of the light and the
normal axis of the display, and these angle-dependent
changes in polarization are translated into angle-dependent
variations in intensity when the light passes through the sec-
ond polarizer. The change in polarization arising when light
passes through the liquid crystal layer, and therefore the trans-
missivity of the display device, can be controlled by applying
an electric field to the liquid crystal layer so as to re-orient the
liquid crystal molecules and thereby change the optical effect
of the liquid crystal layer.

[0092] The angular dependence of transmissivity of a lig-
uid crystal display device, and hence on the intensity of light
seen by an observer, has hitherto been regarded as a disad-
vantage. There has been considerable effort put into eliminat-
ing, or at least reducing, the dependence of intensity of a
liquid ecrystal display on the viewing angle. For example,
there 1s considerable literature on placing optical compensa-
tion films in the path of light through a liquid crystal display
in order to reduce the dependence of the transmissivity of the
display on the viewing angle. The present invention, in con-
trast, makes use of the variation in intensity with the viewing
angle, and controls the grey level curve of the display to allow
the display to have either a wide field of view in which a
displayed image can be seen by many viewers or to have a
narrow field of view in which a displayed image is seen by
only one viewer or by a few viewers.

[0093] The additional components 7 of the display 13 of
FIGS. 1A and 1B include at least one liquid crystal layer. The
molecules of the liquid crystal layer (or the combination of
liquid crystal layers, if the additional components comprise
two or more liquid crystal layers) will be switchable between
one liquid crystal state and another liquid crystal state, by the
application or removal of an electric field. When the mol-
ecules are in one liquid crystal state, the grey level curve of the
display does not significantly vary with viewing angle so that
anormal grey level curve similar to that shown in FIG. 6A is
seen throughout the wide viewing angle range 10, as shown in
FIG. 1B, and the display is in a wide viewing mode. When the
molecules of the one or more additional components each is
switched to their other state, the grey level curve ofthe display
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varies with the viewing angle. As a result, the normal grey
level curve is seen only in a narrow viewing angle range 9, as
shown in FIG. 1A, and the display is in its narrow viewing
mode. Theliquid crystal states of the additional liquid crystal
layer(s) 7 that produce the wide display mode and the narrow
display mode will be referred to as the “wide state” and the
“narrow state” respectively, for convenience.

[0094] There are many possible director orientations for the
liquid crystal layer(s) of the additional components 7. The
additional components 7 may, for example, include an
untwisted nematic liquid crystal layer, a twisted nematic (TN)
liquid crystal layer, a super twisted nematic (STN) liquid
crystal layer, a vertically aligned nematic (VAN) liquid crys-
tal layer, a hybrid aligned nematic (HAN) liquid crystal layer,
an electrically compensated birefringence (ECB) liquid crys-
tal layer, or an optically compensated bend (OCB) liquid
crystal layer such as a pi-cell or a 180° twist pi-cell. The liquid
crystal material is not, however, limited to nematic liquid
crystal materials.

[0095] In general, it will be necessary to apply an electric
field across the additional liquid crystal layer(s), in order to
maintain one of the narrow or wide states. If a bi-stable liquid
crystal layer is used, however, it will be necessary to apply a
voltage only to switch the additional liquid crystal layer(s)
from the wide state to the narrow state, or vice versa, and it
would not be necessary to apply a voltage to maintain the
liquid crystal layer(s) in either of the states. Use of a bi-stable
liquid crystal layer would therefore reduce the power con-
sumption of the display.

[0096] In the display of FIGS. 1A and 1B, light emitted by
the backlight 5 passes through the entrance polarizer 2 and is
then incident on the additional components 7 which, as
explained above, include at least one liquid crystal layer. The
additional liquid crystal layer(s), when switched to their wide
state, transmit light with virtually no change to its polariza-
tion state, so that light leaving the additional liquid crystal
layer(s) still has essentially the polarization state defined by
the entrance polarizer 2. In their narrow state, however, the
additional liquid crystal layer(s) produce a viewing angle-
dependent change in the polarization state of this light. In this
preferred embodiment, the additional liquid crystal layer(s)
change the polarization state of light incident at high viewing
angles, while the polarization state of light incident at low
viewing angles is substantially unchanged. As a result, when
the one or more additional liquid crystal layers each is in its
narrow state, the polarization state of light input to the trans-
missive display layer 1 is the same as the polarization state
defined by the input polarizer 2 only for low viewing angles.
Forhigh viewing angles, the polarization state of light input to
the display layer 1 is not the same as the polarization state
defined by the polarizer 2. Thus, the angular dependence of
the polarization state of light incident on the display layer 1 is
dependent on the electric field applied to the additional liquid
crystal layer(s).

[0097] The light then passes through the transmissive dis-
play layer 1, the construction of which is unchanged and
which operates normally. If the polarization state of light
incident on the transmissive display layer 1 is virtually the
same as the polarization state defined by the input polarizer 2.
That is, if the polarization state of light was not significantly
changed by passing through the additional liquid crystal layer
(s), the display will have a standard grey level curve over a
wide viewing angle range 10, as shown in FIG. 1B, and the
display will be in its wide viewing mode. If, however, the
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polarization state of light incident on the transmissive display
layer 1 is substantially different from the polarization state
defined by the input polarizer, then the display will not appear
normal because the grey level curve of the display will be
altered at high viewing angles. As a result, the display will
have a normal grey level curve only over a narrow range of
viewing angles 9, as shown in FIG. 1A. For viewing angles
outside the narrow viewing angle range 9, for example in the
angular ranges 11 and 12 shown in FIG. 1A, the display will
have an abnormal grey level curve, as will be described in
more detail below, and the display will operate in a narrow
display mode. Thus, the display is in either a wide viewing
mode or a narrow viewing mode, dependent on the state of the
addition liquid crystal layer(s).

[0098] The angular extent of the narrow viewing angle
range 9 depends on the angular dependence of the change in
polarization produced by the additional liquid crystal layer(s)
in their narrow state. Typically. a viewing angle range of
around 40° is desired in a private display mode. Usually the
viewing window is symmetric about the normal axis of the
display screen, in which case a typical viewing window
would extend from approximately 20° on one side of the
normal to approximately 20° on the other side of the normal.
[0099] FIGS.1C and 1D are schematic plan sectional views
of adisplay 13' according to an alternative preferred embodi-
ment of the present invention. The display 13 again preferably
includes a display device 4 having a transmissive image dis-
play layer 1 disposed between an entrance polarizer 2 and an
exit polarizer 3. The image display layer 1 may be any trans-
missive display layer such as, for example, a TFT liquid
crystal layer.

[0100] Thedisplay 13'is illuminated by a suitable backlight
s

[0101] Thedisplay 13' preferably is generally similar to the
display 13 of FIGS. 1A and 1B, and again preferably includes
additional components 7 that include at least one liquid crys-
tal layer. In the display 13', however, the additional compo-
nent(s) are provided between the image display layer 1 and
the exit polarizer 3, rather than between the entrance polarizer
2 and the image display layer 1 as in the display 13 of FIGS.
1A and 1B.

[0102] In the display 13' of FIG. 1C, light from the back-
light 5 passes through the input polarizer 2 and then passes
through the image display layer 1. The polarization state of
light emerging from each pixel of the image display layer 1
depends on the image data applied to that pixel. In a conven-
tional display, the polarization state of light emerging from
each pixel would be converted into a respective intensity upon
transmission through the exit polarizer 3. In the display 13',
however, light leaving the image display layer 1 passes
through one or more additional liquid crystal layers 7 which,
as explained with reference to FIGS. 1A and 1B above, may
either transmit light with virtually no change to the polariza-
tion state or may induce a viewing angle-dependent change in
the polarization state, for example, by changing the polariza-
tion state of light propagating at high viewing angles while
leaving the polarization state of light propagating at low view-
ing angles substantially unaltered. Whether the additional
liquid crystal layer(s) induce a change in the polarization state
or transmit light with virtually no change to the polarization
state depends on the electric field applied to the additional
liquid crystal layer(s).

[0103] Ifthe additional liquid crystal layer(s) have little or
no effect on the polarization of light passing through it/them,
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the polarization state of light incident on the exit polarizer 3
will be virtually the same as the polarization state emerging
from each pixel of the display layer 1. The display 13' will
then have a normal grey level curve over a wide angular range
10, and a displayed image will be visible to many viewers 8,
8', 8". The display thus operates in a wide display mode or
“public mode”, as shown in FIG. 1D.

[0104] If, on the other hand, the additional liquid crystal
layer(s) 7 alter the polarization state of light propagating at
high viewing angles, the polarization state incident upon the
exit polarizer 3 will, at high viewing angles, be significantly
different from the polarization state emerging from the indi-
vidual pixels of the image display layer. The display 13
therefore does not provide a normal display at high viewing
angles, because the display has an abnormal grey level curve
at high viewing angles. A normal grey level curve is seen only
at low viewing angles, since the additional liquid crystal
layer(s) 7 do not significantly change the polarization state of
light propagating at angles close to the normal axis to the
display. A displayed image is therefore visible only to a single
user, and the display operates in a narrow display mode or
“private mode”. As in the preferred embodiment of FIGS. 1A
and 1B, the angular extent of the narrow viewing angle range
9 is determined by the angle-dependent change in the polar-
ization state induced by the additional liquid crystal layer(s)
7.

[0105] In order to induce a viewing angle-dependent
change in the polarization state of light, it is necessary to use
a liquid crystal mode in which the effective refractive index
anisotropy (denoted as “An”) changes significantly as a func-
tion of the viewing angle and/or in which the effective orien-
tation of the optic axis of the liquid crystal layer is rotated
with respect to the polarization direction as a function of
angle. Moreover, if the additional liquid crystal layers is/are
arranged such that either the refractive index anisotropy is
small for light propagating along the normal axis and/or the
effective orientation of the optic axis of the liquid crystal layer
is not rotated with respect to the polarization direction for
light propagating at normal incidence, the polarization state is
substantially unaltered for light propagating at normal inci-
dence, and a change in polarization state occurs only for light
propagating at high viewing angles.

