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FOUR DOMAIN PIXEL FOR LIGHT MODULATING DEVICE
This application was made in part with government
support under cooperative agreement number DMR-89-20147
awarded by the National Science Foundation. The

‘Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

This invention relates to the field of light
modulating devices, and more pafticularly to a four
domain twisted nematic liquid crystal pixel for such
devices.

In liquid crystal flat panel displays, alignment of
the liquid crystal molecules is a major processing step.
To obtain the required alignment, different types of
alignment layers are deposited on the inner surfaces of
cell wall structures of the display. The two major types
of alignment are homogeneous alignment, which is widely
used in liquid crystal displays, and homeotropic
alignment. 1In both types.of alignment it is very
important to have a pretilt in one direction for the
proper operation of the display. However, controlling
the tilt angle with currently available homeotropic
methods is difficult and not reproducible. Even though
tilted homeotropic alignment provides high contrast, the
difficulty and time consuming procedures of currently
available methods prevents its use in many industrial
applications.

It is well known that twisted nematic liquid crystal
displays, which are the most common flat panel displays,
have a narrow and nonuniform viewing angle and low
contrast when viewed at off-angles from the normal when
used in a gray scale mode. The electrooptical
characteristics of traditional twisted nematic liquid
crystal displays are strongly dependent on the viewing
angle. This presents a serious inconvenience for good
gray-scale operation. These drawbacks occur because all
the liquid crystal molecules at the surface align
unidirectionally and tilt in one direction.
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To overcome these shortcomings of conventional
twisted nematic liquid crystal displays, two major
approaches have been proposed, retardation film
compensated liquid crystal displays and multi-domain
twisted nematic liquid crystal displays. Retardation
film compensation improves the on-off electrooptical
performance but does not solve the gray scale problem.

Concerning the multi-domain approach, recent
analytical simulations suggest that the best viewing
characteristics in gray scale active matrix liquid
crystal displays are obtained in twisted nematic liquid
crystal displays with four domains. Many techniques have
been proposed in an attempt to develop multi-domain
twisted nematic structures. Research has concentrated
mostly on two domain liquid crystal displays, which
suffer from a contrast inversion problem.

Many two domain tilted homeotropic displays are
based on the fringe field effect. This technique
requires special electrode designs and proper positioning
of the domains. Because of the need for complex
electrode design, optical transmission in the bright
state is low in these displays.

Four domain liquid crystal displays have been
fabricated using the fringe field effect and homeotropic
alignment layers. These four domain liquid crystal
displays suffer from the major drawback of requiring a
hole in the electrode, which reduces the active area of
the device. While the need for four domain twisted
nematic liquid crystal displays is great, no satisfactory
implementation techniques have been presented.

A liquid crystal display employing tilted
homeotropic alignment based on the electrically
controlled birefringence effect has high contrast near
normal incidence, fast response times and satisfactory
multiplexibility. For proper operation of such a display
without defects it is very important to obtain a tilted
structure of the molecules in the same direction.
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However, the required tilt angle must be very small, less
than about 3°, to maintain a very dark off state and
hence high contrast. -

K. Hiroshima and H. Obi, SID Digest, p. 287 (1984),
disclose a vacuum oblique evaporation technique that
deposits layers of Si0, onto a rotating substrate to
obtain pretilt angles of 0-35°. This technique rotates
the substrate and does not enable a well-controlled
pretilt close to homeotropic. This publication also
discloses that it is possible to obtain homogeneous
alignment with a pretilt of a few degrees by a rubbing
process.

One widely used method to obtain tilted homeotropic
alignment is two angle deposition of SiOo, followed by an
alcohol or organosilane treatment of the substrates. 1In
this method the pretilt is very sensitive to the
thickness of the shallow angle SiO, deposition layer.
Also, pretilt angles are highly dependent on the angle of
Si0, deposition in this method. This limits the size of
the substrate that can be used.

In another method a homeotropic alignment agent is
deposited on a unidirectionally rubbed surface. However,
it is well known that the rubbing process as an alignment
technique can cause problems, especially in active matrix
liquid crystal display applications.

Amorphous multidomain twisted nematic displays have
been fabricated by nonrubbing methods, but have more than
the optimum number of four domains. Amorphous
multidomain twisted nematic displays commonly use chiral
additives, which cause a unidirectional twist sense of
the nematic structure. Even though the amorphous
nultidomain twisted nematic displays have satisfactory
electrooptical charaéteristics, reverse tilt
disclinations lower their quality. A polymer stabilized
amorphous multidomain twisted nematic display has been
proposed to stabilize these disclinations at the expense
of lower contrast.
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SUMMARY OF THE INVENTION

The four domain liquid crystalline light modulating
pixel of the invention overcomes the problems of the
prior art and yet is fabricated‘by simple techniques.
Four domain homogeneous liquid crystal displays
fabricated in accordance with the invention do not suffer
from the narrow and nonuﬁiform viewing angle problems of
typical twisted nematic displays.

Four domain tilted homeotropic liquid crystal
displays of the invention also have a wide viewing angle.
These displays do not suffer from the major drawback of
bright disclination lines or domain boundaries on a dark
background, and do not require an additional processing
step in which a black matrix is necessary to subdue light
scattered by the disclinations.

There are numerous liquid crystal alignment
configurations or combinations thereof suitable for use
in the four domain liquid crystalline light modulating
pixel of the invention. A reverse rubbing treatment
provides the liquid crystal molecules adjacent the
substrate with homogeneous alignment. A vacuum oblique
evaporation treatment provides the liquid crystal
molecules adjacent the substrate with either homogeneous
or homeotropic alignment.

As used herein, homogeneous alignment refers to when
substantially all of the liquid crystal molecules
adjacent a substrate in the hbmogeneously aligned region
lie generally parallel to one another, and substantially
parallel to the substrate. Likewise, homeotropic
alignment refers to when the liquid crystal molecules
adjacent the substrate are generally parallel to each
other and substantially perpendicular to the substrate.

As used herein the terms homogeneous and homeotropic
alignment not only include when the molecules lie exactly
parallel or perpendicular to the substrate, but also when
the molecules are tilted with respect to the substrate or
with respect to the substrate normal, respectively, such
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that they have a so called pretilt angle. Depending on
the manner of aligning the liquid crystal, the molecules
may have a very slight pretilt angle inherently produced
by the alignment procedure, or the method and materials
may be selected to intentionally provide a desired
pretilt angle. '

The liquid crystalline light modulating pixel of the
invention includes first and second cell wall structures
and nematic liquid crystal disposed therebetween. The
first and second. cell wall structures cooperate with the
liquid crystal to form four liquid crystal domains within
the pixel. The liquid crystal in each of the domains
exhibits a twisted nematic liquid crystal structure.

