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(57) ABSTRACT

A polymer dispersion type liquid crystal (PDLC) display
element comprising a complex of polymers and liquid
crystal droplets held between a pair of substrates. The liquid
crystal droplets are deformed into a compressed structure of
their being contracted in a cell gap direction and an amount
of deformation of the liquid crystal droplets is set to be in
range in which a phenomenon of liquid crystal molecules
rising up in the cell gap direction is not caused by excluded
volume effects of the liquid crystals. The amount of defor-
mation of the liquid crystal droplets, is set to be in range in
which the phenomenon of liquid crystal molecules rising up
in the cell gap direction is not caused by excluded volume
effects of the liquid crystals can provide an increased ten-
dency of the liquid crystal molecules to align in parallel to
a phase boundary of the substrates. The DPLC display
element having excellent threshold characteristics and scat-
tering characteristics and high display characteristics can be
achieved.

21 Claims, 31 Drawing Sheets
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POLYMER DISPERSION TYPE LIQUID
CRYSTAL DISPLAY ELEMENT, PRODUCING
METHOD THEREFOR AND APPARATUS
FOR USE IN THE PRODUCING METHOD

This is a Division of application Ser. No. 08/934,901
filed Sep. 22, 1997.

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The present invention relates to a polymer dispersion type
liquid crystal display element of light-scattering mode, a
producing method therefor and an apparatus for use in the
producing method. More particularly, the invention relates
to a polymer dispersion type liquid display element for use
in liquid crystal televisions, computer terminals, liquid crys-
tal projectors, and others, a producing method therefor and
an apparatus for use in the producing method.

(2) Description of the Prior Art

Liquid crystal display element are widely used in various
kinds of articles, including displays of wristwatches, and
electronic calculators, navigation systems, notebook PCs,
liquid crystal monitors, data projectors and projection liquid
crystal TVs, taking advantage of their characteristics of
low-profile, compact size, low voltage drive, and low power
consumption. Among display modes of the liquid crystal
display element, the TN (Twisted Nematic) mode is widely
used, in which a liquid crystal display element having a
structure of liquid crystal molecules being twisted at 90°
below and above between two opposing, upper and lower
substrates is held by two polarizers. The STN (Super
Twisted Nematic) mode of liquid crystal display element
designed to improve a time-division drive characteristic of
the TN mode is also wisely used in, for instance, word
processors for Japanese characters. Recently, information
equipment is in actual use using ferroelectric liquid crystals,
in which liquid crystal molecules are changed in alignment
by means of spontaneous polarization of the liquid crystal
molecules and the resultant electro-optical effects are used
for displays.

These liquid crystal display element, however, require at
least one polarizer, so that they involve the problems of
darkness, necessity of alignment phase treatment and diffi-
culties in controlling cell gap.

On the other hand, a different mode of liquid crystal
display element has been proposed, according to which the
polarizer is no longer required for the liquid crystal display
element, and the liquid crystal molecular alignments are
controlled by electric field to produce an opaque state or a
transparent state. In this mode of liquid crystal display
element, a complex of liquid crystals and transparent poly-
mers is held between two substrates and an ordinary ray
refractive index of the liquid crystal molecules with anisot-
ropy 1n positive dielectric constant is adapted to match with
a refractive index of the transparent polymers. When a
voltage is applied to allow the major axes of the liquid
crystal molecules to be aligned in parallel with the electric
field, to match the refractive index of the liquid crystal
molecules with refractive index of the transparent polymers,
the scattering of light does not occur at the phase boundary
to thereby produce the transparent state. On the other hand,
while no voltage is applied thereto, the liquid crystal mol-
ecules are being oriented in different directions and their
refractive index does not match with that of the transparent
polymer at the phase boundary between the liquid crystal
and the transparent polymer, so that the light scattering
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occurs to produce the opaque state. With the aid of this
phenomenon, the opaque state or the transparent state is
produced.

A representative example of this mode is what is called
NCAP (Nematic Curvilinear Aligned Phase) in which nem-
atic liquid crystals are micro-encapsulated with polyvinyl
alcohol or equivalent (Fine Particles and Industry, Vol. 22,
No. 8 (1990)).

Further, there is another mode called PDLC (Polymer
Dispersed Liquid Crystals) in which liquid crystal fine
droplets are dispersed in polymer matrix (Flat Panel Display
’91, on page 219, published by NIKKEI BP).

Also, there is a still another mode called PNLC (Polymer
Network Liquid Crystals) having a structure of resins
spreading in a continuous phase of liquid crystals in the form
of a three dimensional network (Engineering Laboratory
Report from Electric Information Institute, EID89-89, on
page 1).

The complex of the liquid crystals and the transparent
polymers are generally called as polymer dispersion type
liquid crystals.

Typically, the method of producing the complex of the
liquid crystals and the polymers includes the steps of:
injecting a mixed composition, into which uncured resin
monomers, such as ultraviolet curing acrylic or epoxy resins,
and liquid crystal materials are dissolved, in between two
substrates; and irradiating the mixed composition with ultra-
violet to polymerize the resin monomers to produce a phase
separation of the liquid crystals and the resins. This yields
the structure of the liquid crystals being dispersed in the
polymers or the structure of the polymer spreading in the
liquid crystals in the form of network. (Flat Panel Display
’91, on page 219, published by NIKKEI BP, and Engineer-
ing Laboratory Report By Electric Information Institute,
EID8&9-89, on page 1, for example).

Some examples of this polymer dispersion type liquid
crystal are disclosed by Japanese Laid-Open Patent Publi-
cations No. Hei 5(1993)-80302 and No. Hei 7(1995)-
181454, in which in order to improve scattering effects of
the complex of the liquid crystals and polymers with respect
to light, the liquid crystal droplets are deformed or com-
pressed to have a flat plate-like shape in section (ie., the
length vertical to the substrates is smaller than the length
parallel with the substrates). Specifically, the Japanese Laid-
Open Patent Publication No. Hei 5(1993)-80302 discloses
that flat plate-like liquid crystal droplets are formed by being
pressed under conditions of heating and that it is preferable
that the flat liquid crystal droplets have a compression rate
(deformation ratio) of 1.2 to 5.0 (which equates to 20 to 80
on a deformation rate basis, as mentioned later). The Japa-
nese Laid-Open Patent Publication No. Hei 7(1995)-181454
discloses that flat plate-like liquid crystal droplets are
formed by being pressed while being irradiated with ultra-
violet and that it is preferable that the liquid crystal droplets
are deformed to have a thickness of % of a length in section;
in practice, the liquid crystal droplets are deformed at the
rate of about % to % (which equates to 50 to 75 on a
deformation rate basis, as mentioned later).

It is said that forming the liquid crystal droplets into flat
plate-like shape provides advantages of increasing steepness
and decreasing hysteresis.

Our study has proved, however, that when the liquid
crystal droplets are deformed at the compression rate of 1.2
or more (which equates to 20 on a deformation rate basis, as
mentioned later), as in the conventional examples mentioned
above, deterioration in display characteristics such as reduc-
tion of contrast occurs, rather than improvement.
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Further, according to Japanese Laid-Open Patent Publi-
cation No. Hei 5(1993)-80302, after the compressing pro-
cess of the liquid crystals, the mixture is not subjected to any
polymerization process. Due to this, the liquid crystal dis-
play element after compressed remain in the state in which
polymerization reaction of the resin monomers immediately
before compression is not yet completed and thus are
incompletely cured. Hence, the compressing effects are
relaxed with the passage of time, to cause the problem that
the compressed liquid crystal droplets gradually return to
their original before-compressed state. On the other hand, an
attempt to prevent the relaxation of the compression effects
after compression in the case where the mixture is not
subjected to any polymerization process after the compress-
ing process of the liquid crystals requires that the liquid
crystal droplets are compressed in a state in which the
polymerization of the resin monomers is completely con-
cluded or is almost completely concluded. However, this
disadvantageously needs much time for compression.

In this respect, according to Japanese Laid-Open Patent
Publication No. Hei 7(1995)-181454, the mixture is poly-
merized after the compression of the liquid crystals, and as
such solves the problem that the compressed liquid crystal
droplets gradually return to their original before-compressed
state as well as the problem that much time is needed for
compression. However, with this prior art, since the two
steps of polymerization are performed either by the photo
polymerization with ultraviolet or by the thermal polymer-
ization by heating, another problems are arisen as described
below.

In the case where the two steps of polymerization are both
performed by the photo polymerization with ultraviolet,
even when the polymerization reaction of the resin mono-
mers is desired to be, for example, 80% complete of the
entirety in the course of the polymerization before the
compressing process, to allow for the compressing process
of the liquid crystals, it is difficult to realize such a desired
state, and variations in the degree of progress of the poly-
merization reaction may be caused for each of the liquid
crystal cells. This is because the progress of the polymer-
ization depends on the time for irradiation of ultraviolet as
well as because the polymerization reaction can progress in
a very short time. Thus, the variations in degree of progress
of the polymerization reaction produce the variations in
deformation ratio of the liquid crystals after the compressing
process.

With this prior art, the degree of progress of the poly-
merization reaction has a strong influence on the
compressing, particularly because the deformation ratio
(compression rate) is very large. This causes the problem
that the variations in deformation ratio caused by the varia-
tions in degree of progress of the polymerization reaction
may exceed a tolerance to decrease the reliability of the
liquid crystal display element On the other hand, an attempt
to increase the reliability of the liquid crystal display ele-
ment results in reduction of manufacturing profits; increase
of troublesome works; and an increase of manufacturing
COSts.

Further, in the case where the two steps of polymerization
are both performed by the thermal polymerization, the
polymerization reaction progresses slowly, so that variations
in degree of progress of the polymerization reaction are not
so greater than those by the photo polymerization, but
nevertheless, in view of the deformation ratio being too
great, the same problems as those in the case with the photo
polymerization may be caused.

The polymer dispersion type liquid crystal display
element, capable of eliminating the need for polarizers, have
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excellent characteristics of solving the problems of
darkness, necessity of alignment phase treatment and diffi-
culties in controlling cell gap, on the one hand, but have a
disadvantage of possible deterioration in contrast, on the
other hand. Accordingly, the polymer dispersion type liquid
crystal display element are being desired to have an
improved contrast.

It is the key to improvement of contrast how the scattering
of light should be produced while a voltage is not applied to
electrodes between which the liquid crystals are sand-
wiched. It is now under discussion on how to increase cell
gap or anisotropy An in diclectric constant in order to
produce a full scattering of light.

Various approaches to increase the anisotropy An in
dielectric constant have been proposed so far, but because of
the limitations of liquid crystal materials and the like, none
of them have succeed in providing satisfactory results.

With the approach to increase the cell gap, the number of
scattering of light can be increased to an extent of the
expansion of the cell gap, to ensure the scattering of light.
However, the increase of the cell gap causes reduction of the
electric field to be added to the liquid crystal layer for the
application of the same voltage as that applied to an usual
liquid crystal cell having a non-increased cell gap. Thus, an
attempt to allow the liquid crystals to be oriented satisfac-
torily with the increased cell gap needs a larger voltage,
which invites another problem of an increased voltage.

A polymer dispersion type liquid crystal display element
capable of reducing a driving voltage, without any increase
of the cell gap, while ensuring required contrast is disclosed
in Japanese Laid-Open Patent Publication No. Hei 8(1996)-
248398. In the prior art, layers of polymer dispersion liquid
crystal complex are laminated to form a laminated body and
liquid crystal molecules in each layer of the polymer dis-
persion liquid crystal complex are aligned in a given direc-
tion in a plane substantially parallel with electrode surfaces.
In addition, orientations of the liquid crystal molecular
alignments in one layer of polymer dispersion liquid crystal
complex and those in the other layer are so set as to intersect
at right angles relative to each other by means of an
alignment layer treatment such as a rubbing.

With this prior art of Japanese Laid-Open Patent Publi-
cation No. Hei 8(1996)-248398, the liquid crystal molecular
alignments are regulated by means of the rubbing to improve
the scattering effect, so only two layers of polymer disper-
sion liquid ecrystal complex can be formed. In addition,
although the orientations of the liquid crystal molecules in
one layer of polymer dispersion liquid crystal complex and
those in the other layer are so set as to intersect each other
at right angles, the liquid crystal molecules are oriented, in
principle, only in two directions, when viewed from the cell
gap direction, and hence it is difficult to obtain a fully
satisfactory scattering of light. Besides, to begin with, the
alignment treatment of the rubbing has a drawback of its
requiring complex processes.

To sum up the problems of the prior art mentioned above,

@ When the liquid crystal droplets are deformed at a
compression rate of 1.2 or more, as described in Japanese
Laid-Open Patent Publications No. Hei 5(1993)-80302 and
No. Hei 7(1995)-181454, deterioration in display
characteristics, such as deterioration of contrast, occurs,
rather than improvement.

@ An only single step polymerization, as described in
Japanese Laid-Open Patent Publication No. Hei 5(1993)-
80302, involves a problem that the compressing effects are
relaxed with the passage of time, so that the compressed
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liquid crystal droplets gradually return to their original
before-compressed state; or a problem that more time is
needed for the compression.