[0106] FIG. 2A is a schematic sectional view of one
embodiment of a display 13 according to FIGS. 1A and 1B
showing the components in more detail. The display 13 pref-
erably includes an input polarizer 2, an image display layer 1,
an additional liquid crystal layer 7 and an exit polarizer 3. In
this preferred embodiment, the image display layer 1 is a
twisted nematic (“TN”) liquid crystal layer 1 disposed
between transparent substrates (not shown). The TN liquid
crystal layer 1 will in practice be incorporated in a TN liquid
crystal panel, but other components of the panel, such as
alignment surfaces for aligning the liquid crystal molecules
26 of the nematic liquid crystal layer 1 and electrode layers
for applying an electric field across one or more pixels of the
liquid crystal layer 1, may be conventional and are omitted
from FIG. 2A for clarity.

[0107] FIG. 2A shows a transmissive display that, in use,
will be illuminated by a backlight (not shown). The present
invention may alternatively be applied to a reflective display
in which one of the polarizers 2, 3 of FIG. 2A would be
replaced by a reflector. If the reflector is not completely
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reflecting over its entire area (for example if the reflector
contains a transmissive portion), a transflective display may
be obtained.

[0108] The additional liquid crystal layer 7, in this pre-
ferred embodiment, is a liquid crystal layer that can be
switched between a uniform tilted state shown in FIG. 2A and
a uniform horizontal (zero tilt) state as shown in FIG. 2C.
Again, the additional liquid crystal layer may in practice be
incorporated in a liquid crystal panel, but other components
of the panel, such as substrates, alignment surfaces for align-
ing the liquid crystal molecules 27 and electrode layers for
applying an electric field, may be conventional and are omit-
ted from FIG. 2A for clarity.

[0109] In the present application, the term “horizontal
state” or “horizontal alignment” refers to a liquid crystal state
in which the liquid crystal molecules are aligned perpendicu-
lar to the normal axis of the display. The term “vertical state”
or “vertical alignment” refers to a liquid crystal state in which
the liquid crystal molecules are aligned parallel to the normal
axis of the display. The term “tilt state” or “tilt(ed) alignment”
refers to a liquid crystal state in which the liquid crystal
molecules are aligned at an angle of (90-6)° to the normal axis
(i.e., so that 6=0 corresponds to a horizontal alignment and
6=90° corresponds to a vertical alignment), where 620 and
0290°.

[0110] The liquid crystal layer 7 may be arranged with a 0°
pre-tilt alignment surface, such that a horizontal alignment is
stable when no voltage is applied across the liquid crystal
layer 7. By using a positive dielectric anisotropy (+A€) liquid
crystal material, a tilt alignment may be obtained by applying
asuitable voltage across the liquid crystal layer. Alternatively,
the device may have an alignment surface with a non-zero
pre-tilt, so that a uniform tilt alignment is stable when no
voltage is applied across the liquid crystal layer. In this case,
by using a negative dielectric anisotropy (-A€) liquid crystal
material, a horizontal alignment may be obtained by applying
a suitable voltage across the liquid crystal layer.

[0111] FIG. 2B illustrates the azimuthal orientation of the
components of the display 13. View (i) shows the azimuthal
orientation of the transmission axis of the entrance polarizer,
and view (ii) shows that the azimuthal orientation of the
molecules 26 of the TN liquid crystal layer 1 adjacent to the
entrance polarizer 2 is substantially parallel to the transmis-
sion axis of the entrance polarizer. The TN liquid crystal layer
1has atwist of approximately 90° across its thickness, and the
azimuthal orientation of liquid crystal molecules adjacent to
the exit polarizer 3 is therefore at approximately 90° to the
azimuthal orientation of liquid crystal molecules adjacent to
the input polarizer 2 as shown in view (iv). As a consequence
of the twist of approximately 90° of the TN liquid crystal
layer, the azimuthal orientation of molecules in the middle (in
the thickness direction) of the TN liquid crystal layer, shown
in view (iii) is at approximately 45° to the transmission axis of
the entrance polarizer.

[0112] The azimuthal orientation of liquid crystal mol-
ecules 27 in the additional liquid crystal layer 7 is shown in
view (v), and the azimuthal orientation of the transmission
axis of the exit polarizer 3 is shown in view (vi). As can be
seen, they are both arranged to be substantially parallel to the
azimuthal orientation of liquid crystal molecules at the sur-
face of the TN liquid crystal layer adjacent to the exit polar-
izer 3.

[0113] The azimuthal orientations shown in FIG. 2B are
arranged such that light propagating along the normal axis of
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the display, and that is polarized either parallel to or perpen-
dicular to the azimuthal orientation of the additional liquid
crystal layer 7, will experience no change to its polarization
state on passing through the additional liquid crystal layer 7.
These polarization directions correspond to the black and
white states of the display, and the intensity upon leaving the
exit polarizer 3 will be as intended by the TN liquid crystal
layer 1. If the light leaving the TN liquid crystal layer is
intended to represent a mid-grey scale, then the polarization
state of the light will not be fully parallel or fully perpendicu-
lar to the azimuthal orientation of the molecules of the addi-
tional liquid crystal layer 7. However, while the elliptical
nature of the polarization will be changed by the additional
liquid crystallayer 7, the proportion of light polarized parallel
to and polarized perpendicular to the azimuthal direction of
the liquid crystal molecules of the additional liquid crystal
layer 7 will not change and the intensity upon leaving the exit
polarizer 3 will therefore be as intended by the TN liquid
crystal layer 1.

[0114] The effective refractive index anisotropy, or “effec-
tive An” of the additional liquid crystal layer 7 is calculated by
taking a cross section, perpendicular to the propagation direc-
tion of light, through the index ellipsoid of the additional
liquidcrystallayer 7. This is shown in FIGS. 3A1-3A4. FIGS.
3Al1 and 3A2 illustrate light propagating from the left and
from the right, in the case where the molecules of the liquid
crystal layer 7 are tilted with respect to the normal axis of the
display (corresponding to the mode shown in FIG. 2A). FIGS.
3A3 and 3A4 show light propagating from the left and from
the right respectively, for the case where the molecules of the
additional liquid crystal layer 7 are at 90° relative to the
normal axis of the display, corresponding to the mode shown
in FIG. 2C. FIGS. 3A1 and 3A2 show that, when the mol-
ecules of the additional liquid crystal layer 7 are tilted, light
incident from the left experiences a small effective An,
whereas when light is incident from the right the effective An
is large. The additional liquid crystal layer 7 shown in FIG.
2A therefore produces an effective An that is dependent on the
angle of propagation of light, being small for light propagat-
ing from the left and being large for light propagating from
the right. The display mode of FIG. 2A is thus a narrow
display mode, and a viewer viewing the display from a direc-
tion to the left of the normal axis, for example, the viewer 8,
will see an abnormal grey level curve, as a consequence of the
high effective An generated as shown in FIG. 3A2. An
observer viewing the display along the normal direction or
from the right of the normal axis, such as the viewers 8, 8" of
FIG. 2A, will, however, see a normal grey level curve since
the additional liquid crystal layer produces a low effective An
for these viewing angles.

[0115] FIG. 2C shows the display 13 of FIG. 2A, but with
the additional liquid crystal layer switched so that liquid
crystal molecules 27 are oriented substantially perpendicular
to the normal axis of the display, in a horizontal alignment.
FIG. 2D shows the azimuthal orientation of the components,
and it can be seen that these are unchanged from FIG. 2B. The
liquid crystal layer 7 has the same sign of retardation in the
horizontal alignment of FIG. 2C as it does in the tilt alignment
of FIG. 2A.

[0116] When the molecules of the additional liquid crystal
layer 7 are oriented substantially perpendicular to the normal
axis of the display, the additional liquid crystal layer produces
little or no change in the polarization state of light propagat-
ing from the left (FIG. 3A3), of light propagating from the
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right (FIG. 3A4) or of light propagating along the normal
axis. When the molecules of the additional liquid crystal layer
are oriented perpendicular to the normal axis, as shown in
FIG. 2C, therefore, a normal grey level curve can be seen over
awide viewing angle range. The observers 8, 8' and 8" will all
experience a normal grey level curve, and the display is then
in its wide viewing mode.

[0117] FIG. 3B1-3B6 shows the cross-section of the refrac-
tive index ellipsoid 15, as encountered by light propagating
through the additional liquid crystal layer 7. FIG. 3B1 to 3B3
show the refractive index ellipsoid of liquid crystal molecules
when the additional liquid crystal layer 7 is placed in the
uniform tilted state shown in FIG. 2A, and FIGS. 3B4 to 3B6
show the refractive index ellipsoid when the additional liquid
crystal layer 7 is in the uniform zero tilt state shown in FIG.
2C.FIGS. 3B1 and 3B4 represent light propagating from the
left of the optic axis, at an angle of —30° relative to the optic
axis, (i.e., corresponding to FIGS. 3A1 and 3A3). FIGS. 3B2
and 3BS represent light propagating along the normal axis,
and FIGS. 3B3 and 3B6 represent light propagating from the
right of the normal axis, at an angle of +30° to the normal axis
(and correspond with FIGS.3A2 and 3A4). FIGS. 3B1 to 3B6
also show the polarization direction of the incident light after
passing through the image display layer 1, and this is repre-
sented by the arrow 14. The polarization direction 14 shown
in FIGS. 3B1 to 3B6 is the effective polarization direction for
a white display level, that is meant to pass through the exit
polarizer 3 of FIGS. 2A and 2C with minimal attenuation.
[0118] FIG. 3B3 shows that, when the incident light is
propagating at 30° in the lateral direction from the normal
direction (i.e., corresponding to an observer who is viewing
the display from a position that is laterally displaced from the
normal axis of the display) the effective refractive index
anisotropy (as represented by the cross-section, perpendicu-
lar to the propagation direction of the light, of the refractive
index ellipsoid) is large, and the angle between the polariza-
tion direction of the light and the optic axis of the liquid
crystal molecules is also large (the optic axis of the liquid
crystal molecules corresponds to the major axis of the refrac-
tive index ellipsoid). The combination of a large An, and a
large angle between the polarization direction and the optic
axis is effective to change the polarization state of the light,
such that some of the light will now be absorbed by the exit
polarizer 3. A similar change will be made to light of any
polarization state incident at an angle of +30° to the normal
direction, and the shape of the grey level curve is therefore
changed. An observer positioned to the left of the normal axis
and viewing the display at a viewing angle of 30° will there-
fore see an abnormal grey level curve.