The orientation of the liquid crystal director of
the liquid crystal adjacent the cell wall structures may
be configured to produce the desired four domains,
depending upon masking pattern variations in the
treatment. For example, the orientation of the liquid
crystal director of the liquid crystal adjacent one of

the cell wall structures in at least two domains may be

different; the orientation of the liquid crystal director
of the liquid crystal adjacent each of the cell wall
structures in at least two domains may be different; or
the orientation of the liquid crystal director of the
liquid crystal in all four domains adjacent one of the
cell wall structures may be different.

If liquid crystal having positive dielectric
anisotropy is used, the liquid crystal adjacent the cell
wall structures is tilted with respect thereto from 0.5°-
30°. Alternatively, if liquid crystal having negative
dielectric anisotropy is used, the liquid crystal
adjacent the cell wall structures is tilted with respect
to a normal to said cell wall structures from 0.1°-10°.

Preferably, the liquid crystal director in two
domains has right hand rotation and the liquid crystal
director in the remaining domains has left hand rotation.
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The liquid crystal director of the liquid crystal in two
adjacent domains adjacent one of the cell wall structures
is oriented 180° with respect to the liquid crystal
director in the remaining two domains adjacent that cell
wall structure.

At a middle plane of the pixel substantially midway
between and parallel to the first and second cell wall
structures the liquid crystal director in each domain is
oriented orthogonal to the liquid crystal director in the
two adjacent domains. To obtain the desired _
orientations, each of the cell wall structures includes a
rubbed polyimide layer or layers of vacuum oblique
evaporated material. '

A liquid crystalline light modulating device
constructed in accordance with the invention includes
first and second cell wall structures with nematic liquid
crystal disposed therebetween and means for electrically
addressing the liquid crystal. The device has at least
one liquid crystalline light modulating pixel that
includes four 1liquid crystal domains within the pixel
formed by cooperation of the first and second cell wall
structures with the liquid crystal. The liquid crystal
in each of the domains exhibits a twisted nematic liquid
crystal structure. The orientation of the liquid crystal
director of the liquid crystal adjacent one of the cell
wall structures in at least two domains is different.
Other variations of the liquid crystal director
orientation are possible, depending upon masking pattern
variations in the treatment, and will result in a four
domain pixel, as discussed above.

The light modulating device also includes two
polarizers between which the cell wall structures are
located. The polarization orientation passed by one
polarizer is either parallel to (parallel polarizers) or
orthogonal to (crossed polarizers) the polarization
orientation passed by the other polarizer.
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In its broad aspects, the method of producing a four
domain liquid crystalline pixel for a light modulating
device in accordance with the invention includes the
steps of providing first and second cell wall structures.
At least a first region on a cell wall structure is
treated to provide the liquid crystal director of the
liquid crystal adjacent the first region of the cell wall
structure with an orientation in a first direction. At
least a second region on a cell wall structure is treated
to provide the liquid crystal director of the liqﬁid
crystal adjacent the second region of the cell wall
structure with an orientation in a second direction
different than the first orientation direction. The cell
wall structures are spaced apart and a nematic liquid
crystal is provided between the first and second cell
wall structures.

The treatment of the first and second regions, when
properly oriented on opposing cell wall structures,
produces four domains in which the liquid crystal has a
twisted nematic liquid crystal structure and the
orientation of the liquid crystal director of the liquid
crystal adjacent one of the cell wall structures in at
least two domains is different. The treatment may be
varied to produce the other orientations of the liquid
crystal director discussed above.

One preferred treatment of the first and second cell
wall structures includes forming a layer of material on
the cell wall structures. The layer is rubbed in one
direction. A mask is formed on the layer of material to
form an uncovered portion and a covered portion
corresponding to the first and second regions. The first
and second regions extend throughout the entire substrate
and preferably the entire light modulating portion of a
light modulating device. The masked layer is then rubbed
in a different direction, and the mask is removed to
provide first and second regions rubbed in different
directions. The rubbing direction of the first region is
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preferably opposite to the rubbing direction of the
second region. The cell is assembled by spacing apart
the cell wall structures and orienting them such that the
rubbing directions on the first cell wall structure are
orthogonal to the rubbing directions on the second cell
wall structure. Nematic liquid crystal is filled between
the cell wall structures.

Another treatment of the first and second cell wall
structures includes forming a first layer of material on
the cell wall structures by vacuum oblique evaporation.

A mask is formed on the first layer of material to form
an uncovered portion and a covered portion corresponding
to the first and second regions. The cell wall
structures are rotated preferably 180° and a second layer
of material is formed on them by vacuum oblique
evaporation. The mask is then removed.

The cell is then fabricated by spading apart the
cell wall structures and orienting them such that the
evaporation directions of material on the first cell wall
structure are orthogonal to the evaporation directions of
material on the second cell wall structure. Nematic
liquid crystal is then filled between the cell wall
structures.

In another embodiment, the fabrication method for
producing a tilted homeotropic four domain display
includes the steps of depositing a first layer of silicon
monoxide onto a rotating substrate by vacuum oblique
evaporation. The rotation of the substrate is stopped
opposite to the desired pretilt direction and a second
layer of material is deposited on the substrate by vacuum
oblique evaporation for a short period of time.

After the second evaporation the substrate is masked
in an alternating striped pattern comprising first and
second regions. Each stripe of the mask is equal to
about one half of the pixel size, i.e., the width of one
of the first and second regions. The substrate is
rotated by 180° and a third layer of evaporated material
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is deposited on the fixed substrate for a short period of
time. This provides liquid crystal molecules adjacent
the substrate surface with tilted homeotropic alignment
with the tilt being in opposite directions in the first
and second regions.

Existing methods for obtaining tilted homeotropic
alignment require more than one step and are lengthy
procedures. In all these methods it is not possible to
control the pretilt angle below 4° very well which is
important in obtaining displays having very high
contrast. The primary conventional method requires a
final step of alcohol or organosilane treatment of the
substrate. Compared to these methods, the method of the
invention is much simpler and requires only the inorganic
silicon monoxide, which is very stable under many
conditions and provides better control over the pretilt
angle. '

An advantage is that the deposition angle can be
varied in the range of 20-70° with no difference in the
final result. Thus, this method provides greater
flexibility in preparing larger substrates compared to
other Si0, evaporation methods.

Another advantage of the tilted homeotropic display
technique of the present invention is that it does not
require special electrode designs containing holes in the
pixel electrode, as do some current multi-domain
displays. These current designs require several high
resolution photolithography steps. With the technique of
the present invention it is much simpler to construct
four domain displays and because of lack of an electrode
hole, they have a greater active area.

The four domain tilted homeotropic displays of the
invention have much better electrooptical characteristics
than conventional twisted nematic liquid crystal
displays. Compared to conventional twisted nematic
liquid crystal displays, the tilted homeotropic four
domain displays of the invention have much more symmetric
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viewing angle distribution, good gray scale capability
and very high contrast.