Also, when the polymerization is performed in two steps
either by the photo polymerization with ultraviolet or by the
thermal polymerization by heating, as described in Japanese
Laid-Open Patent Publication No. Hei 7(1995)-181454, the
problem of decrease in reliability of the liquid crystal
element is caused, on the one hand, and an attempt to
increase the reliability of the liquid crystal element leads to
problems of reduction of manufacturing profits, increase of
troublesome works and increase of manufacturing costs, on
the other hand.

@ When the liquid crystal molecular alignments are
regulated by means of the rubbing to improve the scattering
effect, as described in Japanese Laid-Open Patent Publica-
tion No. Hei 8(1996)-248398, it is difficult to obtain a fully
satisfactory scattering of light. Also, to begin with, the
alignment layer treatment of the rubbing has a drawback of
its requiring complex processes.

SUMMARY OF THE INVENTION

It is accordingly an object of the present invention to
provide a polymer dispersion type liquid crystal display
element capable of providing improved scattering charac-
teristics without any deterioration of display characteristics,
and a producing method thereof.

Another object of the invention is to provide a polymer
dispersion type liquid crystal display element capable of
providing an increased steepness of the transmitted light
amount with respect to voltage, to enable a passive matrix
drive, and a producing method thereof.

Still another object of the invention is to provide a method
for producing a liquid crystal display element which main-
tains compressed effects of liquid crystals for a long time to
produce an enhanced reliability and an apparatus for use in
the producing method.

A further object of the invention is to provide a liquid
crystal display element capable of providing satisfactory
scattering effects without any rubbing treatment and without
any increase of a driving voltage and a producing method
thereof.

The above objects are accomplished by a polymer dis-
persion type liquid crystal display element comprising a pair
of substrates; an electrode formed on an opposite inner
surface of each of the substrates; polymers; liquid crystal
droplets; and polymerliquid crystal complex held between
the pair of substrates, the polymer.liquid crystal complex
comprising the polymers and the liquid crystal droplets
dispersed in the polymers, and liquid crystal molecules in
the liquid crystal droplets being oriented in a direction
parallel to the substrates and oriented randomly in a plane
parallel to the substrates.

Also, the above objects are accomplished by a polymer
dispersion type liquid erystal display element comprising a
pair of substrates; an electrode formed on an opposite
surface of each of the substrates; polymers; liquid crystal
droplets, the liquid crystal droplets being deformed into a
compressed structure of their being contracted in a cell gap
direction; and polymer.liquid crystal complex held between
the pair of substrates, the polymer.liquid crystal complex
comprising the polymers and the liquid crystal droplets
dispersed in the polymers, an amount of deformation of the
liquid crystal droplets being set to be in range in which a
phenomenon of liquid crystal molecules rising up in the cell
gap direction is not caused by excluded volume effects of the
liquid crystals.
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It is noted here that the term “polymer dispersion type
liquid crystal element” is intended to include polymer dis-
persion type liquid crystal element generally known as a
complex of polymers and liquid crystals, including NCAP
(Nematic Curvilinear Aligned Phase), PDLC (Polymer Dis-
persed Liquid Crystal) and PNLC (Polymer Network Liquid
Crystal). Hence, the term “polymer dispersion type liquid
crystal element” as used herein is intended to include not
only the one in which liquid crystal droplets are dispersed in
an island form in a polymer matrix or are associated in series
but also the one in which resins spread in continuous phases
of liquid crystals in the form of a three dimensional network.

In addition, the term “amount of deformation of liquid
crystal droplets” as used herein is intended to mean the ratio
of “a difference between the length of a liquid crystal droplet
extending along the direction parallel to the substrates and
the length thereof extending along the call gap direction”
relative to “the length of the liquid crystal droplets extending
along the direction parallel to the substrates”.

Following is the reason the construction of the invention
can accomplish the object of improving scattering effects.

With a typical polymer dispersion type liquid crystal
display element, liquid crystal droplets have a spherical
form and the liquid crystal droplets are then oriented on a
random basis not only with respect to the substrates but also
in a plane parallel to the substrates. This random alignment
of the liquid crystal droplets is caused by the spherical liquid
crystal droplets having a symmetry property and lacking of
regularity in the direction for poles to be produced. This
alignment of the general type of liquid crystals cannot fully
provide the scattering effects. Accordingly, it is thought that
it is effective for obtaining the satisfactory scattering effects
to treat the liquid crystal molecules in the liquid crystal
droplets to be aligned in the direction parallel to the sub-
strates. This is because since the scattering of light is
produced by mismatch in difference in refractive index
between the liquid crystals and the polymers and the mis-
match in refractive index between the liquid crystal droplets,
aligning the liquid crystals in the horizontal direction to the
substrates allows effective refractive index anisotropy An to
be increased, and as a result of this, the scattering of light is
increased. However, even when the liquid crystal molecules
are aligned in parallel to the substrates, if the liquid crystal
molecules are oriented in a uniform direction, the scattering
of light is reduced. This is because since the difference in
refractive index between the liquid crystal droplets is small,
a sufficient intensity of the scattering is not obtained. Hence,
the most desirable formation of the liquid crystal molecular
alignments for improving the scattering effects is that the
liquid crystal molecules in the liquid crystal droplets are
aligned in parallel to the substrates and also are oriented
randomly in a plane parallel to the substrates.

On the other hand, forming the liquid crystal droplets into
a compressed shape enables the liquid crystal molecules to
be aligned in parallel to the substrates, This is because when
the liquid crystal droplets are deformed into a structure of
their being compressed in the cell gap direction, the length
of each liquid crystal droplet extending along the cell gap
direction becomes smaller than the length thereof extending
along the direction parallel to the substrates, so that the
liquid crystal droplets come to have asymmetry. It was found
that the liquid crystal molecules in the liquid crystal droplets
thus compressed were oriented in the direction parallel to the
substrates. Accordingly, the liquid crystals are so oriented
that bipolar axes come close to parallel to the substrates.
However, the liquid crystal droplets compressed in the cell
gap direction still have a circular shape in cross section taken
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along a line parallel to the substrates without deformation.
Thus, the liquid crystal droplets have symmetry in a plane
parallel to the substrates, and as such provides no regularity
for the liquid crystal molecular alignments and allows the
same to be oriented randomly. Thus, deforming the liquid
crystal droplets into a compressed form enables the liquid
crystal molecules in the liquid crystal droplets to be oriented
in parallel to the substrates and also be oriented randomly in
a plane parallel to the substrates, thus providing improved
scattering effects.

It should be noted here that the improvement of the
scattering effects is provided by the liquid crystals being
aligned in parallel to the substrates by the deformation and
also being oriented randomly in a plane parallel to the
substrates, rather than directly by the deformation of the
liquid crystal droplets. Hence, irrespective of the amount of
deformation of the liquid crystal droplets, any deformation
of the liquid crystals does not always provide improved
scattering effects. In this respect, it was confirmed by the
inventors that an excessive deformation produces deteriora-
tion of characteristics, rather than improvement. The reason
therefor is that with an increasing deformation of the liquid
crystal droplets, a tendency of the liquid crystal molecules in
the liquid crystal droplets being aligned in the cell gap
direction (the vertical direction to the substrates) is increased
by excluded volume effects of the liquid crystals; in other
words, the excluded volume effects of the liquid crystals
cause the liquid crystal molecules to rise up vertically.

According to the invention, the liquid crystal droplets are
deformed within the range in which any force which may
cause the liquid crystal molecules to rise up is not produced
by the excluded volume effects of the liquid crystals,
whereby the orientations of the liquid crystal molecular
alignments in the liquid crystal droplets can come relatively
close to parallel to the substrates. As a result of this, the
polymer dispersion type liquid crystal display element
capable of providing improved scattering characteristics
without any deterioration of display characteristics, such as
contrast, can be attained.

Experiments were conducted by the inventors in both
conditions of a normal anchoring strength and of a strong
anchoring strength, the results showing that when the
amount of deformation of the liquid crystal droplets exceeds
10% in the normal anchoring strength, the phenomenon of
the liquid crystal molecules rising up vertically is caused by
the excluded volume effects of the liquid crystals. Hence,
when the amount of deformation of the liquid crystal drop-
lets is of 10% or less in the normal anchoring strength, it is
ensured that the orientations of the liquid crystal molecular
alignments in the liquid crystal droplets can come relatively
close to parallel to the substrates. Also, when the amount of
deformation of the liquid crystal droplets exceeds 20% in the
strong anchoring strength, the phenomenon of the liquid
crystal molecules rising up vertically is caused by the
excluded volume effects of the liquid crystals. Hence, when
the amount of deformation of the liquid crystal droplets is of
20% or less in the strong anchoring strength, it is ensured
that the orientations of the liquid crystal molecular align-
ments in the liquid crystal droplets can-come relatively close
to parallel to the substrates.

According to the invention, the amount of deformation of
the liquid crystal droplets may be expressed by parameters
of amean value 6 p of the angles formed by the liquid crystal
molecules and the substrates; a dielectric ratio E; or a
deformation rate P. This is because the tilt angle of a liquid
crystal molecule with respect to a substrate, the dielectric
ratio E and the deformation rate P each vary with the
deformation of the liquid crystal droplets.
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According to the invention, a pressing through a vacuum
package, an application of a hydrostatic pressure and the like
may be used as means for deforming the liquid crystals.

A liquid crystal display element according to the inven-
tion may be formed such that the liquid crystals are not be
deformed in the cell gap direction, and the mean value 6 p
of the angles formed by the liquid crystal molecules and the
substrates can be lowered. This liquid crystal display ele-
ment can be produced by applying magnetic field across the
substrates in the course of the liquid crystals being separated
out or by giving polarization to ultraviolet.

The liquid crystal display element according to the inven-
tion can raise steepness, so that the invention can suitably
work not only to the liquid crystal display element of active
matrix drive but also to that of the passive matrix drive.

A liquid crystal display element according to the inven-
tion may be formed such that a complex of polymers and the
liquid crystals is held by a pair of substrates; the polymers
are obtained by liquid crystal monomers employed as poly-
merizable monomers being subjected to photo polymeriza-
tion; azimuths angles of the liquid crystals in a plane of the
substrates are random; and the means value 8 p of the angles
formed by the liquid crystal molecules and the substrates are
lowered. This liquid crystal display element is obtained by
liquid crystal monomers employed as polymerizable mono-
mers being polymerized through the irradiation of ultraviolet
to allow the liquid crystals to be separated out.

When the liquid crystal monomers are employed for the
polymerizable monomers, the mixture of the liquid crystals
and the polymerizable monomers exhibits a homogeneous
liquid crystal layer. This acts to allow the liquid crystals to
be separated out without any impairment of the liquid crystal
layer when the liquid crystals are separated out by polymer-
ization of the monomers. Hence, if the molecules of the
mixture exhibiting the liquid crystal layer before polymer-
ization are conditioned so that they can be aligned in parallel
to a plane of the substrates and also oriented in random in a
plane of the substrates, alignments of the liquid crystal
molecules separated out by the irradiation of ultraviolet will
be affected by the condition before polymerization, with the
result that the liquid crystal molecules after polymerization
will be aligned nearly in parallel to the plane of the sub-
strates and also oriented in random in the plane of the
substrates.

To accomplish the above objects, a method of producing
liquid crystal display element according to the invention
comprising two steps of polymerization of a first polymer-
ization process and a second polymerization process, and a
deformation treatment of the liquid crystal molecules is
performed after the first polymerization process, followed
by performing the second polymerization process, charac-
terized by that the first polymerization is performed by
thermal polymerization and the second polymerization is
performed by photo polymerization, a thermal polymeriza-
tion initiators’ content in the mixture being set to such an
amount that when the thermal polymerization initiators are
wholly consumed by thermal polymerization reactions, the
polymerizable materials are brought into a first predeter-
mined polymerization state and a photo polymerization
initiators’ content being set to such an amount that when the
photo polymerization initiators are wholly consumed by at
least photo polymerization reactions, the polymerizable
materials can be polymerized from the first polymerization
state until a second polymerization state in which the
polymerization reaction of all the polymerizable materials is
completely concluded.
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With the above construction, the thermal polymerization
initiators are reacted in the first polymerization process and
all thermal polymerization initiators are consumed, to pro-
duce the first polymerization state. In this state, for example
more than half the polymerizable materials or more are
polymerized, so that the mesh sizes of the complex of the
liquid crystals and the polymers are almost determined.
Then, the liquid crystals are pressed and are each formed
into a compressed form in a cell gap direction. In the next
second polymerization process, the remaining unreacted
polymerizable materials are completely polymerized by
reaction with the photo polymerization initiators existing in
the complex to cause cross-link. This allows the compressed
form of the liquid crystals to be fixed and stabilized.
According to this constructed invention, since the first
polymerization process is performed by the thermal poly-
merization and the second polymerization process is per-
formed by the photo polymerization process, a desired first
polymerization state can be obtained by adjusting the ther-
mal polymerization initiators’ content Hence, the abovesaid
problems involved in the prior art in which the first and
second polymerization processes are both performed by the
photo polymerization can be solved.

Further, the invention may be constructed such that the
first polymerization is performed by the photo polymeriza-
tion and the second polymerization is performed by the
thermal polymerization; a photo polymerization initiators’
content in the mixture is set to such an amount that when the
photo polymerization initiators in the mixture are wholly
consumed by photo polymerization reactions, the polymer-
izable materials are brought into a first predetermined poly-
merization state; and a thermal polymerization initiators’
content is set to such an amount that when the thermal
polymerization initiators are wholly consumed by at least
thermal polymerization reactions, the polymerizable mate-
rials can be polymerized from the first polymerization state
until a second polymerization state in which the polymer-
ization reaction of all the polymerizable materials is com-
pletely concluded.