[0119] When the light incident on the additional liquid
crystal layer 7 propagates along the normal axis, the light will
still experience a relatively large An. However, the angle
between the polarization direction of the light and the optic
axis of the molecules of the additional liquid crystal layer is
now zero, as shown in FIG. 3B2. There is therefore no change
to the polarization state. This applies to light of other polar-
ization states, intended to produce the black level or interme-
diate grey levels. The grey level curve experienced along the
normal axis is therefore unchanged.

[0120] When the light incident on the additional liquid
crystal layer 7 is propagating at an angle of -30° relative to the
normal direction, the effective An experienced by the light is
small as shown in FIG. 3B1. Thus, even though the angle
between the polarization direction of the light and the optic
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axis of the molecules of the liquid crystal layer is relatively
large, the low An means that there is negligible change in the
polarization state of the light. This applies to light of other
polarization directions, intended to give other grey levels.
Thus, an observer viewing the display from the right of the
normal axis, at a viewing angle of 30° (as represented by
“observer 8” in FIG. 2A will therefore experience a normal
grey level curve. This preferred embodiment therefore pro-
vides privacy, since a viewer to the left of the normal axis such
as the observer 8' in FIG. 2A will see an abnormal grey level
curve. A viewer viewing the display at normal incidence (the
observer 8 in FIG. 2A) or an observer positioned to the right
of the normal axis (the observer 8") will see a normal grey
level curve, and will thus perceive virtually no change to the
displayed image.

[0121] When the molecules of the additional liquid crystal
layer 7 have their zero tilt state of FIG. 2C, light propagating
at £30° relative to the normal axis see a low An, as shown in
FIGS. 3B4 and 3B6. Light propagating along the normal axis
will again see a large An, but, as shown in FIG. 3B5, the angle
between the polarization direction of the light and the optic
axis of the molecules of the liquid crystal layer is zero. Thus,
there will be no significant change in the polarization state for
any of the angles of incidence shown in FIG. 3B, and normal
grey level curves will be observed for all angles of incidence
shown in FIG. 3B thereby providing a wide display mode.
[0122] FIGS. 2B and 2D show that the azimuthal direction
of the liquid crystal molecules of the additional liquid crystal
layer 7 is parallel to the transmission axis of the exit polarizer.
That is, in the tilt alignment of FIG. 2A, the liquid crystal
molecules of the additional liquid crystal layer 7 are parallel
to a plane defined by the normal axis of the display and the
transmission axis of the exit polarizer 3. However, it is pos-
sible for the liquid crystal molecules of the additional liquid
crystal layer 7, in the narrow view mode tilt alignment of FIG.
2A, to be parallel to any one of the following planes:

[0123] 1) aplane defined by the normal axis of the display
and the absorption axis of the exit polarizer 3;

[0124] 2) a plane defined by the normal axis of the display
and the transmission axis of the exit polarizer 3;

[0125] 3)aplane defined by the normal axis of the display
and the absorption axis of the entrance polarizer 2; or
[0126] 4) a plane defined by the normal axis of the display
and the transmission axis of the entrance polarizer 2.

[0127] Aligning the liquid crystal molecules parallel to one
of these planes in the tilt state of FIG. 2A ensures that, in the
narrow view mode, an observer viewing the display along the
normal axis of the display experiences a normal grey-level
curve.

[0128] In the case of a reflective display having only one
polarizer there will be two possible azimuthal orientations for
the liquid crystal molecules of the additional liquid crystal
layer 7. In the case of a transmissive display, there are in
principle four possible azimuthal orientations for the liquid
crystal molecules of the additional liquid crystal layer 7,
although if the transmission axis of the entrance polarizer 2 is
aligned either parallel to or perpendicular to the transmission
axis of the exit polarizer (as will often be the case), there will
be only two different possible azimuthal orientations for the
liquid crystal molecules.

[0129] Itshould be noted that, in the narrow view mode, the
display will have a narrow viewing angle in the direction
perpendicular to the plane of the liquid crystal molecules, but
will have a wide viewing angle in the direction parallel to the
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plane of the liquid crystal molecules. If the display is oriented
such that, in use, the plane of the liquid crystal molecules in
the narrow view mode extends vertically, this will provide
adequate privacy in many applications, since it is often the
case that providing privacy in the lateral direction is more
important than providing privacy in the vertical direction.
However, if it is desired to provide privacy in both lateral and
vertical directions, or if the display is not oriented such that
the plane of the liquid crystal molecules in the narrow view
mode extends vertically, two liquid crystal layers superposed
over one another may be used. By arranging the plane of the
liquid crystal molecules in the narrow view mode in one layer
to be at an angle to (preferably at approximately 90° to) the
plane of the liquid crystal molecules in the narrow view mode
in the other layer, it is possible to obtain privacy in both lateral
and vertical directions.

[0130] In the narrow display mode illustrated in FIG. 2A,
an image is displayed to an observer 8 viewing the display
along the normal axis and also to an observer 8" positioned to
the right of the normal axis. In some applications it is desir-
able for the image to be displayed over an even smaller
angular range, so that it is visible to only one observer such as,
for example, the observer 8 viewing the display along the
normal axis. One way of achieving this is to use an additional
liquid crystal layer 7 that is patterned so that, in its narrow
mode, it has at least a first region in which the liquid crystal
molecules adopt one liquid crystal state and a second region
in which the liquid crystal molecules adopt a second different
liquid crystal state. One way of achieving this is shown in
FIG. 4A. This is a cross-section of liquid crystal layer which,
inits tilted state, has first regions 16 in which theliquid crystal
molecules adopt a first tilt state and second regions 17 in
which the liquid crystal molecules adopt a second tilt state
that is different to the tilt state adopted in the first regions 16.
Liquid crystal molecules in the first tilt state are tilted in an
oppositedirection, relative to the normal axis, to liquid crystal
molecules in the second tilt state. The second regions 17
provide an abnormal grey level curve to an observer 8' view-
ing the display from the left of the normal axis, as explained
with reference to FIG. 2A described above. The first regions
16 provide, in an exactly corresponding manner, an abnormal
grey level curve for an observer 8" who is positioned to the
right of the normal axis of the display.

[0131] FIG. 4B is a sectional view of a display 20 that
incorporates the patterned tilt liquid crystal layer 7' of FIG.
4A. Apart from the substitution of the patterned liquid crystal
layer 7' for the uniform tilted liquid crystal layer 7 of FIG. 24,
the display 20 of FIG. 4B corresponds generally to the display
of F1G. 24, and its description will not be repeated here.
[0132] To obtain a wide display mode, the patterned tilt
liquid crystal layer 7' of the display 20 is switched so that the
liquid crystal molecules in all first and second regions 16, 17
are substantially perpendicular to the normal axis of the dis-
play. A wide display mode is then obtained as explained
above with reference to FIG. 2C.

[0133] Where a patterned liquid crystal layer is used as the
additional liquid crystal layer 7, the present invention is not
limited to the liquid crystal layer being patterned to have only
two different liquid crystal states. As an example, FIG. 4C is
aplanview of aliquid crystal layer which is patterned so as to
provide, in its narrow mode, regions in which four different
liquid crystal states exist.

[0134] In addition to the regions 16, 17 of FIG. 4A, third
regions 18 and fourth regions 19 exist, with the liquid crystal
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state in each of the regions 16, 17, 18, 19 being different from
one another when the liquid crystal layer is switched to its
narrow mode. Liquid crystal molecules in the third regions
18,19 are oriented in azimuthal directions that are opposite to
oneanother, and that are perpendicular to the azimuthal direc-
tions of liquid crystal molecules in the first and second
regions 16, 17. The present preferred embodiment is not
limited to only four different liquid crystal states, and five or
more different liquid crystal states could be provided.
[0135] Aliquid crystal layer having first and second regions
of patterned tilt, as in the liquid crystal layer 7' of FIGS. 4A
and 4B can provide a viewing angle range that is restricted
along one dimension. For example, the viewing range may be
restricted in the lateral direction, but it will be unrestricted in
the vertical direction. Use of'a liquid crystal layer patterned as
shown in FIG. 4C allows the viewing range of a displayed
image to be restricted in two perpendicular dimensions, for
example, in both the lateral and vertical dimensions. A dis-
played image can be perceived only from a narrow range of
viewing angles, which is substantially rotationally symmetric
about the normal axis of the display, and this provides
improved security by making it harder for an unwanted
observer to see the image.

[0136] A patterned liquid crystal layer as shown in FIG. 4A
or 4C may be obtained by any conventional technique. For
example, one or more patterned alignment surfaces may be
disposed adjacent the upper and/or lower surface of the addi-
tional liquid crystal layer. Additionally or alternatively, one or
more patterned electrodes may be provided adjacent to the
upper and/or lower surfaces of the additional liquid crystal
layer so that regions of the additional liquid crystal layer may
be addressed independently from one another.

[0137] Tt should be noted that patterning the liquid crystal
layer as shown in, for example, FIG. 4A or FIG. 4B can
further enhance privacy of a displayed image, by superposing
the pattern over the original image. One possible drawback
with the preferred embodiments described so far is that, if the
grey level curve should change uniformly over the entire area
of the display, then an image that includes text would be
displayed using abnormal colors or with inverted contrast, but
the text might still be readable. Where a pattern is superposed
over the displayed image, when a patterned liquid crystal
layer is used as the additional liquid crystal layer, the pattern
is superposed over the text and the text would be broken up
further by the pattern.