In homogeneously aligned four domain displays,
disclination lines due to the reverse twist attributable
to the low pretilt angle are a problem. Hence, the
domain boundaries are not always stable. In the four
domain tilted homeotropic display of the invention,
disclinations or defect lines due to reverse twist are
not present and domain boundaries are well defined and
very stable at any voltage applied across the display.

A further advantage of the present method for
fabricating a tilted homeotropic four domain cell is that
rubbing is not required, which avoids surface
contamination and build-up of electrostatic charges.
Thus, the tilted homeotropic displays of the invention
are especially suitable for use as active matrix liquid
crystal displays.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a perspective view of a four domain
homogeneous pixel constructed in accordance with the
invention, with the cylindrical members representing
liquid crystal molecules and the arrows representing
their pretilt direction;

Figs. 2A and 2C are diagrammatic views showing two
typical ways to assemble four domain pixels constructed
in accordance with the invention, with the dashed and
solid arrows representing the rubbing directions on the
bottom and top substrates, respectively;

Figs. 2B and 2D are diagrammatic views showing
the liquid crystal director configurations at a middle
plane m of the pixels of Figs. 2A and 2C, respectively,
with the dashed arrows indicating the orientation
directions of the liquid crystal molecules in the middle
plane m;

Fig. 3 is a representative drawing showing a
conoscbpe image of a four domain homogeneous twisted
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nematic pixel constructed in accordance with the
invention; .

Fig. 4 is a representative drawing showing the
viewing angle characteristics of a four domain
homogeneous twisted nematic cell constructed in
accordance with the invention;

Fig. 5 is a representative graph of a homogeneous
four domain cell, showing the polar angle dependence of
the transmission of 8 gray scales;

Fig. 6 is a representative graph showing
transmission curves of four domain homogeneous cells
constructed in accordance with the invention having
different resolutions, the sizes of each domain being, at
1 volt from highest to lowest transmission, a single
domain, a 300um domain and a 50um domain, respectively.

Figs. 7A,B are perspective views of a four domain
tilted homeotropic liquid crystal pixel constructed in
accordance with the invention at voltage equal to 0 volts
and voltage greater than V,, respectively;

Fig. 8 is a representative graph of a four domain
tilted homeotropic cell, showing the polar angle
dependence of the transmission of 8 gray scales.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Turning now to the drawings and to Fig. 1 in
particular, a liguid crystalline pixel for a light
modulating device is shown generally at 10. The pixel 10
comprises a liquid crystalline material 12 disposed
between first and second cell wall structures or
substrates 14, 16 including a nematic liquid crystal.
Oonly a portion of the first and second substrates 14, 16
corresponding to one pixel is shown in Fig. 1. Four
domains d,-d, extend between the first and second cell
wall structures 14, 16 in which the liquid crystal 12 has
a twisted nematic liquid crystal structure. Fig. 1 shows
the twisted nematic structure of the liquid crystal
molecules 18 of positive nematic liquid crystal in the
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field-off state. The liquid crystal director of each of
the liquid crystal molecules 18 extends substantially
along the long axis of the molecules 18. The liquid
crystal director of the liquid crystal adjacent the
substrates 14, 16 preferably is tilted with respect to
the substrates at an angle 68, which is commonly referred
to as a pretilt angle.

The orientation of the liquid crystal director is
determined by the treatment technique, and is the
direction in which the tilted director points, as shown
in Fig. 1 by arrows. The arrowheads'depict the end of
the director that is at a pretilt angle 6. The liquid
crystal molecules 18 adjacent the substrates 14, 16,
either touch the substrates or are near them. As used
herein, reference to the surface liquid crystal molecules
as being oriented in a particular direction means a
direction from the portion of the molecules nearest the
substrate toward the portion of the liquid crystal
molecules at the pretilt angle and further from the
substrate.

When the liquid crystal has positive dielectric
anisotropy, homogeneous liquid crystal alignment is
employed in each domain, as shown in Fig. 1. The liquid
crystal molecules 18 adjacent the cell wall structures
14, 16 are tilted at angle 6 with respect thereto from
0.5°=30°. When the liquid crystal has negative
dielectric anisotropy, homeotropic liquid crystal
alignment is employed in each domain, as shown in Fig. 7.
The liquid crystal molecules adjacent the cell wall
structures are tilted at an angle 6 of 0.1°-10° with
respect to the normal thereto.

The orientation of the liquid crystal director of
the liquid crystal molecules 18 adjacent the substrates
14, 16 may be configured to produce a four domain
structure in various ways. The orientation of the liquid
crystal director of the liquid crystal molecules 18
adjacent one of the cell wall structures 14, 16 in at
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least two of the domains d,-d, will be different, or the
orientation of the liquid crystal director in all four
domains d,~-d, adjacent one of the cell wall structures 14,
16 will be different.

However, in the preferred embodiment shown in Fig.
1, the orientation of the liquid crystal director of the
liquid crystal molecules 18 adjacent the cell wall
structure 14 in two domains d;, and d;, is different than
in the remaining two domains d, and d,. Similarly, the
orientation of the liquid crystal director of the liquid
crystal molecules 18 adjacent the cell wall structure 16
in two domains d, and d,, is different than in the
remaining two domains d; and d,. The orientation of the
liquid crystal director in each of the domains d,-d,
adjacent the cell wall structures 14, 16 is homogeneous.

The liquid crystal molecules 18 adjacent the
substrate 14 in the domain d, are in the same or a
parallel plane as the liquid crystal molecules 18
adjacent the substrate 14 in the domain 4, However, the
liquid crystal molecules 18 adjacent the substrate 14 in
the domain d; are rotated 180° about the cell wall
normal, ie., opposite to, the liquid crystal molecules 18
adjacent the substrate 14 in the domain d,. This same
relationship exists for the liquid crystal molecules 18
adjacent the substrate 14 in the domains d; and d,, and
for the liquid crystal molecules 18 adjacent the
substrate 16.

Thus, the orientation of the liquid crystal director
of the liquid crystal molecules 18 adjacent each of the
cell wall structures 14, 16 in at least two of the
domains is different. The pretilt angle 6 in all four
domains d;-d, is approximately the same. However, the
invention contemplates having different pretilt angles in
different domains.

The twist of the liquid crystal director 18 in the
domains d,,d; is right-handed (R) and the twist of the
liquid crystal director 18 in the domains d,,d,; is left-
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handed (L). It is known that chiral additives tend to
produce a uniform twist sense in the twisted nematic
structure. The liquid crystal of the invention does not

have any chiral additive and it is not necessary for the

desired effect. An advantage of the device of the
invention is that the invention utilizes an alignment
method that is simpler than that required to produce the
same twist.

Fig. 2A shows the treatment of the pixel of Fig. 1,
wherein a first region 20 on the cell wall structure 14
is treated to orient the liquid crystal molecules 18
adjacent the wall structure 14 in one direction, and a
second region 22 on the cell wall structure 14 is treated
to orient the liquid crystal molecules 18 adjacent the
wall structure 14 in another direction. The lower cell
wall structure 16 is similarly treated to have the liquid
crystal molecules 18 adjacent thereto oriented in
directions 24, 26.