With the above construction, the photo polymerization
initiators are reacted in the first polymerization process and
all photo polymerization initiators are consumed, to produce
the first polymerization state. In this state, for example more
than half the polymerizable materials or more are
polymerized, so that the mesh sizes of the complex of the
liquid crystals and the polymers are almost determined.
Then, the liquid crystals are pressed and are each formed
into a compressed form in a cell gap direction. In the next
second polymerization process, the remaining unreacted
polymerizable materials are completely polymerized by
reaction with the thermal polymerization initiators existing
in the complex to cause cross-link. This allows the com-
pressed form of the liquid crystals to be fixed and stabilized.

According to this constructed invention, since the first
polymerization process is performed by the photo polymer-
ization and the second polymerization process is performed
by the thermal polymerization process, a desired first poly-
merization state can be obtained by adjusting the photo
polymerization initiators’ content. Hence, the abovesaid
problems involved in the prior art in which the first and
second polymerization processes are both performed by the
photo polymerization can be solved.

Further, the invention may be constructed such that one of
the substrates is provided on its surface with a metal wiring
of a stripe or matrix form; the mixture is irradiated with
ultraviolet from the one substrate side of the liquid crystal
cell in which the mixture is injected, to allow the polymers
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and the liquid crystals to be phase separated by the photo
polymerization; and after the extrusion process, the mixture
Is irradiated with ultraviolet from the other substrate side, to
allow the remaining unreacted polymerizable materials to be
polymerized by the photo polymerization.

With the above construction, an area of the substrate on
which the metal wiring of strip or matrix form is provided
is shielded from ultraviolet by the metal wiring. Thus, the
ultraviolet, when irradiated from the one substrate side, can
only pass through apertures (parts other than the metal
wiring parts) of the one substrate, and the mesh sizes of the
complex of the liquid crystals and polymers are determined
by polymerization reaction of the mixture existing in the
areas through which the ultraviolet can pass. However, the
mixture existing in areas under the metal wiring is only
partially polymerized by a leaked light and is almost unre-
acted. When the substrates are pressed to be deformed in a
cell gap direction, the liquid crystals at the apertures can be
moved along the metal wiring parts of strive or matrix form
to be easily squeezed out from the end-sealing part, thus
enabling the liquid crystals to be formed into a compressed
form very easily. Thereafter, when the ultraviolet is irradi-
ated from the other substrate side, the mixture existing in the
areas at the metal wiring parts is polymerized, and the
polymerized materials play a role of an adhesive for the
entire substrate to fix and stabilize the compressed form of
the liquid crystal droplets.

The one substrate may be an active substrate on which a
pixel electrode and an active element are formed for each of
a plurality of regions partitioned by the wiring of a matrix
form. Also, the active substrate may be TFT.

Also, where a glass-transition temperature of the poly-
mers in the first polymerization state is set Tgl and a
glass-transition temperature of the polymers in the second
polymerization state is set Tg2, Tg2 may be made higher
than the Tgl by 10° C. or more. This enables the compres-
sion of the liquid crystals to be facilitated, because the liquid
crystals before extrusion are low in glass-transition tempera-
ture and soft. Further, since the liquid crystals after the
second polymerization process is high in glass-transition
temperature, the resins become so hard that the tendency of
liquid crystals to return to the before-compression state can
be suppressed.

Further, the extrusion of the liquid crystals may be per-
formed by heating. Since a coefficient of thermal expansion
of the liquid crystal materials is much larger than that of the
polymers and that of the cell substrates, the heating allows
the liquid crystals to be squeezed out from the end-sealing
part, without using any pressing apparatus, to form the liquid
crystals into a compressed form and also allows the com-
pressed form of the liquid crystals to be fixed and stabilized
by returning the raised temperature to a category tempera-
ture range of 60° C. or less after the end-sealing part is
sealed by sealing resins.

Other suitable pressing means, such as a press and a
vacuum package, may be used for extruding the liquid
crystals.

Additionally, the invention may be constructed such that
the first and second polymerization are both performed by
the photo polymerization; the liquid crystal cell is cooled so
that the liquid crystal droplets separated out in the first
polymerization process can be deformed in a cell gap
direction; and after the cooling process, the mixture is
irradiated with ultraviolet in the second polymerization
process, with the liquid crystal cell kept in its cooled state,
so that the remaining unreacted polymerizable materials can
be polymerized by the photo polymerization.
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With the above construction, the photo polymerization
initiators are reacted in the first polymerization process and
for example more than half the polymerizable materials or
more are polymerized, so that the mesh sizes of the complex
of the liquid crystals and the polymers are almost deter-
mined. Then, the liquid crystal cell is cooled to deform the
liquid crystals into a compressed form contracted in a cell
gap direction by pressing based on a thermal stress resulting
from a larger coefficient of thermal expansion of the liquid
crystal materials. In this state, the polymerizable materials
are irradiated with ultraviolet in the second polymerization
process, so that the remaining unreacted polymerizable
materials are completely polymerized by reaction with the
photo polymerization initiators existing in the complex, to
fix and stabilize the compressed form of the liquid crystals.

In addition, the invention may be constructed such that the
first polymerization process is performed by the thermal
polymerization; the second polymerization process is per-
formed by the photo polymerization; the liquid crystal cell
is cooled so that the liquid crystal droplets separated out in
the first polymerization process can be deformed in the cell
gap direction; and after the cooling process, the mixture is
irradiated with ultraviolet in the second polymerization
process, with the liquid crystal cell kept in its cooled state,
so that the remaining unreacted polymerizable materials can
be polymerized by the photo polymerization.

With the above construction, the thermal polymerization
initiators are reacted and are all consumed in the first
polymerization process to produce the first polymerization
state. In this state, for example more than half the polymer-
izable materials or more are polymerized, so that the mesh
sizes of the complex of the liquid crystals and the polymers
are almost determined. Then, the liquid crystal cell is cooled
to deform the liquid crystals into a compressed form con-
tracted in the cell gap direction by pressing based on a
thermal stress resulting from a larger coefficient of thermal
expansion of the liquid crystal materials. In this state, the
mixture is irradiated with ultraviolet in the second polymer-
ization process, so that the remaining unreacted polymeriz-
able materials are completely polymerized by reaction with
the photo polymerization initiators existing in the complex,
to fix and stabilize the compressed form of the liquid
crystals. According to this invention, since the first poly-
merization process is performed by the thermal polymeriza-
tion and the second polymerization process is performed by
the photo polymerization process, the abovesaid problems
involved in the prior art in which the first and second
polymerization processes are both performed by the photo
polymerization can be solved by adjusting the thermal
polymerization initiators’ content.

Also, the invention is directed to a production apparatus
comprising a means for carrying the liquid crystal cell filled
with the mixture along a carriage path; an ultraviolet irra-
diation means, arranged at a midpoint of the carriage path,
for irradiating ultraviolet to a part of the liquid crystal cell;
and pressing means, arranged at a midpoint of the carriage
path, for pressing the area of the liquid crystal call irradiated
with ultraviolet.

The above construction can provide the result that the first
polymerization process and the extrusion process of the
liquid crystals can be performed automatically. In the case
where the first and second polymerization processes are both
performed by the photo polymerization, an attempt to con-
trol the polymerization reaction by merely regulating the
ultraviolet irradiation time may often have difficulties in
forming the separated liquid crystals in a compressed form,
because the polymerization reaction progresses for a certain
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period after the irradiation of ultraviolet. According to the
invention, controlling a rotation speed of rollers and a feed
rate of the liquid crystal cell to be optimum enables the
liquid crystal cell to be pressed at a point the liquid crystal
cell becomes an optimal polymerization state during the
period from the initiation of polymerization by the irradia-
tion of ultraviolet until the conclusion of polymerization in
which phase separation of the liquid crystals by the poly-
merization is completed. As a result, forming the liquid
crystals into a compressed form can be facilitated. Even if
the polymerization by the irradiation with ultraviolet is
performed only once and no polymerization process is
performed after the extrusion process of the liquid crystals,
since the liquid crystal cell can be pressed with the rollers at
a point the liquid crystal cell becomes an optimal polymer-
ization state, allowing for the compression of liquid crystals
and relaxation of the compression effects after compression
by controlling the rotation speed of rollers and the feed rate
of the liquid crystal cell to be optimum in substantially the
same manner as in the above, the liquid crystal display
element relatively stable in compression effects after com-
pression can be produced.

Further, in the production apparatus according to the
invention, the ultraviolet irradiation means may comprise a
light source for emitting ultraviolet and an optical filter to
intercept only wavelength components which allow the
liquid crystals to be optically resolved, and it may further
include a temperature control mechanism to maintain the
liquid crystal cell at a preset temperature in association with
the phase-separation reaction of the liquid crystals by irra-
diation of ultraviolet. This construction enables the phase-
separation reaction of the liquid crystals to be controlled
sensitively to temperature, thus obtaining the liquid crystal
display element having homogeneous compression effects.
Further, the optical filter arranged enables the liquid crystals
to be prevented from being optically resolved by ultraviolet,
thus providing improved reliability of the liquid crystal
display element.

Further, according to the invention, when the liquid
crystal element is produced by the two steps of polymer-
ization processes, the liquid crystal droplets may be
deformed at the deformation ratio of 1.15 or less in the
deformation process. It is noted here that the term “defor-
mation ratio” used herein is intended to mean “the before-
deformation to after-deformation ratio of the cell gap”. The
reason for making the deformation ratio 1.15 or less is that
an excessive deformation provides deterioration of the scat-
tering of light, rather than improvement. This deformation
rate made much smaller than that of the prior art can provide
improved scattering of light and can also provide specific
effects mentioned below for the invention according to
which the first and second polymerization processes are both
performed by the photo polymerization. That is to say, as
mentioned at the “Description of the Prior Art”, in the case
where the first and second polymerization processes are both
performed by the photo polymerization, variations in defor-
mation ratio are caused by variations in the degree of
progress of the polymerization reaction in the first polymer-
ization process. However, with the invention according to
which the deformation ratio is much smaller than that of the
prior art, the deformation ratio is little affected by variations
in the degree of progress of the polymerization reaction, so
that poor reliability of liquid crystal display element, which
is the problem involved in the prior art, can be solved.

Further, to accomplish the above objects, polymer disper-
sion type liquid crystal display element according to the
invention have a structure in which a plurality of polymer-
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Jiquid crystal complex layers in which liquid crystal drop-
lets are dispersed in polymers are laminated to form a
layered product and the layered product is held between a
pair of substrates on which electrodes are formed, charac-
terized by that liquid crystal molecules in the liquid crystal
droplets in each of the polymer.liquid crystal complex layers
are aligned in the direction substantially parallel with the
substrates and also are oriented in different directions in a
plane parallel to the substrates for each of the polymer.liquid
crystal complex layers.

With the above construction, the liquid crystal molecules
in the liquid crystal droplets in each of the polymer.liquid
crystal complex layers are aligned in the direction substan-
tially paralle] with the substrates and also are oriented nearly
randomly as a whole when the liquid crystal display element
is viewed along the cell gap direction. This enables the
difference in refractive index between the respective layers
to be considerably increased, as compared with the prior art,
to provide satisfactory scattering effects. Also, each of the
layers is reduced in thickness to form a laminated structure
with the number of laminated layers, so as to provide
satisfactory scattering effects. Due to this, there is no need
to increase the thickness of the call, so an increase in driving
voltage can be avoided.

To obtain the above liquid crystal display element, in the
polymerization process in which the mixture is irradiated
with ultraviolet to allow the polymers and the liquid crystals
to be phase separated to form the polymer.liquid crystal
complex layers, a polarized ultraviolet polarized in one
direction may be used as the ultraviolet and the polarizing
direction of the polarized ultraviolet may be changed for
each of the polymers.liquid crystal complex layers to control
the liquid crystal alignments.

Alternatively, in the course of the polymerization process
in which the mixture is irradiated with ultraviolet to allow
the polymers and the liquid crystals to be phase separated to
form the polymers.liquid crystal complex layers, magnetic
field or electric field may be added in a different direction for
each of the polymer.liquid crystal complex layers to control
the liquid crystal alignments. These producing methods of
the invention can provide liquid crystal display element of
high contrast with simplified manufacturing process, with-
out using any rubbing as the prior art.

Further, the liquid crystal display element according to the
invention may be designed such that the liquid crystal
molecules in the liquid crystal droplets in the polymer.liquid
crystal complex layers are aligned in the direction substan-
tially parallel to the substrates and also are oriented ran-
domly in a plane substantially parallel to the substrates. This
arranged liquid crystal display element is the most prefer-
able in alignments of the liquid crystals.

In obtaining the above liquid crystal display element, the
substrates are pressed after the polymer.liquid crystal com-
plex layers are formed between the substrates by the poly-
merization process, so that the alignment of the liquid
crystals are controlled. In detail, when the polymerizable
materials are polymerized to allow the polymers and the
liquid crystals to be phase separated, to form the polymer-
Jiquid crystal complex layers, the liquid crystal molecules in
the liquid crystal droplets in the polymer.liquid crystal
complex layers thus produced are oriented randomly not
only with respect to the substrates but also in a plane parallel
to the substrates. It is known that when the substrates are
pressed in this state, to form the liquid crystal droplets into
a compressed form, the liquid crystal molecules in the liquid
crystal droplets are oriented in the direction generally par-
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allel to the substrates. Thus, by pressing the substrates, the
liquid crystal molecules in the liquid crystal droplets in the
polymer.liquid crystal complex layers can be so controlled
as to be oriented in the direction substantially parallel to the
substrates and also be oriented randomly in a plane substan-
tially parallel to the substrates.