[0138] Even further privacy can be achieved by arranging
for slightly different liquid crystal states to exist in, for
example, one of the first regions 16 and another of the first
regions 16. As an example, where the additional liquid crystal
layer adopts a tilt state in its narrow state as in FIG. 4B, the
angle of tilt may vary from one of the first regions 16 to
another of'the first regions 16 (provided that the liquid crystal
molecules in all the first regions 16 are tilted on the same side
of the normal axis). Similarly, the angle of tilt may vary from
one of the second regions 17 to another of the second regions
17 (provided that the liquid crystal molecules in all the second
regions 17 are tilted on the same side of the normal axis as one
another). Obtaining different angles of tilt in different ones of
the first or second regions can be obtained by use of a suitable
alignment surface, or by arranging an electrode layer to apply
different electric fields across different ones of the first or
second regions. Providing different first regions with differ-
ent angles of tilt causes a further variation of the grey level
curve across the panel, and this can enhance the privacy of a
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displayed image further. This preferred embodiment may be
particularly effective when used in connection with moving
images, which are particularly difficult to make private
because the human eye is adapted to filter out regular patterns.
[0139] In adisplay in which different angles of tilt in dif-
ferent ones of the first or second regions are obtained by use
of an electrode layer to apply different electric fields across
different ones of the first or second regions, it is possible for
the tilt angles of the regions to be varied over time. This leads
to time-varying grey level curves in the viewing regions
where abnormal grey level curves are seen, and so makes it
harder for an observer in a viewing region where abnormal
grey level curves are seen to make out a displayed image.
[0140] Another way of obtaining an abnormal grey level
curve in more than one direction is to use two similar liquid
crystal layers stacked one on top of the other as shown in FIG.
4D, which is sectional view of two liquid layers 7a. 7b, one
stacked on the other. Fach of the liquid crystal layers 7a, 76
shown in FIG. 4D has, when the liquid crystal molecules are
switched to the narrow state, a uniform tilt state over substan-
tially its entire area. Liquid crystal molecules in the first liquid
crystal layer 7a are tilted in a direction opposite to the direc-
tion of tilt of liquid crystal molecules in the second layer 7.
[0141] FIG. 4Eis a schematic sectional view of a display 21
incorporating the two stacked liquid crystal layers 7a, 76 as
the additional liquid crystal layers. The additional liquid crys-
tal layers 7a, 7b may in practice be incorporated in one or two
liquid crystal panels, but other components of the panel(s),
such as substrates, alignment surfaces for aligning the liquid
crystal molecules and electrode layers for applying an electric
field, may be conventional and are omitted from FIG. 4E for
clarity. The remaining components of the display 21 corre-
spond to those of the display of F1G. 2A, and their description
will not be repeated. The upper layer 7a provides an abnormal
grey level curve directed to an observer 8" positioned to the
right of the normal axis of the display. The lower liquid crystal
layer 7b provides, in its narrow mode, an abnormal grey level
curve directed to an observer 8' positioned to the left of the
normal axis. As a result, a normal grey level curve is perceived
only in a narrow viewing angle region around the normal axis
and including the observer 8.

[0142] To obtain a wide viewing angle mode, both liquid
crystal layers 7a, 7b are switched to have a uniform 0° tilt
state, so that the liquid crystal molecules of each layer 7a, 7b
are arranged perpendicular to the normal axis of the display in
a horizontal alignment.

[0143] Inthe preferred embodiment of FIG. 4E, it would be
possible to arrange the electrodes that address the additional
liquid crystallayers 7a, 7b to make it possible to switch one of
the liquid crystal layers 7a, 7b independently from the other,
to obtain varying regions of normal grey level curve.

[0144] The tilt states in the first and second regions 16, 17
of the liquid crystal layer 7' of FIG. 4A, or of the first and
second liquid crystal layers 7a, 76 of FIG. 4D may be equal
and opposite tilt states. That is, the magnitude of the tilt angle,
relative to the normal axis of the display is the same in both
regions, but liquid crystal molecules in one region (or one
liquid crystal layer) are tilted in the opposite direction to
liquid crystal molecules in the other region (or other liquid
crystal layer). This provides an angular viewing range, in the
narrow display mode, which is approximately symmetric
about the normal axis. Alternatively, the magnitude of the tilt
angle could be different between the first liquid crystal region
16 and the second liquid crystal region 17, or between the first
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liquid crystal layer 7a and the second liquid crystal layer 75,
and this would provide provides an angular viewing range, in
the narrow display mode, which is not symmetric about the
normal axis.

[0145] Inthe preferred embodiment of FIGS. 2A to 2D, the
tilt state in the narrow view mode has a uniform tilt alignment
across the thickness of the additional liquid crystal layer 7.
However, this is not essential for the present invention, and it
is necessary only that a tilt state exists across some portion of
the thickness of the liquid crystal layer 7 in the narrow view
mode.

[0146] Inthe liquid crystal layer 7' of the display 20 of FIG.
4B each liquid crystal region 16, 17 extends through the
thickness of the liquid crystal layer. In a further preferred
embodiment of the present invention, the first and second
regions having different liquid crystal states are provided at
different depths within a single liquid crystal layer. This pre-
ferred embodiment 1s illustrated in FIGS. 5A and 5B, which
are schematic sectional views of a display 22 according to this
preferred embodiment of the invention.

[0147] The display 22 includes an entrance polarizer 2, a
transmissive display layer 1, and an exit polarizer 3. An addi-
tional liquid crystal layer 7 is disposed between the display
layer 1 and the exit polarizer 3. In the preferred embodiment
shown in FIG. 5A, the display layer 1 is a TN liquid crystal
layer, but the present invention is not limited to this particular
image display layer.

[0148] The additional liquid crystal layer 7 of the display
22 is a pi-cell liquid crystal layer. A pi-cell is described by P.
J. Bosetal. in “Mol. Cryst. Liq. Cryst.”, Vol. 113, pp 329-339
(1984). As is known, a pi-cell includes a nematic liquid crys-
tal material disposed between first and second substrates,
with each substrate having an alignment layer arranged to
induce low pre-tiltalignment in liquid crystal molecules adja-
cent to the alignment films.

[0149] When no electric field is applied across a pi-cell, the
liquid crystal molecules adopt a splay state, also referred to as
an “H-state”. FIG. 5A illustrates the display 22 when no
voltage is applied across the pi-cell liquid crystal layer 7, so
that the molecules adopt the splay state. It can be seen that the
liquid crystal molecules are perpendicular, or substantially
perpendicular, to the normal axis of the display, throughout
the thickness of the pi-cell liquid crystal layer 7. When no
electric field is applied across the pi-cell liquid crystal layer,
therefore, the pi-cell liquid crystal layer has substantially the
same effect as the zero tilt uniform liquid crystal alignment
shown in FIG. 2C, and a normal grey level curve is obtained
over a wide range of viewing angles.

[0150] As is known, when the voltage applied across a
pi-cell liquid crystal layer is increased sufficiently, the liquid
crystal molecules adopt a bend state, also referred to as a
“Vstate”. FIG. 5B shows the display 22 when a sufficiently
large voltage has been applied across the pi-cell liquid crystal
layer 7 to cause the liquid crystal molecules to adopt a bend
state. It will be seen that it is now possible to identify first and
second regions in the liquid crystal layer in which two distinct
tilt states exist. The first and second liquid crystal regions are
indicated by broken lines in FIG. 5B and are identified at 16
and 17, respectively. It can be seen that both regions 16,17 in
which a tilt state exists extends only over a portion of the
thickness of the liquid crystal layer 7.

[0151] In the lower liquid crystal region 16, the molecules
are tilted so that they provide an abnormal grey level curve for
an observer 8" positioned to the right of the normal axis of the
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display. The liquid crystal region 16 in FIG. 5B acts in exactly
the same way as the first liquid crystal region 16 in FIG. 4A or
as the upper liquid crystal layer 7a of FIG. 4D. Conversely,
liquid crystal molecules in the upper liquid crystal layer
region 17 are tilted in the opposite direction to the molecules
in the lower liquid crystal layer region 16, and so provide an
abnormal grey level curve for an observer 8' positioned to the
left of the normal axis of the display. The upper liquid crystal
region 17 in FIG. 5B operates in the same way as the second
liquid crystal region 17 of FIG. 4A or the lower liquid crystal
layer 76 of F1G. 4D. Thus, when the pi-cell liquid crystal layer
7isplaced in a bend state, the display 22 will provide a normal
grey level curve only for viewing directions close to the
normal direction, and the display thus operates in a narrow
display mode. Thus, the display 22 of FIGS. 5A and 5B
operates in the same way as the display 20 of FIG. 4B or the
display 21 of FIG. 4E, and can be switched to provide a
narrow viewing mode in which a normal grey level curve is
seen only in a narrow range of viewing angles or to provide a
wide viewing mode in which a normal grey level curve is seen
for a wide range of viewing angles. The difference between
the display 22 of FIGS. 5A and 5B, on the one hand, and the
display 20 of F1G. 4B or the display 21 of FIG. 4E on the other
hand, is that the first and second liquid crystal regions 16, 17
are at different depths in the thickness of the liquid crystal
layer in the display 22 of FIGS. 5A and 5B, rather than being
laterally adjacent to one another.

[0152] As explained above with reference to the preferred
embodiment of FIGS. 2A to 2D, the liquid crystal molecules
preferably lie in a plane defined by the normal axis of the
display and the transmission or absorption axis of one of the
polarizers 2 and 3.

[0153] As is well known, the bend state shown in FIG. 5B
must be nucleated from the zero volt splay state show in FIG.
5A, by applying a voltage greater than a threshold voltage
across the pi-cell liquid crystal layer 7. In order to switch the
display 22 back to the public mode, the voltage applied across
the pi-cell liquid crystal layer 7 is reduced or set to zero such
that the low tilt splay state of FIG. 5A is achieved, again via
nucleation from the V-state. It might be possible to avoid the
need for nucleation by using alignment surfaces having a
suitably high pre-tilt.

[0154] FIGS. 6A to 6C show results obtained for the dis-
play 22 of FIGS. 5A and 5B. FIG. 6 A shows grey level curves
obtained in the absence of the pi-cell liquid crystal layer 7.
That is, the grey level curves of FIG. 6 A were obtained for a
conventional display including a twisted nematic liquid crys-
tal layer disposed between entrance and exit polarizers.
[0155] FIG. 6A shows grey level curves obtained for view-
ing angles of -50° relative to the normal axis, —-10° relative to
the normal axis, 10° relative to the normal axis and 50°
relative to the normal axis. In fact, the optical properties of the
display are symmetric, so that the grey level curve for a
viewing angle of -50° is substantially coincident with the
grey level curve for a viewing angle of +50°, and the grey
level curve for a viewing angle of -10° is substantially coin-
cident with the grey level curve for a viewing angle of +10°.
While there is some variation in the grey level curve with the
viewing angle, it can be seen that a normal grey level curve is
seen at viewing angles of £50° as well as at viewing angles of
£10°.