Figs. 2A and 2C show two typical ways to assemble
the cell. As seen in Fig. 2A, on each of the substrates
14, 16 the first regions 20, 24 are rubbed in a direction
opposite to the direction of the second regions 22, 26.

In Fig. 2C the substrate 14 has a first region 28
rubbed in one direction and a second region 30 rubbed in
the opposite direction, towards the first region 28. The
other substrate 16 has a first region 32 rubbed in one
direction, and a second region 34 rubbed in the opposite
direction.

As shown in Figs. 1 and 2B,D, at a middle plane m of
the pixel substantially midway between and parallel to
the first and second cell wall structures 14,16, the
liquid crystal molecules 18 in any given domain (e.q.,
d,) are oriented in a direction that is orthogonal to the
direction in which the liquid crystal molecules 18 in two
domains (e.g., d4,d;) is oriented.

In one embodiment of the invention a method of
producing a liquid crystalline pixel 10 for a light



10

15

20

25

30

35

WO 96/36904 ‘ PCT/US96/07228

15

modulating device comprises the steps of providing first
and second cell wall structures 14, 16. As shown in
Figs. 1 and 2A, first regions 20, 24 on the cell wall
structures 14, 16 are treated to orient the liquid
crystal director of the liquid crystal molecules 18
adjacent the first regions 20, 24 in one direction. The
second regions 22, 26 on the cell wall structures 14, 16
are treated to orient the liquid crystal director of the
liquid crystal molecules 18 adjacent the second regions
22, 26 in an opposite direction than the first regions
20, 24. A nematic liquid crystal is provided between the
first and second cell wall structures 14, 16.

The treatment of the first and second regions
produces four domains d,-d, in which the liquid crystal
molecules 18 have a twisted nematic liquid crystal
structure when the cell wall structures 14, 16 are
properly oriented. As seen in Fig. 1, the orientation of
the liquid crystal director of the liquid crystal 18
adjacent one of the cell wall structures, e.g., cell wall
structure 16, in at least two domains d,,d; is different.

In this embodiment, the treatment of the first and
second cell wall structures 14, 16 comprises a preferred
reverse rubbing technique (Fig. 2a) or a vacuum oblique
evaporation technique. 1In the reverse rubbing technique
the treatment includes forming a layer of polymer
material, preferably polyimide, on the first substrate
14. The layer is rubbed in a first direction. A mask is
formed on the first layer to cover one of the first and
second regions 20, 22 and leave the other uncovered. The
first and second regions 20, 22 of the substrate 14 are
now rubbed in the opposite direction to the first rub.
The mask is then removed, resulting in rectangular
stripes comprising the first region 20 and the second
region 22. The second substrate 16 is prepared in the
same manner.

In the vacuum oblique evaporation technique of this
embodiment, the treatment includes forming a first layer
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of Si0, on the first substrate 14 at an evaporation angle
of preferably 85° from the normal to the substrate 14. A
mask is formed on the first layer to cover one of the
first and second regions 20, 22 and leave the other
uncovered. The substrate 14 is rotated 180° and a second
vacuum oblique evaporation at'preferably 85° from the
normal to the substrate 14 deposits 810, on the first and

-second regions 20, 22 in the opposite direction. The

mask is then removed, resulting in rectangular stripes
corresponding to the first region 20 and the second
region 22. The second substrate 16 is prepared in the
same manner.

In both the reverse rubbing and the vacuum oblique
evaporation methods of the invention, the treatment of
the first region 20 orients the liquid crystal director
of the liquid crystal molecules 18 adjacent the substrate
14 in one pretilt direction. The treatment of the second
region 22 orients the liquid crystal director of the
liquid crystal molecules adjacent the substrate 14 in a
second pretilt direction opposite to the first direction.
This provides the surface liquid crystal molecules 18 in
the region 20 with an opposite rotational sense than the
surface liquid crystal molecules 18 in the region 22.
The first cell wall structure 14 is spaced apart from the
second cell wall structure 16 and oriented such that the
orientation direction of a given domain (eg.d,), on the
first substrate 14 is orthogonal to the orientation
direction on the second substrate 16 in that domain.

In another vacuum oblique evaporation embodiment of
the invention, a method for fabricating a tilted
homeotropic four domain display includes the steps of
depositing a thin layer (300-500 Angstroms) of silicon
monoxide (8i0,) onto a substrate 14 rotating at a given
rpm (eg., 21 rpm) by vacuum oblique evaporation. The
surface topography of the layer is isotropic in the plane
of the substrate due to the symmetry of the deposition.
The rotation of the substrate 14 is stopped opposite to
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the desired pretilt direction and a second evaporation is
given for a short period of time. This adds a small
anisotropy to the surface topography and the liquid
crystal molecules will tilt in that direction. By
changing the thickness of the second layer it is possible
to vary the pretilt angle from 0 to about 15°. It is
also possible to obtain similar results by interchanging
these two steps, i.e., first evaporating on a fixed
substrate, then evaporating on a rotating substrate.

After the second evaporation the substrate 14 is
masked in an alternating striped pattern. The width of
each stripe of the mask is equal to about one half of the
pixel width. The striped mask leaves one of the first
and second regions 20, 22 covered and the other
uncovered. The substrate 14 is rotated by 180° and
maintained in a fixed position, and a third layer of
evaporated material is deposited on it for a short period
of time. This provides liquid crystal molecules adjacent
the substrate 14 with tilted homeotropic alignment with
the tilt being in opposite directions in the first and
second regions 20, 22. The second cell wall structure 16
is treated in the same manner and spaced apart from the
first cell wall structure 14. The first and second cell
wall structures i4, 16 are oriented such that the liquid
crystal orientation direction in a given domain on the
cell wall structure 16 is orthogonal to the liquid
crystal orientation direction on the first cell wall
structure 14 in that domain.

It will be appreciated by those skilled in the art
that the invention contemplates conducting the reverse
rubbing and vacuum oblique evaporation treatments in
different patterns. For example, instead of using
alternating, parallel rectangular stripes in the
photolithography process, the substrates may be masked in
a checkerboard fashion or the like. To obtain the
checkerboard orientation, the treatments are carried out
in a manner similar to that described, except the masking
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is performed diagonally with respect to adjacent domains.
Thus, in a four domain cell in the two regions that are
diagonal to each other the liquid crystal is oriented in
the same direction.  This direction is preferably
opposite to that of the other two diagonal domains in the
cell.

Combinations of the reverse rubbing process and the
vacuum oblique evaporation process are contemplated by
the invention. For example, both processes may be
performed on the same substrate. Alternatively, cells
may be constructed wherein the top substrate is treated
by the vacuum oblique evaporation technique and the
bottom substrate is treated by the reverse rubbing
technique.