The liquid crystal droplets may be formed with coloring
matters of dichroism being mixed with the liquid crystals.
This can produce a guest host type liquid crystal display
element capable of absorbing light by means of the coloring
matters of dichroism.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view of a liquid crystal display
element of Example 1 of the 1st Embodiment of the inven-
tion;

FIG. 2 is a plan view of a part of the liquid crystal display
element of Example 1 of the 1st Embodiment of the inven-
tion;

FIGS. 3(a)(f) are production process diagram of the
liquid crystal display element of Example 1 of the 1st
Embodiment of the invention;

FIG. 4 is a front view of an apparatus for producing the
liquid crystal display element of Example 1 of the 1st
Embodiment of the invention;

FIGS. 5(a)(e) are diagrams for illustrating the relation-
ship between deformation and orientation formation of the
liquid crystals of the liquid crystal display element of
Example 1 of the 1st Embodiment of the invention,

FIG. 6 is a diagram for representing the relationship
between transmittance and a deformation rate at the scat-
tering of light of the liquid crystal display element of
Example 1 of the 1st Embodiment of the invention,

FIG. 7 is a diagram for representing the relationship
between a driving voltage V90 and the deformation rate of
the liquid crystal display element of Example 1 of the 1st
Embodiment of the invention;

FIG. 8 is a diagram for representing the relationship
between steepness y and the deformation rate of the liquid
crystal display element of Example 1 of the 1st Embodiment
of the invention;

FIG. 9 is a diagram for representing the relationship
between driving voltages V10, V90 and the transmittance;

FIG. 10 is a diagram for representing the relationship
between a speed of response and the deformation rate of the
liquid crystal display element of Example 1 of the Ist
Embodiment of the invention;

FIGS. 11(a)~(b) are diagrams for representing change of
the transmittance relative to the driving voltages V10, V90;

FIG. 12 is a sectional view of an apparatus for producing
the liquid crystal display element of Example 4 of the 1st
Embodiment of the invention;

FIG. 13 is a sectional view of an apparatus for producing
the liquid crystal display element of Example 6 of the 1st
Embodiment of the invention;

FIG. 14 is a sectional view of an apparatus for producing
the liquid crystal display element of Example 8 of the 1st
Embodiment of the invention;

FIG. 15 is a sectional view of the liquid crystal display
element of Example 8 of the 1st Embodiment of the inven-
tion;

FIG. 16 is a plan view of a part of the liquid crystal
display element of Example 8 of the 1st Embodiment of the
invention;
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FIG. 17 is a perspective view of an apparatus for produc-
ing the liquid crystal display element of Example 9 of the 1st
Embodiment of the invention;

FIG. 18 is a sectional view of the liquid crystal display
element of Example 12 of the 1st Embodiment of the
invention;

FIG. 19 is a plan view of a part of the liquid crystal
display element of Example 12 of the 1st Embodiment of the
invention;

FIGS. 20(a)—~(b) are diagrams illustrating a polymeriza-
tion process in the case of employing liquid crystal mono-
mers;

FIGS. 21(a)~(b) are diagrams illustrating a polymeriza-
tion process in the case of employing liquid crystal mono-
mers;

FIGS. 22(a)—(b) are diagrams showing a before-
polymerization state and an after-polymerization state in
each of Prior Art and Example 12 of the 1st Embodiment of
the invention;

FIG. 23 is a perspective view of one substrate used in
Example 13 of the 1st Embodiment of the invention,

FIG. 24 is a perspective view of the other substrate used
in Example 13 of the 1st Embodiment of the invention,

FIG. 25 is a diagram for illustrating a polymerization
method of Example 1 of the 2nd Embodiment of the
invention;

FIGS. 26(a)—(d) are diagrams showing a production pro-
cess in Example 1 of the 2nd Embodiment of the invention;

FIG. 27 is a perspective view of a part of the liquid crystal
display element in the vicinity of an end-sealing part 69,

FIG. 28 is a diagram for illustrating the polymerization
method of Example 2 of the 2nd Embodiment of the
invention;

FIG. 29 is a exploded perspective view of an active matrix
type liquid crystal display element of Example 6 of the 2nd
Embodiment of the invention;

FIG. 30 is a sectional view of the active matrix type liquid
crystal display element of Example 6 of the 2nd Embodi-
ment of the invention;

FIG. 31 is a sectional view of a modified active matrix
type liquid crystal display element;

FIG. 32 is a sectional view of a producing apparatus used
in Example 8 of the 2nd Embodiment of the invention;

FIG. 33 is a plan view of the producing apparatus used in
Example 8 of the 2nd Embodiment of the invention;

FIG. 34 is a sectional view of a modification of the
producing apparatus;

FIG. 35 is a schematic representation of the liquid crystal
display element of Example 1 of the 3rd Embodiment of the
invention,

FIG. 35(a) is a sectional view in schematic form depicting
the liquid crystal display element and FIG. 35(b) is a
schematic representation showing directions in which the
liquid crystal molecules of the liquid crystal display element
are oriented;

FIG. 36 is a sectional view of the liquid crystal display
element of Example 2 of the 3rd Embodiment of the
invention;

FIGS. 37(a)(f) arc production process diagram of the
liquid crystal display element of Example 2 of the 3rd
Embodiment of the invention;

FIG. 38 is a view of a polymer.liquid crystal complex
layer 143B in the state shown in FIG. 37(d) as viewed from
the top;
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FIG. 39(a)(f) are production process diagram of the
liquid crystal display element of Example 3 of the 3rd
Embodiment of the invention;

FIG. 40 is a view of a polymer.liquid crystal complex
layer 143B in the state shown in FIG. 39(d) as viewed from
the top;

FIG. 41 is a view of a polymer.liquid crystal complex
layer 143A in the state shown in FIG. 39(e) as viewed from
the top; and

FIG. 42 is an illustration showing directions in which the
liquid crystal molecules of the polymer.liquid crystal com-
plex layers 143A and 143B are oriented.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

First Embodiment

EXAMPLE 1

Referring now to the accompanying drawing figures, an
example of liquid crystal display element of the first
embodiment of the invention is described below.

FIG. 1 shows a sectional view of the liquid crystal display
element of the invention, and FIG. 2 shows a plan view of
the same. In the liquid crystal display element shown in FIG.
1, transference electrodes 12 are formed on two opposing
substrates 11 at the inside thereof, respectively. Between the
transference electrodes 12, polymer.liquid crystal complex
in which liquid crystal droplets 14 are dispersed in the
polymers 13 are arranged. Each liquid crystal droplet 14 has
a diameter d0 of about 1.2 um (See FIG. 2). Coloring matters
of dichroism may be contained in the liquid crystals, which
would then be a guest host type liquid crystal device which
absorbs light by the coloring matters of dichroism.

The invention is characterized in that each liquid crystal
droplet 14 is deformed in the cell gap direction. In the case
shown in FIG. 1, the liquid crystal droplets 14 each have a
flat structure with the length compressed in the cell gap
direction. In detail, the liquid crystal droplets 14 are each
formed into a compressed form with only its length in the
cell gap direction being compressed, but are kept circular in
section parallel to the substrates without deformation. In
FIG. 1, the liquid crystal molecular arrays are depicted as a
bipolar structure with two poles orienting at the lateral sides
of the figure, with an intention of defining the bipolar axes
as being located in nearly parallel with the substrates, not as
being arranged in uniaxially. Also, for the sake of simplicity,
in FIG. 1, the liquid crystal droplets are depicted as all
having an uniform shape, but actually are not so uniform in
shape as those shown in FIG. 1. The bipolar axes exist on a
random basis in a plane parallel to the substrates, as shown
in FIG. 2.

With reference to FIG. 3, the method for producing the
liquid crystal element will be described below.

First, as shown in FIG. 3(a), two substrates 11 are
laminated together with confronting each other. The trans-
ference electrodes 12 are formed on the substrates 11 at the
inside thereof. An active matrix substrate forming TFTs
(Thin Film Transistors) is used for one of the substrates. A
distance between the two substrates 11 (cell gap) d1 is kept
uniform with spacers 15 of resin beads each having a grain
size of for example 12 pm sprayed in advance on the
substrates.

Next, as shown in FIG. 3(b), a mixture of liquid crystals,
polymerizable monomers, oligomers, and polymerization
Initiators is introduced in between the substrates 11 by
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means of a vacuum filling. At this time, a vacuum injection
port (not shown) formed at a sealing portion of the liquid
crystal panel at the side thereof is not yet sealed. Thereafter,
polymerization of the polymerizable monomers with the
oligomers is made by irradiation of ultraviolet with domi-
nant wavelengths of 365 nm, as shown In FIG. 3(c). By this
treatment, the polymerizable monomers and the oligomers
are polymerized to produce polymer network type liquid
crystal element in which spherical liquid crystal droplets 14
as liquid crystal materials are dispersed in series in the
polymer matrix, as shown in FIG. 3(d). The polymer dis-
persion type liquid crystal element in which the liquid
crystal droplets are dispersed in the polymer matrix may be
structurally produced, of course.

Then, as shown in FIG. 3(e), the liquid crystal structure is
deformed to extrude or squeeze out some liquid crystals
filled in liquid crystal panels.

In the embodiment of the invention, a pressing is adopted
for this deformation process of the liquid crystal structure,
Specifically, a pressing force is applied to the panels after
polymerization under irradiation of ultraviolet by use of a jig
(a device) as shown in FIG. 4. At the stage of this defor-
mation process, the panel is not yet sealed.

The panel pressing step is briefly described below. A
plurality of panels 23 are sandwiched between surface
blocks 21, 22 of the jig, with buffers 24 sandwiched between
the panels 23. The surface block 21 is so mounted as to be
movable in parallel, and the panels 23 is pressed with the
surface block 21 by tightening a screw fitted thereto.

Thus, after the liquid crystal element with the polymer
network structure is formed, the panel 23 is pressed to
deform the liquid crystal structure so as to squeeze out some
liquid crystals filled in the pancls, as shown in FIG. 3(e).
Though this pressing step, the liquid crystal display element
with a compressed structure of the liquid crystal droplets 14
being compressed in the cell gap direction were produced, as
shown in FIG. 3(f).

The results of the experiment performed by the inventors
proves that when the produced liquid crystal element was
allowed to stand under pressure at room temperature, the
liquid crystal droplets were deformed in the cell gap direc-
tion by 3% in 5 hours. At that time, in the polymer dispersion
type liquid crystal element taking on the liquid crystal
droplets structure, the liquid crystals were able to be
squeezed out in a like manner, which shows that the polymer
materials are in the form of gel and have properties of
allowing the liquid crystal materials to pass through them
with a long time. The liquid crystal droplets were com-
pressed in a state in which the polymerization of the poly-
mers was completely concluded or was nearly completely
concluded, allowing for relaxation of the compression
effects of liquid crystal droplets after compression. Hence,
the deformed liquid crystal droplets can no longer return to
their original form after compression with passage of time.

The extent of the deformation was able to be determined
by the change in the cell gap, and the amount of deformation
was able to be changed by varying the time for the produced
liquid crystal element to be allowed to stand and the pressing
strength.

For allowing the liquid crystal element to be deformed in
the cell gap direction by 3% in 5 hours, the pressing force
of 0.8 Kgfem?® or more is needed. The pressing force of 3
Kg/cm® or more is desirable for shortening the time for
extrusion. The pressing force of 10 Kg/em® or more is
desirable for the extrusion within 6 hours.

When the liquid crystal structure is deformed like this, the
properties of the liquid crystal display element are signifi-
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cantly changed. To quantify the changes in the liquid crystal
structure, the deformation rate P is defined here as P(%)=
(Cell gap before deformation—Cell gap after deformation)/
(Cell gap before deformation)x100. The cell gap measures at
room temperature, for example. When this is applied to the
case of FIG. 3 in which the liquid crystal structure was
deformed from the state of FIG. 3(d) into the state of FIG.
3(f) and the cell gap was reduced from dl to d2, P is
represented as P(%)=(d1-d2)/(d1)x100. This indicates the
amount of deformation of the liquid crystal structure which
is equivalent of the compression for the liquid crystal droplet
structure and means that each liquid crystal droplet 14 is
decreased in thickness in the cell gap direction by P%. In the
case of the polymer network structure, the thickness
decreases by P% likewise, and the proportion of the liquid
crystal molecules aligned in substantially parallel with the
glass substrates at the polymer phase boundary increases.
Although the liquid crystal droplets were deformed by this
production process, it was confirmed that the length of the
liquid crystal droplet extending in the direction parallel to
the substrates was little deformed after the deformation
process of P%, while the length thereof extending in the cell
gap direction was deformed by P% only. This is because the
liquid crystals were extruded or squeezed out by the pressing
process, so that the liquid crystals in the liquid crystal
droplets changed in volume. Here, the amount of deforma-
tion is defined in accordance with the pressing condition P%
for the production process; that is, the “amount of deforma-
tion” as used herein is intended to mean the ratio of “a
difference between the length of a liquid crystal droplet
extending along the direction parallel to the substrates and
the length thereof extending along the cell gap direction”
relative to “the length of the liquid crystal droplet extending
along the direction parallel to the substrates”. Thus, the
amount of deformation is meant to be equal to the pressing
condition (deformation rate) P%. Hence, for explanatory
convenience’s sake, the term “deformation rate” as used in
the description given below is intended to include the term
“amount of deformation”, unless it is particularly specified
as a parameter which represents the extent of deformation in
the liquid crystals in the pressing process.