[0156] FIG. 6B shows grey level curves for the display 22
of FIG. 5A, with the pi-cell liquid crystal layer 7 disposed
between the TN liquid crystal display layer 1 and the exit
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polarizer 7. The grey level curves of FIG. 6B were obtained
with the pi-cell liquid crystal layer switched to the low tilt
splay state shown in FIG. 5A, so that the display 22 is in its
wide viewing mode. It can be seen that the grey level curves
of FIG. 6B are generally similar to the grey level curves of
FIG. 6A, showing that the pi-cell liquid crystal layer, when in
its low tilt splay state, has relatively little effect on the grey
level curves of the display. The grey level curve for +10° is
virtually unaffected, and the grey level curve for a viewing
angle of -10° has remained coincident with the grey level
curve for a viewing angle of +10°. They grey level curves for
viewing angles of +50° have changed slightly from FIG. 6A
to FIG. 6B, and are no longer coincident with one another.
However, an essentially normal grey level curve is still
obtained for viewing angles of +50°. An image displayed on
the image display layer 1 would thus have a viewing angle
range of from at least —50° to at least 50°, giving a wide
viewing mode.

[0157] FIG. 6C shows grey level curves for the display 22
when the pi-cell liquid crystal layer 7 is switched to the bend
state shown in FIG. 5B. It can be seen, that the grey level
curves for viewing angles of +10° and -10° are relatively
unchanged compared with FIG. 6B. Although the grey level
curve for a viewing angle of -10° is no longer coincident with
the grey level curve fora viewing angle of £10°, it is clear that
an essentially normal grey level curve exists for viewing
angles of £10°.

[0158] It can, however, be seen that they grey level curves
for viewing angles of +50° have been significantly changed
by switching the pi-cell liquid crystal layer 7 to its bend state.
The grey level curves for viewing angles of +50° do not
exhibit a luminance that decreases monotonically as the
image across the display layer is increased; indeed, the grey
level curve for a viewing angle of 50° provides maximum
luminance for high applied voltages, and has a minimum in
luminance for an applied voltage of around 1.7V. In the case
of a simple black/white image being displayed by applying a
voltage of either 1V (to obtain a white display) or a voltage of
about 2.5V (to obtain a black state), it is clear that a viewer at
a viewing angle of +50° will experience an image that has a
very low contrast, and an observer at a viewing angle of =50°
will see an image displayed with reversed contrast. In con-
trast, an observer viewing the display at a viewing angle of
+10° would see a near-normal image. Thus, the image quality
athigh viewing angles has been made much lower, and a good
image is displayed only for low viewing angles thereby pro-
viding a narrow viewing mode. An image is displayed with a
high level of privacy in the narrow viewing mode.

[0159] In the preferred embodiment of FIGS. 5A and 5B,
the pi-cell liquid crystal layer 7 may have a uniform liquid
crystal alignment over its entire area. This would mean that
the grey level curve would be affected in the same way, when
the pi-cell liquid crystal layer is switched to its narrow state,
over the entire area of the display. This should be suitable for
displaying a non-text image with a high level of privacy, but it
might not be adequate for displaying text since text that has
simply been inverted in contrast can be read easily. If the
preferred embodiment of FIGS. 5A and 5B is used with a
single, uniform pi-cell liquid crystal layer, it may therefore be
desirable to make the grey level curve for viewing angles
outside the intended viewing angle range in the narrow view
mode as flat as possible in the narrow view mode, so that both
non-text images and text are displayed with virtually no con-
trast at high viewing angles. A substantially flat grey level
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curve may be obtained by suitable choice of the parameters of
the liquid crystal material such as, for example, thickness,
optical anisotropy and tilt profile. Other preferred embodi-
ments of the present invention may also be arranged to have a
substantially flat grey level curve outside the intended view-
ing angle range in the narrow view mode.

[0160] In a modification of the present preferred embodi-
ment, the electrodes used to drive the pi-cell liquid crystal
layer 7 may be patterned, such that the grey level curve for
different areas of the display 22 are affected in different ways.
For example, the electrodes for applying a voltage across the
pi-cell liquid crystal layer could be patterned so as to apply a
voltage across some regions of the pi-cell liquid crystal layer
but not across other regions of the pi-cell liquid crystal layer.
When voltage is applied across the electrodes to switch the
pi-cell liquid crystal layer to its narrow state, this would result
in the bend state forming in some regions of the pi-cell liquid
crystal layer (corresponding to the regions where a voltage
was applied), while the low tilt splay state would remain in
other regions of the pi-cell liquid crystal layer (corresponding
to regions where no voltage was applied by the electrodes).
The regions of the pi-cell liquid crystal layer 7 that switched
to the bend state would give an abnormal grey level curve,
with contrast inversion, whereas the regions of the pi-cell
liquid crystal layer in which the low tilt splay state remains
would give a substantially unaffected grey level curve. The
resultant variation in the grey level curve over the area of the
display would cause confusion, and would be very effective at
providing privacy for both images and text.

[0161] The patterning of the pi-cell liquid crystal layer
could be made even more complex by use of more compli-
cated electrode patterning, or by use of driving techniques
such as multiplexing such that the voltage applied across the
pi-cell liquid crystal layer varies from one area of the pi-cell
liquid crystal layer to another. In this case, the amount of
distortion caused to the grey level curve would vary even
more from one region of the pi-cell liquid crystal layer to
another, and a more complex pattern of confusion would
result. This may be particularly effective for making moving
images private, since the human eye is very cable of filtering
out simple patterns.

[0162] The driving technique may further be adapted to
provide time-varying patterning of the pi-cell liquid crystal
layer. This again leads to time-varying grey level curves inthe
viewing regions where abnormal grey level curves are seen,
and so makes it harder for an observer in a viewing region
where abnormal grey level curves are seen to make out a
displayed image.

[0163] In the preferred embodiment of FIGS. 5A and 5B,
the pi-cell liquid crystal layer 7 has zero twist. As a result, in
order to switch the pi-cell liquid crystal layer from the low tilt
splay state to the bend state, it is necessary to nucleate the
bend state, and this process is slow and requires nucleation
seeds to initiate the transition. In order to avoid the need to
nucleate the bend state, it is possible to add a suitable chiral
dopant to the liquid crystal material of the pi-cell liquid crys-
tal layer, so that the stable liquid crystal state when no voltage
is applied to the pi-cell liquid crystal layer is a 180° twist state.
When a voltage is applied across the pi-cell liquid crystal
layer the transition to a high voltage bend state can be
achieved without nucleation, so that the transition is much
faster than for a zero twist pi-cell liquid crystal layer. The high
voltage bend state obtained in a 180° twist pi-cell liquid
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crystal layer will be very similar to the bend state shown in
FIG. 5B, and will again provide a narrow viewing mode for
the display.

[0164] Where a 180° twist pi-cell liquid crystal layer is
used, it is preferable that the pi-cell liquid crystal layer has the
correct optical thickness such that, when no voltage is applied
across the pi-cell liquid crystal layer and the liquid crystal
molecules adopt the 180° twist state, the effect of the pi-cell
liquid crystal layer is to rotate the plane of polarization of
incident light by 180° (or by an integer multiple of 180°). The
pi-cell liquid crystal layer will then have no effect on the grey
level curve when switched to the 180° twist state, and a
normal grey level curve will be seen over a wide range of
viewing angles.

[0165] As an example, to obtain an approximately 4 pm
thick liquid crystal layer with a twist of 180° across the liquid
crystal layer would require the use of a chiral dopant with a
pitch of about 8 pm. The twist can be either left-handed
(s-type) or right-handed (r-type). Chiral dopants R811 (also
known as ZI.[3786, obtainable from Merck) and S811 (also
known as ZLI811, obtainable from Merck) are suitable
dopants, since each has a low helical twisting power of 11, but
in opposite senses. The helical twisting power (HTP) may be
defined as HTP=100/(pitchxweight concentration). Thus, to
obtain a pitch of about 8 um using a chiral dopant of HTP=11
requires a concentration of about 1.14% chiral dopant by
weight.

[0166] Some liquid crystal modes for the additional liquid
crystal layer will provide an abnormal grey scale on both
sides of the normal axis in the narrow viewing mode without
the need for patterning the liquid crystal layer or providing
two additional liquid crystal layers. FIGS. 7A and 7B show a
display according to a further preferred embodiment of the
present invention where a single additional liquid crystal
layer will provide an abnormal grey scale on both sides of the
normal axis in the narrow viewing mode. The display 23
includes an image display layer 1 disposed between an
entrance polarizer 2 and an exit polarizer 3. The image display
layer 1 may be any suitable image display layer 1 and is
shown in FIGS. 7A and 7B as a twisted nematic liquid crystal
layer. The display 23 is a transmissive display and, in use, is
illuminated by a suitable backlight (not shown).

[0167] The display 23 also preferably includes additional
components 7 arranged to allow the display to be switched
between a wide viewing mode and a narrow viewing mode.
The additional components 7 may preferably include a liquid
crystal layer 24 and a fixed retarder 25. FIGS. 7A and 7B
show the fixed retarder positioned between the additional
liquid crystal layer 24 and the entrance polarizer 2, but the
present preferred embodiment could alternatively be imple-
mented by providing the fixed retarder 25 between the addi-
tional liquid crystal layer 24 and the exit polarizer 3. Again,
the additional liquid crystal layer 24 may in practice be incor-
porated in a liquid crystal panel, but other components of the
panel, such as substrates, alignment surfaces for aligning the
liquid crystal molecules 27 and electrode layers for applying
an electric field, may be conventional and are omitted from
FIG. 7A for clarity.