Suitable positive nematic liquid crystals include,
for example, E7 and ZLI 4792 manufactured by EM
Industries. Suitable negative nematic liquid crystals
include, for example, ZLI 4330 and ZLI 2830, also '
available from EM Industries. Other nematic liquid
crystals and liquid crystal mixtures suitable for use in
the invention would be known to those of ordinary skill
in the art in view of the instant disclosure.

Suitable materials for the alignment layer used in
the reverse rubbing treatment would be known to those of
ordinary skill in the art in view of this disclosure and
include, for example, polyimide. If the reverse rubbing
technique is used to fabricate the four domain twisted
nematic liquid crystal displays, two key factors should
be considered to select the suitable material, pretilt
angle and compatibility to the photolithography process.
Of the many polyimide materials that have been tested,
the best results are obtained using polyimide commonly
available from Nissan, which has the designation PI7311.
This material has a pretilt angle of about 8° using the
liquid crystal E7. Alignment - is still good even with a
subpixel size of 24x24um?. A pretilt angle of 8° to about
9° is not large enough to stabilize the four domain
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structure at the zero voltage state. It is also
desirable to select polyimide with low baking
temperatures, and then to bake it at high temperature.

It has been found that this reduces defects following the

second rub.

The four domain structure in some cases is unstable
at 0 volts. For the liquid crystal E7, however, the
structure is typically stable at voltages larger than 1
volt. Using the liquid crystal ZLI4792 instead of E7,
the instability voltage is about 1.6 volts. This may be
because the liquid crystal pretilt angle is lower if
lower An liquid crystal material is used. One way to
solve this problem is to find a polyimide material that
can produce a larger pretilt angle. Alternatively, a
polymer network may be used to stabilize the four domain
structure using the technique described in A Low
Threshold Voltage Polymer Network TN Device, SID Digest
of Technical Papers XXIV, p. 887 (1993), to effectively
increase the pretilt angle in a twisted nematic device.
For a more detailed discussion of the type of polyimide
to use for a particular liquid crystal pretilt angle and
the effect of rubbing on the orientation of liquid
crystals adjacent the cell wall structures, see S.
Kobayashi et al., New Development in Alignment Layers for
Active Métrix TN-LCD’s, IDRC Digest, p. 78 (1994), which
is incorporated herein by reference in its entirety.

The means for electrically addressing the liquid
crystal may include patterned ITO electrodes on the glass
substrates, active matrices such as thin film transistors
(TFT) and metal-insulator-metal type devices (MIM), and
passive matrices. Other addressing means suitable for
use in the invention would be known to those of ordinary
skill in the art in view of the instant disclosure.

For a further discussion of the effect of polyimide
on liquid crystal director alignment and the mechanisms
of rubbing and SiO,~obliquely evaporated surfaces in
ligquid crystal devices, see LIQUID CRYSTALS Applications
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and Uses, B. Bahadur Ed., World Scientific, Vol. 3, pp.
45-55, 255-259 and 278-281 (1992), which is incorporated
herein by reference in its entirety.

_ A better understanding of the features of the
invention will be had from the following, nonlimiting
examples.

Example 1
When fabricating a four domain twisted nematic

liquid crystal display cell by the reverse rubbing
process of the invention, an indium tin oxide (ITO)
coated glass substrate was obtained from the Donnoly
Corp. using their standard process. This clean, ITO
coated substrate was spin coated at 3500 rpm for 30
seconds with a polyimide alignment material (Nissan PI-
7311) to provide a polyimide layer of about 550 angstroms
thick. The plate was then soft baked at 100° C for one
minute to evaporate the solvent, and then hard baked at
275°C for two hours to cure the polyimide.

The substrate polymer that will cover the entire
light modulating portion of a light modulating display
was rubbed uniformly in a first direction. This oriented
the liquid crystal director of the liquid crystal
molecules adjacent the substrate in a first direction.

A photolithography process was then carried out to
form a mask consisting of parallel stripes on the
substrate. The photoresist material, Shipley S1400-31,
was spin coated on the polyimide surface at 3500 rpm for
25 seconds to deposit photoresist at a thickness of about
1.8um. This was then baked at a hot plate for one minute
at 100°cC.

Then, an equal striped UV mask (opaque and
transparent to ultraviolet light) was used. The coated
substrate was exposed to ultraviolet light passing
through the UV mask at a power density of 3 mW/cm? for 1
minute, using the machine NuArc 26-1k, to cause one of
the first and second regions to be exposed and the other
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of the regions not to be exposed. The developer, Shipley
MF312-CD27, was used to wash away alternating stripes.
The substrate was then washed with deionized water for 15
seconds, blown with a nitrogen gun and baked on a hot

'plate at 100°C for 1 minute.

After the photolithography process, the masked
substrate was subjected to the reverse rubbing process in
which the covered and uncovered first and second regions
were rubbed uniformly in a second direction opposite to,
i.e., 180° from, the first buffing direction. This
second rubbing oriented the liquid crystal director of
the liquid crystal molecules adjacent the substrate in
the uncovered one of the first and second regions in the
second direction.

The photoresist mask was then removed with acetone
and water to expose the regions rubbed in the first
direction. A second substrate was treated in the same
manner. The buffer conditions for the first and second
rubbing were a plate moving speed of 3.5 ft/min, a drum
rotation speed of 550 rpm, a pile length of 1 mm. The
process was repeated 2 to 4 times.

A four domain pixel was obtained by spacing apart
the substrates and crossing them so that the rubbing
directions of the first substrate were orthogonal to the
rubbing directions of the second substrate. The cell was
then assembled in the usual manner and filled with
nematic liquid crystal E7 which assumed a four domain
twisted nematic structure between the substrates. The
cell had a thickness of about 6um, glass fiber spacers
between the substrates and patterned ITO electrodes. The
cell And satisfied Gooch-Tarry’s first minimum condition
with an appropriate voltage applied. Each subpixel or
domain was approximately 1/32 x 1/32 inchz.

EXAMPLE 2
When fabricating a four domain twisted nematic
liquid crystal cell by the SiO, vacuum oblique evaporation
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process of the invention, an indium tin oxide (ITO)
coated glass substrate was obtained by the Donnoly Corp.,

‘using their standard process. Onto this clean, ITO

coated substrate a first layer of 8i0, having a thickness

’of about 150 angstroms was formed by vacuum oblique

evaporation at a first vacuum oblique evaporation angle
of 85° from the plate normal and an evaporation rate of
about 10 angstroms/minute. During the evaporation
process, the vacuum in the evaporation chamber was kept
at a pressure of 10°® Torr. Evaporation at the first
evaporation angle oriented the liquid crystal director of
the liquid crystal molecules adjacent the substrate in a
first direction.