Next, the properties of the thus produced liquid crystal
element of the invention will be described with reference to
the drawings. The essence of the invention resides in that the
liquid crystal structure is deformed to disturb the symmetry
property of the liquid crystal droplets, whereby the orienta-
tions of the liquid crystals aligned come relatively close to
parallel to the substrates.

FIG. 5 illustrates the liquid crystal droplets independent
of each other and the phenomenon generated in the bipolar
alignment adopted as the alignment formation of the liquid
crystals. When the liquid crystal droplets 14 are complete
sphere, as shown in FIG. 5(a), poles (represented by black
circles) orient randomly. These are equivalent of typical
polymer dispersion type liquid crystal display element. In
this case, the liquid crystal droplets 14 each are symmetry in
shape and thus have no anisotropy in shape, so that no
regularity is generated in the direction for the poles to be
generated.

When the liquid crystal droplets are deformed as slightly
as 0-10%, as in the embodiment of the invention, the
spherical liquid crystal droplets are changed into a com-
pressed shape, as shown in FIG. 5(b). When the liquid
crystal droplets are deformed into an asymmetric shape, the
liquid crystals are oriented in accordance with the asymme-
try. In this Example, the structure for the poles of the bipolar
structure to be generated horizontally is stabilized. In the
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illustration, the poles of the bipolar structure may appear to
be horizontally aligned unidirectionaly, but they are sym-
bolically depicted, with the intention of indicating that the
poles are horizontally aligned. In practice, the poles are
oriented in a plane of the substrates on a random basis. A
schematic form depicting the poles of the bipolar structure
when viewed from above is shown in FIG. 5(c). Since this
alignment of the liquid crystals is caused by the structural
asymmetry of the liquid crystal droplets, although the
amount of deformation is relatively small, the alignment of
the liquid crystals can come substantially close to the
horizontal.

It was found, however, that when the liquid crystal
droplets 14 were deformed at an excessive compression rate
of 10% or more, the characteristics were deteriorated, rather
than improved. The reason therefor is that the over 10%
deformation of the liquid crystal droplets 14 causes the form
of the liquid crystal droplets 14 to come close to a disc-like
shape, and as such generates a tendency of the liquid crystal
molecules to be aligned along the direction of their being
deformed (in the vertical direction as viewed In the
drawing). This is because when the form of the liquid crystal
droplet comes close to a disc-like shape, the liquid crystal
molecules are aligned along the direction of the minor axes
of the liquid crystal droplets 14 by excluded volume effects
or packing effects of the liquid crystals. The liquid crystals
of this Example have a tendency to align in parallel with the
phase boundary of the polymer, but, as the deformation of
the liquid crystal droplets increases, the tendency toward the
vertical alignment exceeds the tendency toward the parallel
alignment along the phase boundary of the polymer through
the excluded volume effects. It was confirmed that this led
to the phenomenon that the liquid crystal molecules are
vertically oriented as shown in FIG. 5(d). Shown in FIG.
5(e) is a schematic form depicting the liquid crystal droplets
14 of FIG. 5(d) when viewed from above.

The phenomenon of the liquid crystals rising vertically
was found to be dependent on the size of the liquid crystal
droplets 14 as well, and as such makes it hard for larger
liquid crystal droplets 14 to rise up vertically. The size of the
liquid crystal droplets 14 described here means a larger
diameter thereof when viewed from the above. Also, it was
found that the liquid crystals of 10 um or more had a
tendency to relatively resist to rise-up. The smaller the
particle diameter of the liquid crystal droplets becomes, the
further the scattering of light increases in intensity, so it is
desirable for application to the scattering type liquid crystal
display element that the liquid crystal droplets have a size of
2 pm or less. It was found, however, that under the condition
of the particle diameter of 2 um or less, the intensity of the
scattering did not increase until the deformation rate was
10% or more. It is noted here that all data mentioned later
are those obtained under the condition that the diameter of
each of the liquid crystal droplets is about 1.2 um.

Also, an interaction between the phase boundary of the
polymers and the liquid crystals and a dependency on
anchoring strength were also found, and it was confirmed
that with an increasing anchoring strength or with an
increasing tendency of the liquid crystals to be horizontally
aligned along the phase boundary of the polymer, it became
hard for the liquid crystals to rise up vertically. The strong
anchoring strength causes a problem of increase in driving
voltage, so that it is difficult for liquid crystals strong in
anchoring strength to be used as the dispersion type liquid
crystal display element However, if an ample driving volt-
age can be applied to the liquid crystals, larger scattering of
light can then be provided.
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As mentioned above, the liquid crystal droplets were
deformed as slightsly as 10% or less to disturb the symmetry
property of the liquid crystal droplets, and as a result, the
orientations of the liquid crystal molecules came close to
parallel to the substrates. With this array of the liquid crystal
molecules, the following properties of the element was
obtained.

FIG. 6 shows a change in transmittance at the scattering
resulting from the change in the deformation rate P as
mentioned above. In FIG. 6, the axis of ordinates shows the
transmittance at the time of no electric filed added. In FIG.
6, a line M1 represents a change in the case of a normal
anchoring strength and a line M2 represents a change in the
case of a strong anchoring strength. Additionally, also in
FIGS. 7, 8 and 10 as described later, the line M1 represents
a change in the case of a normal anchoring strength and the
line M2 represents a change in the case of a strong anchoring
strength. The way of evaluating the anchoring strength is
however not standardized at present, so the inventors evalu-
ated the anchoring strength by using an evaluation parameter
given below.

(Driving Voltage V., For Non-Deformation)/(Particle
Diameter)

In Example 1, the evaluation parameter for the normal
anchoring strength was about 6.5 and the evaluation param-
eter for the strong anchoring strength was about 11.5. As
detailed below, at the evaluation parameter over 10, the
scattering was secen with the deformation of 20%, and
accordingly the deformation of 20% or less is effective for
improvement of characteristics.

First, a description on the normal anchoring strength
represented by the line M1 will be given below. As repre-
sented by the line M1 in FIG. 6, in the range of the
deformation rate P of 0 to 10%, the transmittance decreases
as the deformation rate increases. The more the scattering
increases, the more the transmittance decreases, for the
reason of which in the range of the deformation rate P of 0
to 10%, the scattering intensity which is inverse to the
transmittance increases as the deformation rate P increases.
A high intensity of the scattering and a low transmittance are
desirable to obtain high contrast. This increase in the scat-
tering intensity was stemmed from the liquid crystal mol-
ecules being arranged in nearly parallel with the substrates.
The anisotropy An in the refractive index with respect to the
direction parallel to the substrates, which contributes to the
scattering, increases cffectively as the orientations of the
liquid crystal molecules come close to the horizontal
direction, and as such increases the intensity of the scatter-
ing. The deformation rate of 3 to 10% is the most desirable
for providing the maximum scattering of light for the device.

In the case where coloring matters of dichroism are
contained in the liquid crystals, the coloring matters of
dichroism are also aligned nearly horizontally as the liquid
crystal molecules are aligned nearly horizontally. This
allows the dichroism ratio between the coloring matters to
increase, for the reason of which improved absorption
coefficient and contrast were obtained.

However, as represented by the line M1 in FIG. 6, the
intensity of the scattering of light deteriorated steeply at the
transmittance of 10% or more, and in fact the intensity of the
scattering was not improved; rather than it was deteriorated
by doing the deformation. This is because when the liquid
crystal droplets are compressed too much, the tendency of
the liquid crystal molecules being aligned vertically to the
substrates is strengthened.

Also, the improvement in intensity of the scattering is
dependent on the anisotropy An in refractive index of the
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liquid crystal materials, and some effects were seen when the
An was 0.245 or more and significant effects were obtained
when the An was 0.26 or more.

Shown in FIG. 7 is a change in driving voltage V90 across
the same cell gap resulting from the change in the defor-
mation rate P as mentioned above. It is noted here that V90
means the driving voltage at the transmittance of 90%.

As apparent from the result represented by the line M1 of
FIG. 7, as the deformation rate P increases, the V90
decreases. This is also because as the orientations of the
liquid crystal molecular alignments came close to parallel to
the substrates, the effective anisotropy Ae in dielectric
constant increased. This dependence of V90 is dependent on
the anisotropy Ae in dielectric constant of the liquid crystal
materials. From the obtained results, it was confirmed that
the V90 decreased at A € of 5 or more and decreased
significantly at A € of 8 or more.

Shown in FIG. 8 is a change in steepness resulting from
the change in deformation rate P as mentioned above. It is
noted here that as shown in FIG. 9, the index y representing
the steepness is defined by the ratio between the driving
voltage V90 at the transmission of 90% and the driving
voltage V10 at the transmission of 10%; that is, y can be
expressed as y=V90/V10. As apparent from the result rep-
resented by the line M1 of FIG. 8, the values of y decreases
as the deformation rate P increases, that is, the steepness
becomes steeper with an increasing deformation rate P.

Shown in FIG. 10 is a change in speed of response
resulting from the change in the deformation rate P as
mentioned above. It is noted here that the speed of response
was evaluated using the following values. When alternating
waveforms of V90 and V10 shown in FIG. 11(b) are applied
to the liquid crystal panels alternately, the amount of the
transmitted lights changes from 10% (ie., 80%x10%) to
90% (i-c., 80%x90%) and from 90% (ie., 80%x90%) to
10% (ie., 80%x10%) in the amount-of-change range
between 10% and 90%, as shown in FIG. 11(a). The values
obtained by adding the rising time T1 for the amount of the
transmitted lights to change from 10% to 90% in the
amount-of-change range between 10% and 90% and the
rising time T2 for the same to change from 90% to 10% were
taken as evaluation values of speed of response. As obvious
from the line M1 of FIG. 10, the speed of response decreases
with an increasing deformation rate P.

The decrease in the applied voltage V90 is one of the
factors that cause the speed of response to decrease with an
increasing deformation rate P as mentioned above, but the
principal factor is that the orientations of the liquid crystal
molecular alignments come relatively close to parallel to the
substrates, and accordingly the momentum required to bring
the molecules to rise up by the application of voltage
increases.

As mentioned above, the deformation rate P advanta-
geously provides the increased intensity in the scattering and
the decrease in the applied voltage V90, but disadvanta-
geously provides reduction of the speed of response. When
the TFT substrate is used as in the embodiment of the
invention, the y property need not be made steepness, so that
it is desirable to satisfy the relation of the deformation rate
P(%) being 10% or less, without any consideration of the e
property. This is because the transmittance decreases for the
present with an increasing deformation rate, but after the
deformation rate exceeds 10%, the transmittance increases
rather than when the liquid crystal droplets are not
deformed, as apparent from the result represented by the line
M1 of FIG. 6.

Also, from the viewpoint of attaching importance to the
speed of response, it is preferable to satisfy the relation of
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deformation rate P(%) being 5% or less, because the trans-
mittance increases steeply at the deformation rate of 5%, as
seen from the result represented by the line M1 of FIG. 6.

For the abovesaid deformation of the liquid crystal
droplets, it is essential that the orientations of the liquid
crystal molecular alignments are brought relatively close to
parallel to the substrates (in other words, the effective tilt
angles (0 p) of the liquid crystal molecules are controlled) by
the deformation of the liquid crystal droplets. It is noted here
that the effective tilt angles are an index to indicate angles
at which the mean orientations of the liquid crystal mol-
ecules to which no electric field is added are tilted from the
parallel direction of the substrates. On the other hand, when
the orientations of the liquid crystal molecular alignments
are brought close to parallel to the substrates, as described
above, the dielectric constant varies. Hence, defining the
dielectric constant is also practicable for attaining the liquid
crystal display element capable of providing improved scat-
tering characteristics without impairing the display charac-
teristics and also providing an increased steepness of the
transmitted light amount with respect to voltage, to enable a
passive matrix drive.

The inventors have succeeded in defining the dielectric
constant experimentally. Specifically, when the dielectric
constant are measured through the application of a very low
voltage of about 0.1V, it is assumed that no substantial error
exists between the measured values measured under the
application of a very low voltage and values of the dielectric
constant obtained under the application of no voltage.
Hence, considering the measured values as dielectric con-
stant of the liquid crystal molecules to which no voltage is
applied, the inventors conducted characteristic tests on lig-
uid crystals of non-deformed and those different in defor-
mation rate,

As a result of this, if the dielectric ratio E is set as
E=(eL-¢ Ll)/A¢, improvement in scattering property and
reduction of voltage were attained when E Is in the range of
0.08 or more to less than 0.345. In the above equation, ¢ L
represents dielectric constant of the liquid crystal molecules
to which no voltage is applied; e L represents dielectric
constant in a vertical direction of the liquid crystal mol-
ecules; and Ae represents a difference between a dielectric
constant € | of a parallel direction to the liquid crystal
molecules and e L. Preferably, E is in the range of 0.11 or
more to less than 0.345. It is noted that no deformation is
given to the liquid crystals at the value of E of 0.345; the
deformation rate P becomes 10 at the value of E of 0.08; and

As described above, desirable dielectric constant of the
liquid crystals was experimentally specified successfully,
while the relation between the effective tilt angle (6 p) of the
liquid crystal molecule and the dielectric constant € L
thereof is given by € L=¢ 1 xsin®0 p. Hence, it is possible to
define the effective tilt angle (¢ p) from the value of E of the
liquid crystal molecules.