[0168] When light propagates through the display 23 at an
angle to the normal axis, the fixed retarder 25 and the addi-
tional liquid crystal layer 24 will both have a non-zero effec-
tive refractive index anisotropy An. According to this pre-
ferred embodiment of the present invention, the additional
liquid crystal layer 24 has, when the liquid crystal molecules
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are switched to the wide state, a refractive index anisotropy of
opposite sign to the refractive index anisotropy of the fixed
retarder. If the fixed retarder 25 and the additional liquid
crystal layer are selected appropriately, it can be arranged that
the retardation caused by the fixed retarder 25 is equal in
magnitude, but opposite in sign, to the retardation caused by
the additional liquid layer 24 in its wide state, so that the
retardation of the fixed retarder is cancelled by the retardation
of the additional liquid crystal layer. The combination of the
fixed retarder 25 and the additional liquid crystal layer thus
provide no overall retardation, so that the polarization state of
light propagating through the display, whether parallel to the
normal axis or at an angle to the normal axis, does not change.
Thus, light propagating through the display will have a nor-
mal grey level curve, so thata normal grey level curve will be
seen over a wide viewing angle range thereby giving the
display a wide viewing mode.

[0169] When the additional liquid crystal layer 24 is
switched to its narrow state its retardation changes, the retar-
dation of the fixed retarder 25 will not exactly compensate for
the retardation of the additional liquid crystal layer and light
will experience a non-zero overall retardation on passing
through the fixed retarder 25 and the additional liquid crystal
layer 24. The non-zero overall retardation will lead to a
change in the polarization state of light propagating at an
angle to the normal axis, and thereby cause a viewing angle-
dependent change in the polarization state. This leads to an
abnormal grey level curve for light propagating at some
angles to the normal axis, and thus provides a narrow display
mode. The presence of the retarder 25 means that this pre-
ferred embodiment is not limited to having a horizontal align-
ment in the wide view mode. As an example, in one imple-
mentation of this preferred embodiment, the additional liquid
crystal layer 24 is a vertically aligned nematic liquid crystal
layer. When no voltage is applied, the liquid crystal molecules
27 of the VAN liquid crystal layer 24 are aligned parallel to the
normal axis of the display, as shown in FIG. 7A. The VAN
liquid crystal layer has a positive refractive index anisotropy,
so the fixed retarder 25 is chosen to have a negative refractive
index anisotropy. In the specific implementation of FIGS. 7A
and 7B, the fixed retarder 25 is a negative uni-axial retarder
arranged with its optic axis perpendicular to the plane of the
retarder. The optic axis of the fixed retarder 25 is therefore
parallel to the normal axis of the display 23. The retarder 25
may be, for example, a discotic retarder such as a discotic
liquid crystal layer.

[0170] Light that propagates through the display along the
normal axis is propagating parallel to the optic axis of the
fixed retarder 25 and is also parallel to the optic axis of the
VAN liquid crystal layer 24 when the liquid crystal molecules
27 of the VAN liquid crystal layer 24 are aligned parallel to the
normal axis of the display as shown in FIG. 7A. Accordingly,
the effective refractive index anisotropy is zero, and the light
experiences no change in its polarization state as a result of its
passage through the fixed retarder 25 and the VAN liquid
crystal layer 24. The luminance of the display is then deter-
mined by the image display layer 1 and the entrance and exit
polarizers 2 and 3, and a normal grey level curve is obtained
over a wide range of viewing angles such that the display 23
operates in a wide viewing mode.

[0171] When a suitable voltage is applied across the VAN
liquid crystal layer 24, the liquid crystal molecules adopt a
tilted state in which they are no longer parallel to the normal
axis of the display, as shown in FIG. 7B. As a result, when
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light propagates through the display at an angle to the normal
axis the retardation of the fixed retarder 25 will not exactly
compensate the retardation of the VAN liquid crystal layer,
and light will experience a non-zero overall retardation on
passing through the fixed retarder 25 and the VAN liquid
crystal layer 24. The non-zero overall retardation will lead to
a change in the polarization state of light that has passed
through the image display layer and that is propagating at an
angle to the normal axis. This change in polarization state is
converted into a change in luminance by the exit polarizer 3,
and thereby causes an abnormal grey level curve.

[0172] In this preferred embodiment, it is preferable that
the tilted state of the VAN liquid crystal layer is such that the
azimuthal direction of the molecules in their tilted state is
parallel or perpendicular to the transmission axis of the exit
polarizer 3. With this orientation, light propagating along the
normal axis of the display 23 will experience no change to its
polarization state as a result of its passage through the fixed
retarder 25 and the VAN liquid crystal layer 24. Light propa-
gating through the display 23 along the normal axis of the
display will therefore have a normal grey level curve. The
display 23 will then provide a narrow viewing angle mode in
which a normal grey level curve can be seen by an observer
looking along the normal axis or along directions close to the
normal axis, but in which an abnormal grey level curve is
experienced by an observer looking at viewing angles that are
well away from the normal axis.

[0173] Designing the two layers so as to produce no overall
retardation essentially requires choosing suitable thicknesses
for the VAN layer and the retarder. For example, an approxi-
mately 6 pm thick VAN layer formed of the liquid crystal
MLC-6883 has An=0.1086, giving a value for the layer of
An-d=651 nm. A discotic film having An=-0.093 should have
athickness of about 7 pm to compensate for the retardation of
the VAN layer at high viewing angles.

[0174] The preferred embodiment of FIGS. 7A and 7B is
particularly advantageous because it does not require a hori-
zontal liquid crystal alignment in the wide viewing mode.
Apart from providing greater design choice, this preferred
embodiment has the advantage that it can in practice be dif-
ficult to obtain an exact horizontal liquid crystal alignment. In
many cases, a “horizontal” alignment will in practice have a
residual tilt of 1°-2°, and this would degrade the wide viewing
mode. The use of a retarder 25 can compensate for such
residual tilt, and allow a good wide viewing mode to be
obtained even in the absence of an exact horizontal alignment.
[0175] FIGS. 8A to 8C show results for the display 23 of
FIGS.7A and 7B. FIG. 8 A shows grey level curves for the TN
liquid crystal layer 1, in the absence of the VAN liquid crystal
layer 24 and the fixed retarder 25. The results of FIG. 8A
correspond to those of FIG. 6A, and will accordingly not be
described further.

[0176] FIG. 8B shows the grey level curves for the display
23 of FIG. 7A, with the VAN liquid crystal layer switched so
that the liquid crystal molecules are oriented generally paral-
lel to the normal axis of the display. It can be seen that the grey
level curves are substantially unaltered compared to those of
FIG. 8A. At a viewing angle of £50° relative to the normal
axis, an essentially normal grey level curve is obtained,
although the grey level curves do show a minimum in lumi-
nance for an applied voltage across the TN liquid crystal layer
of around 2.2V, with the luminance increasing slightly for
higher applied voltages. It can also be seen that the grey level
curve for a viewing angle of -50° is no longer exactly coin-

May 21, 2009

cident with the grey level curve for a viewing angle of —50°.
However the grey level curve is essentially normal at all
viewing angles of up to at least +50°, so that a wide viewing
angle mode is obtained.

[0177] FIG. 8C shows grey level curves obtained for the
display of FIG. 7B, when a voltage is applied across the VAN
liquid crystal layer to put the liquid crystal molecules of the
VAN liquid crystal layer into their tilted orientation. It can be
seen that the grey level curves for viewing angles of +10° are
not affected significantly. Although the grey level curve for a
viewing angle of -10° is no longer exactly coincident with the
grey level curve for a viewing angle of £10°, both grey level
curves show a monotonic decrease of luminance as the volt-
age applied across the TN liquid crystal layer 1 increases. A
normal grey level curve is obtained for viewing angles of
£10°.

[0178] Itcan,however, beseen that the grey level curves for
viewing angles of +50° have been significantly changed. The
grey level curve for a viewing angle of -50° has initially a
relatively low luminance, and increases to a maximum as the
voltage applied across the TN liquid crystal layer is increased
to around 1.7V. The luminance thereafter decreases for fur-
ther increases in the voltage applied across the TN liquid
crystal layer. Conversely, the grey level curve for a viewing
angle of +50° initially decreases as the applied voltage across
the TN liquid crystal layer is increased, becoming almost zero
for an applied voltage of around 1.7V. The luminance there-
after increases gradually as the applied voltage across the TN
liquid crystal layer is further increased. An observer viewing
the display at a viewing angle of +50° will therefore see a
disrupted image, owing to the abnormal grey level curves at
these angles. The display thus operates in a private mode, with
a narrow viewing angle range.

[0179] In the preferred embodiment of FIGS. 7A and 7B,
the additional liquid crystal layer 24 may be driven using
patterned electrode layers so that, in the narrow viewing mode
of the display, some regions of the additional liquid crystal
layer are in their wide state and other regions are in their
narrow state. As described above with reference to FIGS. 5A
and 5B, this further improves privacy in the narrow viewing
mode.

[0180] In the preferred embodiment of FIGS. 7A and 7B,
the additional liquid crystal layer 24 and the fixed retarder 25
are placed between the image display layer and the exit polar-
izer. They could alternatively be placed between the entrance
polarizer 2 and the image display layer 1. If so, the fixed
retarder 25 may be placed between the entrance polarizer 2
and the additional liquid crystal layer 24, or between the
additional liquid crystal layer 24 and the image display layer
1.

[0181] The preferred embodiment of FIGS. 5A and 5B, and
the preferred embodiment of FIGS. 7A and 7B are shown
with an image display layer formed by a 90° twisted nematic
liquid crystal layer. As a result, the transmission axis of the
exit polarizer 3 is arranged at 90° relative to the transmission
axis of the entrance polarizer 2. The transmission axis of the
entrance polarizer 2 is depicted as running into the plane of
the paper in FIGS. 5A, 5B, 7A and 7B, and the transmission
axis of the exit polarizer 3 is depicted as parallel to the plane
of the paper in the figures. These preferred embodiments are
not, however, limited to this particular form for the image
display layer, and a twisted nematic liquid crystal layer hav-
ing a twist other than 90° could be used in these preferred
embodiments provided that the transmission axes of the
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entrance and exit polarizers were adjusted accordingly.
Indeed, these preferred embodiments are not restricted to use
of atwisted nematic liquid crystal layer for the image display
layer, and any suitable transmissive image display layercould
be used.