A photolithography process was then carried out to
form a mask consisting of parallel stripes on the sio,
layer deposited on the substrate. The photoresist
material, Shipley S1400-31, was spin coated on the sio,
surface at 3500 rpm for 25 seconds to deposit the
photoresist at a thickness of about 1.8um. The
photoresist was then baked at a hot plate at 100°C for
one minute. ‘

Then, an equal striped UV mask (opaque and
transparent to ultraviolet light) was used. The coated
substrate was exposed to ultraviolet light passing
through the UV mask at a power density of 3 mW/cm2 for 1
minute, using the machine NuArc 26-1k, to cause one of
the first and second regions to be exposed and the other
of the regions not to be exposed. The stripe direction
was in the evaporation plane, which contained the
substrate normal and the evaporation direction. The
developer, Shipley MF312-CD27, was used to wash away
alternating stripes. The substrate was then washed with
deionized water for 15 seconds, blown with a nitrogen gun
and baked on a hot plate at 100°C for 1 minute.

After the photolithography process, the masked
substrate was rotated 180° and subjected to vacuum
oblique evaporation in a second direction to deposit a
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layer of SiO, on the substrate at a second evaporation
angle of 85° from the plate normal and an evaporation
rate of about 10 angstroms/minute to form a 150 angstrom
thick $i0, layer. During the second evaporation, the
vacuum in the evaporation chamber was kept at a pressure
of 10 Torr. This second vacuum oblique evaporation
oriented the liquid crystal director of the liquid
crystal molecules adjacent the substrate in the uncovered
one of the first and second regions in the second
evaporation direction. The photoresist mask was then
removed with acetone and water to expose the covered one
of the first and second regions. A second substrate was
treated in the same manner.

A four domain pixel was obtained by spacing apart
the substrates and crossing them so that the evaporation
direction of SiO, on the first substrate was orthogonal to
the evaporation direction of SiO, on the second substrate.
The cell was then assembled in the usual manner and
filled with nematic liquid crystal E7 which assumed a
four domain twisted nematic structure between the
substrates. The cell had a thickness of about 6 um,
glass fiber spacers between the substrates and patterned
ITO electrodes. The cell And satisfied Gooch-Tarry’s
first minimum condition with an appropriate voltage
applied. Each subpixel or domain was approximately 1/32
x 1/32 inch?.

EXAMPLE 3

In fabricating a four domain tilted homeotropic cell
using vacuum oblique evaporation, an indium tin oxide
(ITO) coated glass substrate was obtained by the Donnoly
Corp., using their standard process. Onto this clean,
ITO coated substrate rotating at 23 rpm a thin layer of
sio, (150-600 angstroms) was deposited by vacuum oblique
evaporation at an evaporation angle of 50°. An
evaluation of the surface topography of the SiO, surface
by atomic force microscopy revealed a needle-like
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structure coming out perpendicular to the substrate. The
surface features were isotropic in the plane of the
substrate, which produced homeotropic alignment with zero

tilt.

The rotation of the substrate was stopped at any
direction and a second evaporation for 3 seconds added an
Si0, layer of about 20 angstroms thick to the substrate.
This provided a small anisotropy to the needle-like
structure. On this surface liquid crystal molecules
tilted towards the opposite direction (in the plane of
evaporation) of this second evaporation.

A photolithography process was then carried out to

-form a mask consisting of parallel stripes on the sio,

layer deposited on the substrate. The photoresist
material, Shipley S1400-31, was spin coated on the §io,
surface at 3500 rpm for 25 seconds to deposit the
photoresist at a thickness of about 1.8um. The
photoresist was then baked at a hot plate at 100°C for
one minute.

Then, an equal striped UV mask (opaque and
transparent to ultraviolet light) was used. The coated
substrate was exposed to ultraviolet light passing
through the UV mask at a power density of 3 mW/cm? for 1
minute, using the machine NuArc 26-1k, to cause one of
the first and second regions to be exposed and the other
of the regions not to be exposed. The stripe direction
was in the evaporation plane, which contained the
substrate normal and the evaporation direction. The
déveloper, Shipley MF312-CD27, was used to wash away
alternating stripes. The substrate was then washed with
deionized water for 15 seconds, blown with a nitrogen gun
and baked on a hot plate at 100°C for 1 minute.

After the photolithography process, the masked
substrate was rotated by 180° and maintained in a fixed
position, and a third layer of evaporated Sio, was
deposited on it for 4 seconds at a 50° deposition angle.
This formed a 130 angstrom thick layer of Sio, on the
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substrate. This provided the liquid crystal director of
the liquid crystal molecules adjacent each substrate in
the uncovered region with tilted homeotropic alignment.
The tilt was in opposite directions, ie., away from each
other, in the first and second regions. A second
substrate was prepared in the same manner.

The substrates were then spaced apart and filled
with the liquid crystal mixture of 5% by weight 2ZLI 4330
and 43% by weight ZLI 2806. The liquid crystal had
negative dielectric anisotropy and was obtained from
Merck. The cell had a thickness of 5 pum, glass fiber
spacers, and patterned ITO electrodes. The subpixel
width was 24 x 24um?. The cell And satisfied Gooch-
Tarry’s first minimum condition with an appropriate
voltage applied.

EXPERIMENTAL RESULTS

By analyzing the molecular configurations in each
domain, it can be seen that the liquid crystal device
made by the reverse rubbing process of the invention has
four domains. Figs. 2A,C show two left hand and two
right hand domains. As shown in Figs. 1 and 2A with
respect to each of the two identical handedness domains,
eg., domains d,, d;, the liquid crystal molecules 18
adjacent the substrate 16 in the domain d, are oriented
opposite to the liquid crystal molecules 18 adjacent the
substrate 16 in the domain d;. The liquid crystal
molecular configurations at the middle plane m of each
domain points to each of four quadrants. For example, as
shown in Figs. 1 and 2B, starting at domain d; and moving
to domain d, clockwise around the pixel 10, the liquid
crystal director of the liquid crystal molecules 18 at
the midplane m of each domain are 45°, 135°, 225° and
315°,

A four domain structure, obtained by the homogeneous
rubbing technique, was confirmed by the conoscope image
shown in Fig. 3 taken at 5 volts. However, suitable
conoscope images could be obtained at 2-5 V. The
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principles of microscopy that confirm the four domain
structure are provided in F. Donald Bloss, An
Introduction to the Methods of Optical Crystallography,

p. 116, et seq., (1961). At high voltage, eqg.,

approximately 20 volts, each of the four domains had
nearly the same conoscope figure. At this voltage the
liquid crystal in the cell was homeotropically aligned.
Thus, the conoscope figures obtained at that high voltage
(not shown) resembled those of materials having a
centered optic axis, in which the location of the
melatope was at the cross hair intersection and the bars
of the uniaxial cross were bisected by the cross hairs.
However, because of the twisted nematic structure in
which the director is tilted in the center of the cell,
the conoscope figures at this voltage had some asymmetry.