If it is now assumed that the absolute value of an angle at
which rod-like liquid crystal molecules are tilted from the
direction parallel to the substrates is expressed as 6 and the
mean value of all liquid crystal molecules is expressed as 6
p, the condition of E follows that 6 p is in the range of 17
or more to less than 35.5, preferably of 20 or more to less
than 35.5. It is noted that at the value of 8 p of 35.5, no
deformation is given to the liquid crystals.

The associated relationship among the dielectric ratio E,
the mean value 6 p and the deformation rate P is shown in
Table 1 given below.
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TABLE 1
Dielectric ratio E Mean Value 6 p Deformation rate
0.345 355 0
0.33 35 0.5
0.11 20 5
0.1 18 8
0.08 17 10
0.05 13 15
0.03 10 20

Next, the characteristics in the case of the strong anchor-
ing strength is described below with reference to FIGS. 6, 7,
8 and 10. The characteristics in the case of the strong
anchoring strength are represented by the line M2 In FIGS.
6, 7, 8 and 10. In the case of strong anchoring strength as
well, a similar phenomenon to that in the case of the normal
anchoring strength is generated, but the tendency of the
liquid crystals to rise up vertically to the substrates is
reduced. This is apparently seen from the line M2 in FIGS.
6, 7, 8 and 10.

The relationship between the transmittance and the defor-
mation rate at the time of scattering shown in FIG. 6 is such
that: at the deformation rate of 10%, the intensity of the
scattering amounts to nearly maximum, in other words, the
transmittance amounts to the minimum; at the deformation
rate of 10% or more, the transmittance Increases; and at the
deformation rate of 20%, the scattering of light amounts to
the same value as at the initial state of no deformation being
given, as shown in the line M2. At the deformation of 20%
or more, the scattering of light gets worse than at the initial
state and no improvement of scattering effects was seen. In
other words, in the case of high anchoring strength, the effect
of improvement of the scattering was seen at the deforma-
tion rate of 20% or less, as represented by the line M2.

Also, as represented by the line M2 of FIG. 7, the driving
voltage decreases with an increasing deformation rate P.
which is the same as in the case of the line M1 for the normal
anchoring strength. However, the strong anchoring strength
involves a disadvantage of a rise of the driving voltage, and
as such required nearly two times more driving voltage in
Example 1. Though the strong anchoring strength involves
the disadvantage of a rise of the driving voltage, if the
driving mode can afford to raise the driving voltage, the
strong anchoring strength forms an effective means.

Also, FIG. 8 shows the relationship with steepness. There
is no fundamental difference over the case of the normal
anchoring strength. Further, FIG. 10 shows the relationship
with the speed of response. The speed of response increases
with an increasing anchoring strength, depending on high
applied voltage.

EXAMPLE 2

In the embodiment 2, the extrusion of the liquid crystals
was performed by means of a heat treatment. The polymer
dispersion type liquid crystal element after polymerization
or the polymer network type liquid crystal element was
maintained at 120° C. for 50 hours without sealed. By this
treatment also, the cell gap was reduced by 3% and the
similar properties to those described above was obtained.
This results from a volume expansion caused by the heat
treatment. Specifically, the liquid crystal materials expand at
the coefficient of volume expansion of about 0.3x107°[(K-
1]. Hence, the liquid crystal material develops into an
expanded state under the high temperature of 120° C. and
thus the internal pressure was increased. As a result of this,
the liquid crystal materials are brought into a state that is
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virtually the same as the pressed state, an accordingly the
liquid crystals are squeezed out from the unsealed injection
port. The extrusion of the liquid crystal materials is thus
produced.

Also, with the rise to the isotropic liquid phase, which is
in a higher level in temperature than the nematic phase by
heating, the fluidity was significantly increased, so that the
extrusion of the liquid crystal materials was effectively
performed.

EXAMPLE 3

In Example 3, the extrusion of the liquid crystals was
performed by means of both pressure and heating. Perform-
ing the extrusion by means of the pressure only, as in the
case of Example 1, requires a relatively much time, because
the liquid crystals are not high in fluidity. Here, the liquid
crystal display element was allowed to stand at a high
temperature (120° C.) with pressurized with the jig of
Example 1. By allowing the liquid crystal element to stand
at a high temperature, the fluidity is raised, so the time for
extrusion can be shortened. In the embodiment, it took 3
hours to obtain the deformation rate of 3%.

EXAMPLE 4

In Example 4, the pressurization was performed by means
of a vacuum pack, as shown in FIG. 12. In Examples 1 and
3 using the pressuring jig, there is a possibility that con-
taminants may enter into between the panels to produce
unevenness in pressing. In this Example, the liquid crystal
panels 23 were contained in a pack 30 and then a vacuum
was produced in the pack 30 by suction of air, whereby the
liquid crystal panels were pressed uniformly. This process
however requires sufficient time because the pressure
employed is as low as the atmospheric pressure. In the
embodiment, it took 30 hours to obtain the deformation rate
of 3% when the panels are allowed to stand at 120° C.

EXAMPLE 5

In Example 5, an application of hydrostatic pressure is
employed for the pressurization. After having been sub-
jected to the vacuum package treatment, the abovesaid
liquid crystal panels were given pressure by soaking the
panels in a pressure tank, at which the hydraulic pressure
was 1 kbar. Then, the panels were allowed to stand at room
temperature. In the embodiment, it took 8 hours to obtain the
deformation rate of 3%.

EXAMPLE 6

In Example 6, the extrusion was performed by means of
aroller press. Specifically, as shown in FIG. 13, the panel 23
was inserted in between a roller 41A containing a heating
means 40 and a roller 41B, to do the extrusion. In the
embodiment, It took 30 minutes to obtain the deformation
rate of 1%.

EXAMPLE 7

In Example 7, the extrusion was performed by means of
a volume expansion of a chalcogenide glass. Example 7 is
substantially the same as Example 1, except that a chalco-
genide glass layer is formed on the substrate 11 at the inner
side from the electrode 12, which is one characteristic
feature of Example 7, and that after the irradiation of
ultraviolet, the chalcogenide glass is irradiated with a laser
beam, which is another characteristic feature in operation of
Example 7.
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It is generally known that the chalcogenide glass (c.g. As2
$3) is expanded in volume when irradiated with a laser beam
(See. Japanese Laid-Open Patent Publication No. Hei
8-86903, for example). The chalcogenide glass layer was
pre-formed in the liquid crystal panel. After the liquid
crystals were separated out through the irradiation of ultra-
violet to obtain the polymer network structure, the chalco-
genide glass layer was irradiated with the laser beam. Then,
the chalcogenide glass was expanded to allow the internal
pressure of the liquid crystal panel to rise, with the aid of
which the extrusion of the liquid crystals were attained.

EXAMPLE 8

In the above-described Examples 1 through 6, after
polymerization, the liquid crystals were squeezed out by
means of pressure and the like so that the liquid crystals can
be deformed in the cell gap direction to bring the orienta-
tions of the liquid crystal molecular alignments relatively
close to parallel to the substrates. In contrast to this,
Example 8 features that orientations of the liquid crystal
molecular alignments are brought close to parallel to the
substrates without any deformation of the liquid crystals.
The liquid crystal molecules tend to align along magnetic
field. With the aid of this tendency or property, the liquid
crystals were rotated in the magnetic field and thereby the
orientations of the liquid crystal molecular alignments were
successfully aligned relatively uniformly with respect to the
direction parallel to the substrates.

Specifically, as shown in FIG. 14, a turntable 45 was
installed in the magnetic field generated by magnetic field
addition means 43, and the polymerizing process as
described in Example 1 was carried out on the turntable 45.
The ultraviolet from a ultraviolet lamp 46 was irradiated on
the liquid crystal panel 23 mounted on the turntable 45
through a filter 47 and thereby the polymerization of the
monomers was progressed to deposit the liquid crystals.
When a voltage is being applied to the magnetic field at this
time, the liquid crystal molecules tend to align along the
direction of the magnetic field. Here, the turntable 45 is
being rotated, so that there is a high probability for the liquid
crystal molecules to orient in the direction parallel to the
substrates, thus allowing the liquid crystal molecular align-
ments in the direction parallel to the substrates to be uniform
in orientation, as shown in FIG. 15. Further, the rotation of
the turntable 45 allows the liquid crystal molecules to be
random in respect of orientation in a plane of the substrates,
as shown in FIG. 16. FIG. 16 is a conceptual representation
of the liquid crystal display element when viewed from the
top. In FIGS. 15 and 16, the orientations of the liquid crystal
molecular alignments are each depicted by an arrow.

When reduction of the effective tilt angle is made by
means of the press and deformation, equally pressing the
liquid crystal molecules in the cell gap direction is difficult,
and as such generates a shearing stress in the direction
parallel to the substrates, to allow the main axes of the liquid
crystals to align along the shearing direction. In this respect,
in Example 8, by rotating the turntable 45 in the magnetic
field, the orientations of the liquid crystals aligned were
brought relatively close to parallel with the substrates but
random in a plane of the substrates, thereby providing a
further improved intensity of the scattering.

Also, where the effective tilt angles of the liquid crystals
are controlled by means of the magnetic field, as in the case
of Example 8, the liquid crystal droplets are nearly a sphere
in shape and are not given any particular deformation.
However, it was found that at the magnetic field strength of
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0.3 tesla, the effective angle (8 p) of the liquid crystal
droplets was a 30 degree and thus the proportion of the
deformation with respect to the direction parallel to the
substrates increased relatively. The degree of the molecular
alignments was dependent on the magnet field strength, and
the effect was seen at the magnetic field strength of 0.1 tesla
or more. At the magnetic field strength of 3 tesla or more, the
effective tilt angle (0 p) of the liquid crystal molecules of
substantially a zero degree was obtained.

When the polymer dispersion type liquid crystal element
is pressed and deformed, the scattering of light begins to
deteriorate steeply with the deformation rate of 10% or
more. This is why as the deformation increases, the mol-
ecules begin to rise up vertically to the substrates, as
mentioned above, and thereby the effective tilt angles
increase. For this reason, the deformation has a limitation in
reducing the effective tilt angle. In Example 8, the effective
tilt angles were able to be reduced to a zero degree by the
reduction of the tilt angels of the molecules, without per-
forming the deformation. This enabled the intensity of the
scattering to be increased without any deterioration of the
intensity of the scattering as shown in the FIG. 6. According
to Example 8, the good properties was obtained when the
effective tilt angle 6 p was in the range of 0 or more to less
than 35.5. If this condition Is applied to the case where the
dielectric constant is set as E=(e L—e L)/A €, taking € L as
a dielectric constant of liquid crystals contained in the
complex, € L as a dielectric constant in a vertical direction
of a liquid crystal molecule in a simple liquid crystal and A
€ as anisotropy in the dielectric constant in the simple liquid
crystal, the result follows that E is in the range of 0 or more
to less than 0.345.

Further, in Example 8, no anisotropy in azimuth angles of
the liquid crystal molecules with respect to the direction
parallel with the substrates is beneficial for facilitating
generation of the scattering of light.

EXAMPLE 9

As shown In FIG. 17, the polymerization made through
the application of polarized ultraviolet in the polymerization
process also enabled the orientations of the liquid crystal
molecular alignments to come close to parallel to the
substrates, without any pressing of the liquid crystals, as in
the case of

EXAMPLE 8

Specifically, when polymerized through the application of
ultraviolet to deposit the liquid crystals, the monomers were
irradiated with the polarized ultraviolet. Here, an ultraviolet
polarizer 48 was set between a liquid crystal panel 23 and a
ultraviolet lamp 46 and was kept on rotating. The polarized
ultraviolet impinges on the panel 23 and so the polymeriza-
tion of the monomers progresses, with anisotropy in orien-
tation of polarized fights. Since orientation of polarization
changed, the probability of the liquid crystal molecules
being oriented nearly in parallel with the substrates
increased, though random with respect to the orientation in
a plane of the substrates.

EXAMPLE 10

In Example 10, the polymerization was performed under
high temperature, and thereby the polymer dispersion type
liquid crystal element or polymer network type liquid crystal
element deformed into a compressed form was attained.

As described in Example 1, temperature of the liquid
crystal panel filled with the mixture of liquid crystals and
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monomers is increased to high temperature, at the tempera-
ture of which ultraviolet is irradiated to allow the liquid
crystals to be deposited. The liquid crystals formed at high
temperature have a isotropic shape under high temperature
(sphere in the polymer dispersion type liquid crystal
element). When the formed liquid crystals are cooled to
room temperature, the liquid crystals are contracted in
volume. The coefficient of contraction of glass is small, so
the liquid crystals are small in contraction in the plane of the
substrates. Due to this, the contraction of volume is gener-
ated in the cell gap direction. When the liquid crystals, after
polymerization at 60° C., were cooled to 30° C., the volume
of the liquid crystals were contracted 3% in the cell gap
direction, which equals to the deformation rate P(%) of 3%.
Thus, the same property was obtained in this Example.