[0182] FIGS. 9A and 9B are schematic section views
through a display 28 according to a further preferred embodi-
ment of the invention. FIG. 9A shows the display in its wide
viewing mode and FIG. 9B shows the display in its narrow
viewing mode. As in previous preferred embodiments, the
display 28 preferably includes an image display 1 disposed
between an entrance polarizer 2 and an exit polarizer 3. The
display also includes an additional component 7 to provide
angular light modulation and thus allow the display to operate
in a wide viewing mode or a narrow viewing mode.

[0183] In the preferred embodiment of FIGS. 9A and 9B,
the additional component 7 is an electrically controlled bi-
refringence (ECB) mode liquid crystal layer. The ECB liquid
crystal layer may in practice be incorporated in a liquid crys-
tal panel, but other components of the panel, such as sub-
strates, alignment surfaces for aligning the liquid crystal mol-
ecules 27 and electrode layers for applying an electric field,
may be conventional and are omitted from FIGS. 9A and 9B
for clarity.

[0184] When no voltage is applied, the liquid crystal mol-
ecules of the ECB liquid crystal layer 7 are aligned parallel to
the plane of the substrates of the display (not shown in FIG.
9A or9B), as shown in FIG. 9A, with an azimuthal orientation
parallel to the transmission axis of the exit polarizer 3. The
ECB liquid crystal molecules may alternatively be aligned
parallel to the plane of the substrate but with an azimuthal
orientation perpendicular to the transmission axis of the exit
polarizer 3. Light that propagates through the display along
the normal axis (perpendicular to the plane of the substrate) is
propagating perpendicular to the optic axis of the ECB liquid
crystal layer 7 and consequently the effective refractive index
anisotropy is zero and the light experiences no change in its
polarization state as a result. Light that propagates off-axis
(i.e., not in a direction perpendicular to the substrates of the
display) experiences substantially zero effective retardation
upon passing through the ECB liquid crystal layer 7 and the
light experiences no change in its polarization state as a result.
Consequently, the luminance of the display is then deter-
mined by the image display layer (the Mobile ASV LCD
panel in FIG. 9A) and the entrance and exit polarizers 2 and 3,
and a normal grey level curve is obtained over a wide range of
viewing angles such that the display operates in a wide view-
ing mode.

[0185] When a suitable voltage is applied across the ECB
liquid crystal layer, the ECB liquid crystal molecules adopt a
tilted state in which they are no longer parallel to the substrate
of the display, as shown in FIG. 9B. As a result, when light
propagates through the display off-axis (i.e., notin a direction
perpendicular to the substrate) the light will experience a
non-zero overall retardation upon passing through the ECB
liquid crystal layer 7. The non-zero overall retardation will
lead to a change in the polarization state of light that has
passed through the image display layer 1 and that is propa-
gating at an angle to the normal axis. This change in polar-
ization state is converted into a change in luminance by the
exitpolarizer 3, and thereby causes an abnormal off-axis grey
level curve. The tilted molecular structure of the ECB liquid
crystal layer is symmetrical about the plane of the tilt and
consequently equal amounts of retardation are experienced
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by light that propagates through the ECB liquid crystal layer
symmetrically with respect to the plane of molecular tilt. As a
result, the privacy function (grey-level curve) is symmetrical
with respect to the plane of ECB molecular alignment, as
shown in FIG. 10B.

[0186] In this preferred embodiment, it is preferable that
the tilted state of the ECB liquid crystal layer is such that the
azimuthal direction of the ECB liquid crystal molecules in
their tilted state is parallel or perpendicular to the transmis-
sion axis of the exit polarizer 3. With this orientation, light
propagating along the normal axis of the display will experi-
ence no change to its polarization state as a result of its
passage through the ECB liquid crystal layer 7. Light propa-
gating through the display along the normal axis of the dis-
play will therefore have a normal grey level curve. The dis-
play will then provide a narrow viewing angle mode in which
anormal grey level curve can be seen by an observer looking
along the normal axis or along directions close to the normal
axis, but in which an abnormal grey level curve is experienced
by an observer looking at viewing angles that are well away
from the normal axis.

[0187] As apractical example of the preferred embodiment
described above, an approximately 5 micron thick ECB liquid
crystal panel was made and filled with liquid crystal ZLI-
4619-100 which has bi-refringence An=0.0823. The total
retardation of the layer was An'd=411 nm. This layer was
added to a ‘Mobile ASV’ LCD panel 1 which is a common
display panel used in mobile phones. The Mobile ASV LCD
panel is based on a VAN liquid crystal mode, with added
optical retarder films 29, 30 so that the polarization of the
light transmitted through the panel 1 is circular rather than
linear. The current invention preferably uses light that is lin-
early polarized when it is transmitted by the additional liquid
crystal layer 7, and the additional ECB liquid crystal panel is
preferably located between the retarder films and one polar-
izer, as shown in FIGS. 9A and 9B. At this location the light
is linearly polarized.

[0188] Although FIGS. 9A and 9B show the image display
layer 1 as a Mobile ASV LCD panel, the preferred embodi-
ments are not limited to this particular image display layer. An
ECB liquid crystal layer may be used to provide angular light
modulation for other image display layers.

[0189] FIGS.10A and 10B show the intensity as a function
of angle for a display having a Mobile ASV LCD panel, at
three grey level values. An ECB liquid crystal panel 7 has
been sandwiched between the exit polarizer of the display and
the retarders of the Mobile ASV panel as described above. In
FIG. 10A, zero volts is applied to the ECB liquid crystal panel
7 such that the molecules of the ECB liquid crystal layer are
aligned in the plane of the panel. In FIG. 10B, a voltage is
applied across the ECB liquid crystal panel 7 such that a tilted
state is achieved as shown in FIG. 9B. It can be seen in FIG.
10A that at zero voltage applied across the ECB liquid crystal
layer 7 there is a uniform progression of brightness from dark
to light grey level, at all angles of incidence. Thus, a wide
viewing mode is obtained. However, when a voltage is
applied to the ECB liquid crystal panel the brightness at high
angles of incidence is no longer monotonically increasing
with grey level as shown in FIG. 10B and therefore, the image
quality at these high angles of incidence will be disrupted
thereby giving a narrow viewing mode.

[0190] The ECB liquid crystal panel 7 can be positioned on
the side of the image display layer 1, facing either the back-
light 5 or the viewer. However, where a Mobile ASV LCD
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panel is used as the image display layer, it is advantageous to
position ECB liquid crystal layer 7 on the side of the image
display layer 1 facing the viewer to avoid stray reflections
from the backlight. In addition, it is advantageous for the
polarizers 2 and 3, the retarders 29 and 30, the image display
panel 1 and the ECB liquid crystal panel 7 all to be optically
bonded with refractive index matching material.

[0191] As described above, the additional liquid crystal
layer 7 of a display according to a preferred embodiment of
the present invention may be provided with patterned elec-
trodes so that different angles of tilt of the liquid crystal
molecules may be obtained in different regions of the addi-
tional liquid crystal layer 7, to enhance privacy of a displayed
image in the narrow viewing mode. One possible disadvan-
tage of using patterned electrodes to drive the additional
liquid crystal layer 7 is that in, the narrow viewing mode, the
pattern or image intended to be seen by a viewer viewing the
display in an off-axis direction may also be seen by a viewer
viewing the display along its normal axis, particularly at the
corners or edges of the display. This is the effect is illustrated
in FIG. 11 where it can be seen that, although the viewer 8 is
viewing the display along its normal axis, light reaching the
viewer’s eyes from the edge of the display is emitted at a
significant angle to the normal direction of the display panel.
[0192] This problem can be avoided if a small voltage is
applied to regions of the additional liquid crystal layer 7
which are not normally switched. Then the modification of
the grey level curves for these low voltage regions matches
the high voltage regions at small angles of incidence. How-
ever, the modification of the grey level curves for the low
voltage region remains minor as the viewing angle increases.
This gives less visibility of the privacy pattern at small angles
while maintaining the privacy effect at large angles. An elec-
trode layout 31 suitable for providing a small and large volt-
age to different regions of the ECB panel is shown in F1G. 12.
This is described in more detail in GB 2413 394 and EP 1 589
366, which are hereby incorporated by reference.

[0193] The electrode layout 31 of FIG. 12 also has the
advantage that the electrode material may cover substantially
the entire visible area of the display. The gaps between elec-
trode areas may be made as small as about 10 pm. This
preveats the patterning of the electrodes from being visible in
the wide viewing mode, as a result of optical loss from the
electrode material.

[0194] As noted above, although various preferred embodi-
ments of the present invention have been described with ref-
erence to transmissive displays the present invention is not
limited to a transmissive display. The present invention may
alternatively be applied to a reflective display or to a trans-
flective display.

[0195] In any of the preferred embodiments described
herein, if the image display layer of the display can be driven
in such a way as to vary its viewing angle characteristics, such
a driving technique may be combined with any of the pre-
ferred embodiments of the present invention described above.
For example, if the image display layer of the display natu-
rally exhibits contrast reversal in a particular drive regime at
high viewing angles (for example, if the image display layer
includes a liquid crystal material that exhibits contrast rever-
sal in a particular voltage range at high viewing angles), the
image display layer may, in the narrow view mode, be driven
in the regime in which it exhibits contrast reversal at high
viewing angles, for example, using a technique similar to the
“Rocket” software.
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[0196] Any of the preferred embodiments described herein
may be arranged to provide an indicationto a user of when the
display is in the private or narrow viewing angle mode. For
example, this may be provided within software which causes
an image or icon to be displayed to show that the display is in
the private mode. Such an icon may be overlaid, for example,
on a displayed image at the bottom of the screen of the
display, and may include the word “private”. Alternatively,
this function may be provided in the image display or in the
additional components so that, when the display is switched
to the private mode, a portion of the image display of the
additional components is activated in order to display an
appropriate icon.