When the voltage was removed or lowered to a level
between the saturated full-off or full-on states of the
device, the cross pattern at each domain moved away in a
different direction that matched the directions shown by
the dashed arrows in Figs. 2B and 2D. The center of the
cross moved into four distinct quadrants. This is
because with the field lowered the cell returned to its
pretilt alignment. When the optic axis tilted into a
particular domain, the center of the cross tilted into
that quadrant.

In the cells of the invention, although the
distinctness of the crosses was lost due to the twisted
nematic structure, Fig. 3 clearly shows that the cross-
like conoscopic figures haveetipped into each of four
quadrants, ie., four different directions. This confirms
that each of the domains was distinct and that a cell
having a four domain pixel structure was obtained.

Microscopy pictures of a test cell prepared by
double SiO, vacuum oblique evaporation under the normal
white and black mode at zero voltage showed disclination
lines at the boundary of each domain. When voltage was
applied to the cell, the contrast of each domain
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alternately changed when viewing the cell at a fixed
polar angle and varying the azimuthal angle. Because the
molecular configuration was different in the different
domains, the domains mutually compensated each other
optically and produced a wide viewing angle.

Fig. 4 shows the primary iso-contrast measurement
under the normal white mode with 6 volts applied in the
on-state. The polar angle dependence of transmission in
eight gray levels of a four domain homogeneous test cell
is shown in Fig. 5. The measurement results show no gray
scale inversion within % 50° at any direction. These
experimental results match well with computer
simulations.

The effect of disclination lines at the boundary of
the subpixels i.e., domains, on contrast was investigated
by measuring the transmission curves of four domain test
cells with different resolutions. The results are shown
in Fig. 6, which indicates that the disclination lines
decrease the transmission and the contrast, especially
the transmission, in the full-off state as the resolution
increases. This also shows that at resolution higher
than 100um light blocking stripes over the disclinations
are required to achieve contrast ratios greater than 220.

The required tilted homeotropic alignment (tilt
angle ~4°) was obtained by the aforementioned method of
producing four domain tilted homeotropic cells. A cell
was fabricated with 5 um spacers and two striped
substrates with the stripes oriented perpendicular to
each other. This produced a four-domain structure with
each domain acting as an individual tilted homeotropic
twisted nematic cell as shown in Fig. 7A, B. The cell
was filled with theiliquid crystal mixture (43% by weight
ZLI 2806 + 57% by weight ZLI 4330, An ~0.0938). Because
of the very small tilt angle, the domain boundaries were
not visible in the OFF state and the display was
completely dark under crossed polarizers. Upon
application of an electric field of sufficient strength



10

15

20

25

30

35

WO 96/36904 ’ \ PCT/US96/07228

28

the director in adjacent domains twisted in opposite
directions as shown in Fig. 7B. This was confirmed by
the directions of motion of the conoscopic cross in a

sample with larger domains (4 mm?). The domain size was

24x24 pm?, i.e., the pixel size was 48x48 pm? such that
the resolution was 500 lines/inch. Reduction in contrast
due to the dark domain boundaries was very minimal
because the cells were dark in the OFF state.

The director configuration in each four domain pixel
has two fold symmetry about the center of the pixel.
However, electro-optic characteristics have four fold
symmetry. This is a great improvement over conventional
liquid crystal displays.

The polar angle dependence of transmission in eight
gray levels of a four domain tilted homeotropic test cell
is shown in Fig. 8. The measurement results show no gray
scale inversion within % 50° at any direction.

It is important to note that to obtain wider viewing
angles without gray scale reversal in both the
homogeneous and tilted homeotropic embodiments, the
optical path An.d is selected so the cell operates at
Gooch-Tarry’s first interference minimum condition, where
An is the birefringence of the liquid crystal and 4 is
the cell thickness. Decreasing the optical path below
this first minimum value produces much wider viewing
angles at the expense of brightness.

The aforementioned tilted homeotropic alignment
technique of the invention provides a much easier and
simpler technique than existing methods to obtain a four
domain tilted homeotropic liquid crystalline pixel.

Since the angle of Sio, deposition is not very crucial in
the method of the invention, this provides the
flexibility of making alignment layers for larger
displays. As an example, a 10"x10" substrate easily fits
into these limits at a distance of 14" from the sio,
source.
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Most importantly, changing the direction of the tilt
angle without damaging the alignment layer is quite easy
in this method. Hence, this technique offers the
possibility of making alignment layers using
photolithography for other types of multi-domain
displays. Also this is very useful in making high
contrast light valves for projection displays.

The four domain tilted homeotropic display of the
invention has the advantages of wider viewing angle with
high contrast, a very dark OFF state and a bright ON
state, good gray scale capability without any contrast
reversal (up to +60°) in both horizontal and vertical
directions, no optical compensators and no rubbing
treatment. This could be useful in direct view displays
(conventional, passive and active matrix) which need a
wide viewing angle, good gray scale capability and high
contrast. In the four domain tilted homeotropic display
of the invention it is much easier than in conventional
liquid crystal displays to obtain very small domains
(eg., 10 um) without having jagged edges at the domain
boundaries. This is difficult to obtain by a rubbing
alignment process. Because of the low switching times
for all the gray levels this could be useful in
displaying standard video rate images without any
difficulty.

The twisted nematic homogeneous alignment technique
of the invention has advantages over the tilted
homeotropic technique of the invention. The reverse
rubbing aspect of the twisted nematic homogeneous
alignment technique is easier from a manufacturing
standpoint than the tilted homeotropic vacuum oblique
evaporation technique. The twisted nematic homogeneous
alignment technique also produces light modulating
devices that are operable at a lower voltage and at
faster switching speeds than devices produced by the
tilted homeotropic technique of the invention.
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What is claimed is:

1. A liquid crystalline light modulating pixel
comprising first and second cell wall structures and
hematic liiquidcrystal disposed therebetween, said first
and second cell wall structures cooperating with said
liquid crystal to form four liquid crystal domains within
said pixel, wherein the liquid crystal in each of said
domains exhibits a twisted nematic liquid crystal
structure and the orientation of the liquid crystal
director of the liquid crystal adjacent one of said cell
wall structures in at least two domains is different.

2. The liquid crystalline pixel according to claim
1 wherein said liquid crystal has positive dielectric
anisotropy and the liquid crystal adjacent said cell wall
structures is tilted with respect thereto from 0.5°-30°.

3. The liquid crystalline pixel according to claim
1 wherein said liquid crystal has negative dielectric
anisotropy and the liquid crystal adjacent said cell wall
structures is tilted with respect to a normal to said
cell wall structures from 0.1°-10°.