The polymerization at 35° C. is sufficient for obtaining the
deformation rate P(%) of 0.5%; the polymerization at 40° C.
or more is desirable for obtaining satisfactory effects. From
around 70° C. the size of the polymer matrix increased
disadvantageously, and over 80° C. the monomer materials
vaporized undesirably. A sufficient polymerization tempera-
ture is in the range of 35° C. or more to 80° C. or less,
preferably, 40° C. or more to 70° C. or less.

EXAMPLE 11

In Example 11, the passive matrix drive employing no
TFT substrates was made available. The panel structure is
substantially the same as that of Example 1, but the sub-
strates used are those using no TFT. Due to this, in this
Example, selection signals were scanned over one of the
substrates, whereas signals corresponding to the presence or
absence of displays are applied to the other of the substrates.

The passive matrix is somewhat poor in speed of response
and 1in scattering of light, but is not required for properties
so much as the TFT panel; rather than the passive matrix is
advantageous in considerable costs reduction.

As described in Example 1, the steepness increases with
an increasing deformation rate. As shown in FIG. 8, the y
becomes 1.3 or less at the deformation rate of 8% or more,
then enabling the passive matrix drive of 10 lines or more.
However, when the deformation rate exceeds 20%, the
intensity of the scattering under a low temperature deterio-
rates so significantly that it is difficult to use. In addition,
with the deformation rate of 20% or more, pressure reduc-
tion develops considerably, causing the problem that
bubbles are easily generated under a low temperature. From
the viewpoint of attaching importance to the speed of
response, it is preferable to limit the deformation rate to 15%
or less.

The effective tilt angle (0 p) of the liquid crystal mol-
ecules is then in the range of 10 or more to 18 or less,
preferably, 13 or more to 18 or less, and the dielectric ratio
(E) comes to be in the range of 0.03 or more to 0.10 or less,
preferably, 0.05 or more to 0.10 or less.

EXAMPLE 12

FIG. 18 shows a sectional view of the liquid crystal
display element of Example 12 according to the invention,
and FIG. 19 shows a plan view thereof. In FIGS. 18 and 19,
the same element as those in Example 1 are provided with
the same reference numerals and the explanation thereon is
omitted. Example 12 is different from Example 1 in that the
liquid crystal droplets 14A each have a spherical structure,
not a compressed structure and that the liquid crystal mol-
ecules in the liquid crystal droplets 14A aligned are rendered
more random in a plane of the substrates.
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In FIG. 18, the array of the liquid crystal molecules is
depicted as a bipolar structure with two poles orienting at the
lateral sides of the Figure, with an intention of defining the
bipolar axes as being located in nearly parallel with the
substrates, not as being aligned in uniaxially. The bipolar
axes are located in the plane of the substrates on a further
random basis than in Example 1, as shown in FIG. 19.

By bringing the orientations of the liquid crystal molecu-
lar alignments close to the horizontal like this, the anisotropy
An in refractive index with respect to the direction parallel
to the substrates which contributes to the scattering of light
is increased effectively, and as a result of this the scattering
intensity is increased. Also, the effective anisotropya € in
dielectric constant is also increased, with the result that the
driving voltage is decreased. In addition, since uniform
liquid crystal molecular alignments in the inside of the liquid
crystal droplets are ensured over almost all liquid crystal
droplets 14A, the y property of the driving voltage is made
steeper advantageously.

Next, the method of producing the liquid crystal display
element having the abovesaid structure will be described
below. First, two substrates 11 are laminated together with
their confronting each other. Transference electrodes 12 are
formed on the substrates 11 at the inside thereof, respec-
tively. An active matrix substrate forming TFTs (Thin Film
transistors) is used for one of the substrates. A distance (cell
gap) between the two substrates 11 can be kept uniform with
resin beads of a grain size of for example 12 ym sprayed in
advance on the substrates.

Next, a mixture of liquid crystals, polymerizable
monomers, oligomers, and polymerization Initiators is intro-
duced in between the substrates 11 by means of a vacuum
filling. Thereafter, polymerization of the polymerizable
monomers with the oligomers is made by irradiation of
ultraviolet with dominant wavelengths of 365 nm to thereby
produce polymer network type liquid crystal element in
which spherical liquid crystal droplets 14A as liquid crystal
materials are dispersed In series in the polymer matrix. The
polymer dispersion type liquid crystal element In which the
liquid crystal droplets are dispersed in the polymer matrix
may be structurally produced, of course.

In this process, liquid crystal monomers are employed as
the polymerizable monomers, which is the characteristic
feature of the invention. The “liquid crystal monomer”
herein used is the one called as a UV curable liquid crystal,
which is a compound which exhibits a liquid crystal con-
dition in a monomer state (See. Symposium on page 391 of
The 22" Liquid Crystal Symposium by Mr. Hasebe and
others, for instance).

When the liquid crystal monomers are employed as the
polymerizable monomers, the mixture of the liquid crystals,
polymerizable monomers, oligomers, and polymerization
initiators displays a homogeneous liquid crystal layer at
room temperature. When this mixture is injected in between
the abovesaid substrates, the mixture of the liquid crystals
and the liquid crystal monomer in this Example are aligned
in parallel to the substrates. With the invention, the surfaces
of the substrates are not particularly required to be coated by
any layer, but some alignment layer with a horizontal
alignment property, which is used with the TN element and
the like, may be applied to the surfaces of the substrates.
However, no rubbing treatment for aligning the element in
one direction is performed, differently from the case of the
TN element. Like this, the mixture has exhibited a liquid
crystal condition since before polymerized, and its mol-
ecules are being aligned in parallel to the substrates.
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However, since the mixture undergoes no rubbing treatment,
the molecules are aligned in the plane of the substrates on a
random basis. This state is shown in FIG. 20. FIG. 20 shows
the state prior to polymerization, FIG. 20(a) is a general
view and FIG. 20(b) is a partially enlarged view of FIG.
20(a). For the sake of simplicity, the liquid crystal molecules
50 are depicted in the drawings as if they are aligned
laterally, but they are symbolically depicted with the inten-
tion of indicating that they are horizontally aligned; that is,
it does not mean that the liquid crystal molecules are aligned
unidirectionally. The liquid crystal molecular alignments are
random in orientation when viewed from the above. When
the mixture in that state is irradiated with ultraviolet, the
liquid crystal monomers 51 are polymerized and associated
together progressively. Due to this, the molecules of the
liquid crystal monomers 51 increase in size, and then the
liquid crystal molecules 50 are excluded. For this reason,
when the polymerization is advanced, the liquid crystal
monomers 51 polymerized with the liquid crystals are
separated progressively. In this Example, the liquid crystals
thus separated took a droplet form or a network form. This
state is shown in FIG. 21. FIG. 21(a) is a general view and
FIG. 21(b) is a partially enlarged view of FIG. 21(a). The
liquid crystal molecules 50 have been aligned in parallel to
the substrates from the initial condition, under the influence
of which the molecules 50 have the strong tendency of being
aligned in parallel to the substrates even after polymeriza-
tion. According to the invention, the state in which the liquid
crystal molecules 50 is aligned close to parallel to the
substrates after polymerization was realized by use of the
liquid crystal monomers 51.

Further, it may be said that the characteristic feature of the
invention resides in that the abovesaid mixture is in the
liquid crystal condition, in which the irradiation of the
ultraviolet is performed to separate the liquid crystal mono-
mers. In the prior art in which the polymerizable monomers
different than the liquid crystal monomers are employed, the
mixture of the liquid crystals, polymerizable monomers,
oligomers, and polymerization initiators displays an isotro-
pic liquid phase, as shown in FIG. 22(a). When the mixture
of such a isotropic liquid phase is irradiated with ultraviolet,
the monomers are polymerized to allow the liquid crystals to
be separated out. The then liquid crystal molecules are in the
state in which the orientations of the liquid crystal molecular
alignments are inhomogeneously distributed, as shown in
FIG. 22(a). In FIG. 22, the orientations of the liquid crystal
molecular alignments are indicated by arrows.

On the other hand, the mixture according to the invention,
in which the liquid crystal monomers are employed for the
polymerizable monomers, has exhibited a homogenecous
liquid crystal layer since before polymerization, as shown in
FIG. 22(b), and as such enables the polymerization process
in which the liquid crystals are separated out from in the
liquid crystal layer. Thus, the liquid crystal molecules are
affected by the initial orientations of the liquid crystal
molecular alignments, so if the initial orientations of the
liquid crystal molecular alignments are preset horizontally
with respect to the substrates, the molecules then have the
increased tendency of being aligned nearly the horizontal
even after polymerization.

The mixture employing the liquid crystal monomers for
the polymerizable monomers is injected in between a pair of
substrates and then is irradiated with the ultraviolet. The
liquid crystal monomers and the oligomers are then
polymerized, with the polymerization initiators formed as
the nucleus, and as a result of this, the liquid crystal droplets
14A (or the polymer network) are formed. Here, if the
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condition for allowing the molecules to be aligned in parallel
to the phase boundary of glass in the before-polymerization
liquid crystal layer is preset, the molecules is then affected
by the paralleled condition before polymerization, to
increase the tendency of the orientations of the liquid crystal
molecular alignments after polymerization being aligned
nearly in parallel to the phase boundary of glass, as shown
in FIG. 22(b), thus ideally obtaining the structure in which
the bipolar axes of the molecules are aligned in parallel to
the phase boundary of glass. Further, the liquid crystal
monomers may include chiral carbon. This can provide a
helical structure for the liquid crystal molecules to spiral in
the cell gap direction, to provide further improved scattering
effects.

In Example 12, a polyimide layer (RN740, trade name,
made by NISSAN CHEMICAL INDUSTRIES, L'TD.) was
applied to a glass substrate 11 and baked, so that the liquid
crystal molecular arrays before polymerization are preset to
be nearly parallel to the phase boundary of glass. Here, there
is no need to subject the polyimide layer to the rubbing
treatment, which contributes to simplification in process.
The rubbing treatment is not suitable for this invention in
that the orientations of the liquid crystal alignments are
aligned uniaxially by the rubbing treatment. Rather than
that, it is desirable for the invention to keep the initial
orientations of the alignments random without doing any
alignment treatment. In Example 12, no specific alignment
treatment was made, so that before polymerization the liquid
crystal molecules were aligned in parallel to the phase
boundary of glass but were oriented on a random basis in the
plane of the substrates. Hence, there was the strong tendency
of the liquid crystal molecules, after formation of liquid
crystal droplets, being oriented on a random basis with
respect to the direction in a plane of the substrates but
aligned 1n parallel to the phase boundary of the glass. Also,
the effective tilt angles (8 p) of the then liquid crystal
molecules were reduced and became as small as 20°.

Thus, according to Example 12, by presetting the liquid
crystal molecular alignments in the liquid crystal display
element to be parallel to the phase boundary of glass, similar
results to those in the above-described embodiments were
attained, while also by orienting the liquid crystal molecular
alignments in the plane of the substrates on a further random
basis than in the above-described embodiments, further
improved scattering characteristics were yielded.

In this respect, it is noted, for reference purposes, that in
the case of the mode in which polymerization is carried out
in magnetic field or by the application of polarized
ultraviolet, as in the case of Example 8 or 9, rotation speed
of the turntable or of the polarizer must be controlled, so that
it is difficult to produce completely random orientations of
the liquid crystal molecular alignments in the plane of the
substrates. In Example 12, completely random orientations
of the liquid crystal molecular alignments in the plane of the
substrates was achieved with a simple mode, as mentioned
above, thus providing an advantage of facilitating the pro-
duction.

Next, comparison between the liquid crystal display ele-
ment produced by the above-described method of Example
12 and those produced by the conventional method in which
no liquid crystal monomers were employed as the polymer-
izable monomers was made on their characteristics of a
scattering gain, the driving voltage and the y property. The
term of “scattering gain” herein used means an index to
indicate the degree of the scattering of light. If the scattering
gain is set G, the G is represented as G=(a luminance of
panel/a illumination of panel)xm. Also, the liquid crystal
display element of Example 12 have the effective tilt angles
(8 p) of 20°.
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By bringing the liquid crystal molecular arrays close to
parallel to the horizontal, in other words, by reducing the
effective tilt angles (6 p) of the liquid crystal molecules, or
by decreasing the dielectric ratio E, the results of increased
scattering property, reduced driving voltage, and increased
steepness of the y property were produced, as shown in Table
2.

TABLE 2
Prior Art This Invention
Scattering Gain 12 0.85
Driving Voltage 8 7.0
y Property 17 1.5

The test results of the inventors showed that the intensity
of the scattering was increased at the 8 p of less than 35.5,
and the contrast was significantly improved at the 6 p of 20
or less. If expressed by the dielectric ratio E, in place of by
the effective tilt angles (8 p), the results follow that the
scattering property was increased with the dielectric ratio E
being in the range of 0 or more to less then 0.345, and the
contrast was significantly improved with the dielectric ratio
E of 0.11 or less.