[0197] The displays described herein may be combined
with or provided in association with a device or arrangement
which automatically switches the display to the private mode
when the content of the image to be displayed is of the
appropriate type. For example, if the display is used for view-
ing internet pages, any of the software flags associated with
internet pages may be used to trigger the display so that it
operates in the private mode. An example of such an applica-
tion is when a browser is working in a secure encrypted mode,
for example, when personal bank details are being viewed or
when secure transactions are being conducted.

[0198] Itisalso possible to arrange for the display to switch
to the private mode when the display is part of or is associated
with adisplay for data entry and the type of data being entered
or about to be entered is such that the private display mode is
required. For example, the entering of a personal identifica-
tion number (“PIN”") may automatically cause the display to
switch to the private mode. Such an arrangement may, for
example, be used with “chip and pin” technology in retail
trading outlets.

[0199] In the preferred embodiments described above the
liquid crystal layer 7, 15 has the same sign positive or negative
of retardation in the alignment that produces the narrow view-
ing mode as it does in alignment that produces the wide
viewing mode. The sign of the retardation of a material is
defined to be positive if the refractive index measured parallel
to the optic axis is larger than the refractive index measured
perpendicular to the optic axis.

[0200] In the preferred embodiments described above, the
state of the additional liquid crystal layer 7 in the wide view-
ing mode of the display preferably is a horizontal or vertical
liquid crystal state. In principle, however, the present inven-
tion is not limited to this.

[0201] Whether a display according to various preferred
embodiments of the present invention includes a patterned
additional liquid crystal layer 7, for example, as shown in any
of FIGS. 4A to 4C, or, alternatively, includes two additional
liquid crystallayers as shown in FIGS. 4D and 4F), in order to
obtain an abnormal grey scale on both sides of the normal axis
in the narrow viewing mode depends on the liquid crystal
mode of the additional liquid layer(s) 7. Some liquid crystal
modes for the additional liquid crystal layer will provide an
abnormal grey scale on both sides of the normal axis in the
narrow viewing mode without the need for patterning the
liquid crystal layer or providing two additional liquid crystal
layers.

[0202] In many of the preferred embodiments described
above the narrow viewing angle range has been such that its
bisector is parallel, or substantially parallel, to the normal
axis of the display. In some applications, however, it may be
desirable for the narrow viewing angle range to be such that
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its bisector is not parallel to the normal axis of the display.
This feature may be desirable when the display is used in an
automotive application, for example, in the dashboard of a
vehicle. Such an arrangement could be used so that, in the
narrow viewing angle mode, the passenger or driver is unable
to view the displayed image. This may be achieved, for
example, by using a display as shown in FIGS. 2A to 2D, in
which the bisector of the narrow viewing angle range shown
in FIG. 2A is not parallel to the normal axis of the display.
[0203] The problem of an image on a display being visible
to people other than the intended viewer can be more serious
in conditions of low ambient light, since the displayed image
appears brighter in low lighting conditions. It is therefore
possible for the displays described above to include an ambi-
ent light sensor, and to arrange for the display to switch to the
private mode when the output from the ambient light sensor
indicates that the level of ambient light has fallen below a
pre-set threshold.

[0204] While preferred embodiments of the present inven-
tion have been described above, it is to be understood that
variations and modifications will be apparent to those skilled
in the art without departing the scope and spirit of the present
invention. The scope of the present invention, therefore, is to
be determined solely by the following claims.

1-34. (canceled)

35. A display comprising:

a display device having a first polarizer, one of a second
polarizer and a reflector, and a display layer disposed
between the first polarizer and said one of the second
polarizer and the reflector; and

a liquid crystal layer disposed between the display layer
and one of the first polarizer and said one of the second
polarizer and the reflector; wherein

liquid crystal molecules of at least one region of the liquid
crystal layer are switchable between a first state in which
the display has a first display mode with a first viewing
angle range and a second state in which the display has
a second display mode having a second viewing angle
range smaller than the first viewing angle range, the
liquid crystallayer having the same sign of retardation in
the first state as in the second state; and

in the second state, liquid crystal molecules of the at least
one region are tilted with respect to the normal axis of
the display over at least a portion of the thickness of the
liquid crystal layer, and lie substantially parallel to a
plane defined by the normal axis of the display and the
transmission axis or absorption axis of the first polarizer
or one of the first and second polarizers.

36. A display as claimed in claim 35, wherein a grey-level
curve of the display varies with viewing angle in the second
display mode.

37. A display as claimed in claim 35, wherein the liquid
crystal molecules of the at least one region of the liquid
crystal layer produce, in the second state, an angle-dependent
change in the polarization state of light passing through the at
least one region of the liquid crystal layer.

38. A display as claimed in claim 37, wherein the liquid
crystal molecules of the at least one region of the liquid
crystal layer produce, in the second state, substantially no
change in the polarisation state of light passing through the at
least one region of the liquid crystal layer at angles within the
first angular viewing range.

39. A display as claimed in claim 38, wherein the liquid
crystal molecules of the at least one region of the liquid
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crystal layer produce, in the second state, a viewing angle-
dependent refractive index anisotropy for the at least one
region of the liquid crystal layer.

40. A display as claimed in claim 39, wherein the liquid
crystal molecules of the at least one region of the liquid
crystal layer produce, in the second state, substantially no
change in the polarization state of light passing through the at
least one region of the liquid crystal layer at angles within the
first angular viewing range, and

wherein the liquid crystal molecules of the at least one

region of the liquid crystal layer produce, in the second
state, substantially zero refractive index anisotropy for
light propagating along the normal axis of the display.

41. A display as claimed in claim 38, wherein the liquid
crystal molecules of the at least one region of the liquid
crystal layer produce, in the second state, a viewing angle-
dependent angle between the optic axis of the liquid crystal
layer and the transmission axis of one of the polarisers for the
at least one region of the liquid crystal layer.

42. A display as claimed in claim 38, wherein the liquid
crystal molecules of the at least one region of the liquid
crystal layer produce, in the second state, a viewing angle-
dependent angle between the optic axis of the liquid crystal
layer and the transmission axis of one ofthe polarizers for the
at least one region of the liquid crystal layer, and

wherein, at normal incidence, the optic axis of the at least

one region of the liquid crystal layer is substantially
parallel to the transmission axis of the one of the polar-
izers.

43. A display as claimed in claim 35, wherein, in the second
state, the liquid crystal layer has at least a first region in which
the liquid crystal molecules have a first liquid crystal align-
ment and a second region in which the liquid crystal mol-
ecules have a second liquid crystal alignment different from
the first liquid crystal alignment.

44. A display as claimed in claim 43, wherein the first
region and the second region are laterally adjacent.

45. A display as claimed in claim 44, wherein in the second
state, the first region and the second region each extend
through the thickness of the liquid crystal layer.

46. A display as claimed in claim 43, further comprising a
patterned alignment surface arranged to define the first region
and the second region in the liquid crystal layer.

47. A display as claimed in claim 43, further comprising a
patterned electrode layer arranged to define the first region
and the second region in the liquid crystal layer.

48. A display as claimed in claim 43 wherein, in the second
state, the first region extends through a first portion of the
thickness of the liquid crystal layer and the second region
extends through a second portion of the thickness of the liquid
crystal layer.

49. A display as claimed in claim 48, wherein the liquid
crystal layer is an OCB liquid crystal layer.

50. A display as claimed in claim 35, wherein the liquid
crystal layer is an ECB liquid crystal layer.

51. A display as claimed in claim 35, further comprising
another liquid crystal layer disposed between the liquid crys-
tal layer and the one of the first polarizer and said one of the
second polarizer and the reflector; wherein, in the second
mode, the liquid crystal molecules of the liquid crystal layer
have a first liquid crystal alignment and the liquid crystal
molecules of the another liquid crystal layer have a second
liquid crystal alignment different from the first liquid crystal
alignment.
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52. A display as claimed in claim 43, wherein the first and
second liquid crystal alignment are tilt alignments.

53. A display as claimed in claim 52, wherein the first tilt
alignment is in an opposite direction, relative to the normal
axis of the display, to the second tilt alignment.

54. A display as claimed in claim 52, wherein the first tilt
alignment is in the same direction, relative to the normal axis
of the display, as the second tilt alignment and the first tilt
alignment has a different angle of tilt than the second tilt

alignment.

55. A display as claimed in claim 43, wherein, in the second
state, the liquid crystal layer further includes at least a third
region in which the liquid crystal molecules have a third
liquid crystal alignment and a fourth region in which the
liquid crystal molecules have a fourth liquid crystal align-
ment, the third and fourth liquid crystal alignments being
different from one another and being different from the first
and second liquid crystal alignments.

56. A display as claimed in claim 35, wherein the liquid
crystal layer has a refractive index anisotropy of one sign and
wherein the display further comprises an optical compensa-
tion layer having a refractive index anisotropy of an opposite
sign.

57. A display as claimed in claim 56, wherein the liquid
crystal layer has a positive refractive index anisotropy and the
optical compensation layer has a negative refractive index
anisotropy.

58. A display as claimed in claim 55, wherein the liquid
crystal layer is a VAN liquid crystal layer.
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59. A display as claimed in claim 35, wherein, in the first
state, liquid crystal molecules of the at least one region of the
liquid crystal layer are aligned substantially perpendicular to
the normal axis of the display.

60. A display as claimed in claim 36, wherein for at least
one angle in the first viewing angle range but outside the
second viewing angle range, the grey level curve is substan-
tially flat.

61. A display as claimed in claim 35, wherein the second
viewing angle range is within the first viewing angle range.

62. A display as claimed in claim 35, wherein the second
viewing angle range includes the normal direction.

63. A display as claimed in claim 35, wherein the second
viewing angle range has a bisector which is non-normal to the
display.

64. A display as claimed in claim 35, wherein the display is
arranged to display an indication when the molecules are in
the second state.

65. A display as claimed in claim 64, wherein the display is
arranged to display the indication in response to the content of
data for display.

66. A display as claimed in claim 35, further comprising an
ambient light sensor arranged to cause the display to provide
the second viewing angle range when the ambient light is
below a threshold.

67. A display as claimed in claim 35, wherein the image
display layer is a liquid crystal display layer.

68. A display as claimed in claim 35, wherein the display is
a vehicle display.
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