4, The liquid crystalline pixel according to claim
1 wherein the orientation of the liquid crystal director
in all four domains adjacent one of said cell wall
structures is different. '

5. The liquid crystalline pixel according to claim
1 wherein the liquid crystal director in two domains has
right hand rotation and the liquid crystal director in
the remaining domains has left hand rotation.
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6. A liquid crystalline light modulating pixel
comprising first and second cell wall structures and
nematic liquid crystal disposed therebetween, said first
and second cell wall structures cooperating with said
liquid crystal to form four liquid crystal domains within
said pixel, wherein the liquid crystal in each of said
domains exhibits a twisted nematic liquid crystal
structure and the orientation of the liquid crystal
director of the liquid crystal in at least two domains
adjacent each of said cell wall structures is different.

7. The liquid crystalline pixel according to claim
6 wherein said liquid crystal has positive dielectric
anisotropy and the liquid crystal adjacent said cell wall
structures is tilted with respect thereto from 0.5°-30°.

8. The liquid crystalline pixel according to claim
6 wherein said liquid crystal'has negative dielectric
anisotropy and the liquid crystal adjacent said cell wall
structures is tilted with respect to a normal to said
cell wall structures from 0.1°-10°.

9. The liquid crystalline pixel according to claim
6 wherein the orientation of the liquid crystal director
in all four domains adjacent one of said cell wall
structures is different.

10. The liquid crystalline pixel according to claim
6 wherein the liquid crystal director of the liquid
crystal in two domains adjacent one of the cell wall
structures is rotated 180° about the cell wall normal
with respect to the liquid crystal director in the
remaining two domains adjacent said one cell wall

structure.
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11. The liquid crystalline pixel according to claim
6 wherein the liquid crystal director in two domains has
right hand rotation and the liquid crystal director in
the remaining domains has left hand rotation.

12. The liquid crystalline pixel according to claim
6 wherein at a middle plane of the pixel substantially
midway between and parallel to said first and second cell
wall structures the liquid crystal director in one domain
is orthogonal to the liquid crystal director in two other
domains.

13. The liquid crystalline pixel according to claim
6 wherein each of the cell wall structures includes a
rubbed polyimide layer.

14. The liquid crystalline pixel according to claim
6 wherein each of the cell wall structures includes a
layer of vacuum oblique evaporated material.

' 15. A liquid crystalline light modulating device
including first and second cell wall structures with
nematic liquid crystal disposed therebetween and means
for electrically addressing the liquid crystal, the
improvement comprising at least one liquid crystalline
light modulating pixel comprising four liquid crystal
domains within said pixel formed by cooperation of said
first and second cell wall structures with said liquid
crystal, wherein the liquid crystal in each of said
domains exhibits a twisted nematic liquid crystal
structure and the orientation of the liquid crystal
director of the liquid crystal adjacent one of said cell
wall structures in at least two domains is different.
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16. The light modulating device according to claim
15 wherein said liquid crystal has positive dielectric
anisotropy and the liquid crystal adjacent said cell wall
structures is tilted with respect thereto from 0.5°-30°.

17. The light modulating device according to claim
15 wherein said liquid crystal has negative dielectric
anisotropy and the liquid crystal adjacent said cell wall
structures is tilted with respect to a normal to said
cell wall structures from 0.1°-10°.

18. The light modulating device according to claim
15 wherein the orientation of the liquid crystal director
in all four domains adjacent one of said cell wall
structures is different.

19. The light modulating device according to claim
15 wherein the liquid crystal director in two domains has
right hand rotation and the liquid crystal director in
the remaining domains 'has left hand rotation.

20. The light modulating device according to claim
15 further comprising two polarizers between which the
cell wall structures are located, wherein a polarization
orientation passed by one polarizer is parallel to a
polarization orientation passed by the other polarizer.

21. The light modulating device according to claim
15 further comprising two polarizers between which the
cell wall structures are located, wherein a polarization
orientation passed by one polarizer is orthogonal to a
polarization orientation passed by the other polarizer.

22. A method of producing a four domain liquid
crystalline pixel for a light modulating device,
comprising the steps of
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providing first and second cell wall
structures, .

treating at least a first region on said cell
wall structures to promote a liquid crystal orientation
in one direction,

treating at least a second region on said cell
wall structures to promote a liquid crystal orientation
in a different direction than in said first region,

spacing apart the cell wall structures and
providing a nematic liquid crystal therebetween, wherein
the treatment of said first and second regions produces
four domains in which the liquid crystal has a twisted
nematic liquid crystal structure extending between said
first and second cell wall structures and the orientation
of the liquid crystal director of the liquid crystal
adjacent one of said cell wall structures in at least two
domains is different.

23. The method according to claim 22 further
comprising orienting the cell wall structures such that
the orientation of the liquid crystal director of the
liquid crystal in one domain adjacent one of the cell
wall structures is orthogonal to the orientation of the
liquid crystal director of the liquid crystal in said one
domain adjacent the other cell wall structure.

24. The method according to claim 22 wherein the
treatment of said first and second regions of said first
and second cell wall structures comprises forming a layer
of material on said cell wall structures, rubbing said
layer in one direction, forming a mask on said layer to
cover one of said first and second regions and leave the
other uncovered, rubbing said layer in said first and
second regions in a different direction, and removing
said mask.
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25. The method according to claim 22 wherein the
rubbing direction of the first region is opposite to the
rubbing direction of the second region.

26. The method according to claim 22 wherein the
treatment of said first and second regions of said first
and second cell wall structures comprises forming a first
layer of material on the cell wall structures by vacuum
oblique evaporation, forming a mask on said first layer
to cover one of said first and second regions and leave
the other uncovered, rotating the cell wall structures,
forming a second layer of material on the first and
second regions by vacuum oblique evaporation, and
removing said mask.’

27. The method according to claim 26 wherein the
cell wall structures are rotated 180°.

28. A method of producing a four domain liquid
crystalline pixel for a light modulating device,
comprising the steps of

providing first and second cell wall
structures,

rotating the cell wall structures,

depositing a first layer of liquid crystal
alignment material onto the rotating cell wall structures
by vacuum oblique evaporation,

stopping rotation of the cell wall structures
opposite to an intended pretilt orientation of a liquid
crystal director of liquid crystal adjacent the cell wall
structures,

depositing a second layer of liquid crystal
alignment material onto the fixed cell wall structures by
vacuum oblique evaporation,

masking the cell wall structures in an

alternating striped pattern,
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rotating the cell wall structures a
predetermined angle, _

depositing a third layer of liquid crystal
alignment material onto the cell wall structures by
vacuum oblique evaporation,

removing said mask, and ‘

spacing said first and second cell wall
structures apart and providing a nematic liquid crystal
therebetween.

29. The method according to claim 28 further
comprising orienting the cell wall structures such that
the striped pattern on the first cell wall structure is
orthogonal to the striped pattern on the second cell wall
structure.

30. The method according to claim 28 wherein the
liquid crystal alignment material is Sio,.

31. The method according to claim 28 wherein said
predetermined angle is 180°.
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