Referring now to the anisotropy An in refractive index of
the liquid crystal monomers, there is a problem that the
increasing An causes deterioration in transparency when a
voltage is applied. The test results of the inventors showed
in this respect that there was no practical problem when the
An was 0.20 or less, and the transmittance obtained could
stand comparison with that of typical acrylic monomers
when the An was 0.15 or Iess.

EXAMPLE 13

In Example 13, one of the pair of substrates 11 was given
microscopic rubbing treatments in several directions, as
shown in FIG. 23, and microscopic asperities were formed
on the other of the substrates, as shown in FIG. 24. Others
are the same as those of Example 12.

The microscopic rubbing treatments were carried out by
pressing a roughened sheet having microscopic asperities
with 20 um pitches against the surface of the substrate 11
and rubbing it thereon in several directions at several times
per direction. The polyimide layer (RN740, trade name,
made by NISSAN CHEMICAL INDUSTRIES, L'TD.) was
employed for the alignment layer. The microscopic asperi-
ties on the other substrate 11 were made of acrylic resins and
were randomly formed with 1 um pitches and 0.1 um
heights.

The microscopic rubbings and asperities on the surfaces
of the substrates thus formed provided the results that the
orientations along which the molecules of the mixture before
polymerization are to be arranged were rendered more
random and finer, thus providing further improved intensity
of the scattering.

Further, the embodiment 13, in which one substrate was
given to microscopic rubbing treatments and microscopic
asperities were formed on the other substrate, may be
modified so that only one substrate is given to the micro-
scopic rubbing treatments, while a general type substrate is
used for the other substrate without forming any micro-
scopic asperities thereon. Likewise, the embodiment 13 may
be modified so that the microscopic asperities are formed on
one substrate, while a general type substrate given to no
rubbing treatments is used for the other substrate.

Though references were given to the liquid crystal display
element of active matrix drive in Examples 12 and 13, the
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invention according to which the liquid crystal monomers
are employed for the polymerizable monomers is suitably
workable to the liquid crystal display element of passive
matrix drive. In the case where the invention is applied to the
liquid crystal display element of passive matrix drive, the
effective tilt angle (0 p) of the liquid crystal molecules may
be in the range of 10 or more to 18 or less, preferably, 13 or
more to 18 or less, or if expressed by the dielectric ratio E,
in place of by the effective tilt angel, it follows that the
dielectric ratio E may be in the range of 0.03 or more to 0.10
or less, preferably, 0.05 or more to 0.10 or less.

Second Embodiment

While 1n the first embodiment mentioned above, the
polymerization process to the mixture is performed in only
one step, in the second embodiment, the polymerization
process to the mixture is performed in two steps including a
step for performing a polymerization to the mixture even
after the compressing process of the liquid crystals, to
produce the liquid crystal display element. The use of this
two-steps polymerization mode enables the liquid crystal
compression time to be considerably shortened, in compari-
son with the first embodiment. The substantial contents of
the second embodiment will be described below, with ref-
erence to Examples 1 through 8.

EXAMPLE 1

In Example 1, the liquid crystal display element according
to the invention was produced by means of (1) preparation
of an evacuated cell; (2) preparation of the mixture; (3) an
injection process of the mixture into between the substrates;
(4) a first polymerization process; (5) an extrusion process of
the liquid crystals; and (6) a second polymerization process.

Specific description on these processes will be given
below.

(1) Preparation of an Evacuated Cell

A pair of transparent glass substrates with transference
electrodes are laminated together via spacers, with an end-
sealing part, which is made of heat-curing-type sealing
materials and through which liquid crystals are injected,
being interposed between the substrates, and then the sealing
materials are completely cured by heating, to prepare the
evacuated cell.

(2) Preparation of the Mixture

Liquid crystal materials, thermal polymerization
initiators, photo polymerization initiators and polymerizable
materials are added and then the resultant mixture is stirred
to prepare a homogeneous mixed solution.

Here, as for the liquid crystal materials, various kinds of
liquid crystal materials, such as nematic liquid crystals,
cholesteric liquid crystals, and smectic liquid crystals, which
have anisotropy in positive dielectric constant and exhibit
the liquid crystal condition at around ordinary temperatures,
may be emploved. An actual example of the liquid crystal
materials is TL-213 (made by Merck Japan Limited). One
kind of or the mixture of two or more kinds of liquid crystal
materials may be available. Also, for-example coloring
matters of dichroism may be contained in the liquid crystal
materials. Further, the invention may be designed so that the
coloring matters of dichroism, different in color from each
other, are contained in the liquid crystal materials and the
polymer.liquid crystal complex layers are laminated so that
the invention can be applicable to the liquid crystal display
element able to display in full color.
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As the thermal polymerization initiators, t-butyl peroxide
may be employed, for example.

As the photo polymerization initiators, DAROCUR 1173
(made by CIBA-GEIGY LID.) may be employed, for
example.

As the polymerizable materials, various kinds of poly-
merizable materials which are polymerized by light or heat
to produce polymer compounds having transparency may be
employed. Typically, monomers and oligomers having poly-
merizable functional group including e.g. acrylate, meth-
acrylate and epoxy are employed. Specifically, as the poly-
merizable monomers, n-ridecyl acrylate, 2-ethylhexyl
acrylate, 2-hydroxyethyl acrylate, monohydroxyethyl acry-
late phthalate, neopentyl glycol diacrylate and hexane diol
diacrylate may be employed, for example. As the polymer-
izable oligomers, polyurethane acrylate, 1,6 hexane diol
diacrylate, pentaerythritol diacrylate monostearate, oli-
gourethane acrylate, polyester acrylate, glycerine diglycidyl
ether may be employed, for example.

The thermal polymerization initiators’ content and the
photo polymerization initiators’ content are determined
allowing for the first and second polymerization processes.
Specifically, when the first polymerization process is per-
formed by the thermal polymerization, the thermal polymer-
ization initiators’ content is set to such an amount that the
thermal polymerization initiators may be wholly consumed
by polymerization reaction with the polymerizable
materials, to produce a first polymerization state. The first
polymerization state means a predetermined curing state in
which polymers and liquid crystals are in phase separation
and also the polymerization reaction of the polymerizable
materials is in the course of progress, so that unreacted
polymerizable materials remains in the polymers and also
the curing state of the polymers allows a part of the liquid
crystals in the separated liquid crystal droplets to be
extruded out from between the substrates.

When the second polymerization process is performed by
the photo polymerization, the photo polymerization initia-
tors’ content is set to such an amount that at least the photo
polymerization initiators may be reacted with the remaining
unacted polymerizable materials, to produce a second poly-
merization state. The second polymerization state means a
curing state in which the polymers are completely cured by
subjecting the remaining unacted polymerizable materials to
photo polymerization to allow the polymerization reaction
of all the polymerizable materials to be completely con-
cluded.

In the case where the first polymerization process is
performed by the photo polymerization and the second
polymerization process is performed by the thermal
polymerization, the thermal polymerization initiators’ con-
tent and the photo polymerization initiators’ content are
determined based on the same concept as in the case where
the first polymerization process is performed by the thermal
polymerization and the second polymerization process is
performed by the photo polymerization.

(3) Injection Process of the Mixture into Between
the Substrates

The solution mixture is injected from the end-sealing part
of the evacuated cell.

(4) First Polymerization Process

The mixture in the liquid crystal cell is heated. By the
heating, the polymerizable materials (polymerizable mono-

10

15

20

25

30

35

40

45

50

55

60

65

34

mers and oligomers) are reacted with the thermal polymer-
ization initiators, so that the polymers and the liquid crystals
are phase separated. The liquid crystals phase separated are
formed into spherical liquid crystal droplets having a diam-
eter of around a few um and are dispersed in the polymer-
Jiquid crystal complex.

As shown in FIG. 25, the first polymerization process
ends at the first polymerization state in which the polymer-
ization reaction of all the polymerizable materials is not
completely concluded (in which e.g. 80% of the entirety are
polymerized). Hence, in the first polymerization state, the
polymerizable materials of for example about 20% remains
unreacted.

(5) Extrusion Process of the Liquid Crystals

To deform the spherical liquid crystal droplets into com-
pressed or flattened form, the liquid crystal cell is pressed to
extrude the liquid crystals from the end-sealing part of the
liquid crystal cell. It is noted here that as mentioned above,
in the first polymerization process, the polymerization reac-
tion of all the polymerizable materials is not completely
concluded, and hence the extrusion of the liquid crystals can
be made easily. Thus, the extrusion of the liquid crystals
allows the liquid crystal droplets to have a compressed
structure of their being contracted in the cell gap direction.
This can form an increasing proportion of the liquid crystal
molecules aligned in nearly parallel with the substrates with
respect to the liquid crystal molecules in the liquid crystal
droplets, to increase the intensity of the scattering. The
compression of the liquid crystal droplets has a deformation
ratio of 1.15 or less, when expressed in deformation ratio.

A press, a roller, a vacuum pack and the like are used as
means for pressing the liquid crystals.

It should be noted that the extrusion process of the liquid
crystal may be performed during the first polymerization
process.

(6) Second Polymerization Process

After the extrusion process of the liquid crystals, the
mixture is irradiated with the ultraviolet, to subject the
remaining unreacted polymerizable materials to the photo
polymerization, and thereby the polymerization reaction of
all the polymerizable materials in the mixture are completely
concluded, as shown in FIG. 25. Since the polymers are
completely cured by this process, the liquid crystal droplets
are allowed to keep their compressed structure over the long
time, to improve the reliability of the liquid crystal display
element. It should be noted that the second polymerization
process may be performed during the extrusion process of
the liquid crystals.

Thus, according to the invention, the liquid crystal display
element excellent in scattering for light and high in reliabil-
ity can be produced.

The producing method of Example 1 is more specifically
described below with reference to FIG. 26.

A pair of transparent glass substrates 61, 62 with trans-
ference electrodes 63, 64 made of indium.tin oxide layer
were laminated together via plastic spacers having a diam-
eter of 12 ym (MICRO PEAL (trade name) made by
SEKISUI FINE CHEMICAL CO., LTD), with an end-
sealing part 69 (FIG. 27) of heat-curing-type sealing mate-
rials 68 (STRUCT BOND (trade name) made by MITSUI
TOATSU CHEMICALS, INC) being interposed between
the substrates, and then were heated at 150° C. for 2 hours
to allow the sealing materials to be completely cured, to
obtain the evacuated cell.
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Next, 8.50 g of TL-213 (made by Merck Japan Limited)
as the liquid crystal material, 0.80 g of n-tridecyl acrylate as
the polymerizable monomer, 0.60 g of polyurethane acrylate
as the polymerizable oligomer, 0.05 g of t-buthyl peroxide
as the thermal polymerization initiator, and 0.05 g of
DAROCUR 1173 (made by CIBA-GEIGY LTD.) as the
photo polymerization initiator were added and then the
resultant mixture was fully stirred at 25° C. to prepare a
homogeneous mixed solution 60.

The homogeneous mixed solution 60 was vacuum
injected into the evacuated cell from the end-sealing part 69
at 25° C. to form the state as shown in FIG. 26(a). The
end-sealing part 69 was kept unsealed at this stage. Then, the
liquid crystal cell in which the mixture was filled was heated
as shown in FIG. 26(b), or specifically, the liquid crystal cell
was left in a constant temperature tank set at 100° C. for 1
hour. As a result of this, the polymers and the liquid crystals
were phase separated to obtain the polymerliquid crystal
complex 65. At this time, unreacted polymerizable materials
remained in the complex 65. This was confirmed by mea-
suring a phase transition temperature of nematic phase-
isotropic phase of the liquid crystal cell. Also, it was also
confirmed that the complex 65 in the liquid crystal cell had
a structure in which a continuous phase of the liquid crystal
was charged in the three dimensional network-like polymer.

Next, as shown in FIG. 26(c), the liquid crystal cell was
pressed under room temperature with a pressing device in
which compressed air 74 of 1 kg/cm? is charged in a balloon
73 through cushioning materials 71, 72 to extrude the liquid
crystals from the end-sealing part 69.

After the liquid crystal cell was allowed to stand for 10
minutes, the extruded liquid crystals were wiped off the
end-sealing part 69, which was then sealed by ultraviolt-
curing-type sealing resin 75 (e.g. LOCTITE LPD-155 made
by LOCTITE JAPAN CORPORATION).

Next, as shown in FIG. 26(d), the liquid crystal cell was
irradiated with the ultraviolet from a high pressure mercury
lamp of 100 mW/cm? in light intensity, which was allowed
to pass through an ultraviolet intercepting filter UV-35
(made by TOSHIBA GLASS CO., LTD) capable of inter-
cepting wavelength components of 350 nm or less, at 25° C.
for 60 seconds. In this process, the remaining unreacted
polymerizable materials were polymerized by the reaction
with the photo polymerization initiators. At the same time,
the ultraviolet-curing-type sealing resins 75 were also cured.

The polymer dispersion type liquid crystal display ele-
ment thus produced was evaluated on the scattering of light
by means of transmittance. The reason the scattering of light
can be evaluated by means of transmittance is that there is
a correlation between the transmittance and the scattering of
light; when the scattering of light increases, the transmit-
tance decreases, and vice versa.

Specifically, when the transmittance was measured with
an optical property evaluation unit of LCD-5000 made by
OTSUKADENNSHI CO., LTD. under the conditions of 30°
C. in temperature; 2.8° in light-interception angle; and no
electric field, it was 0.8%, as shown in Table 3.
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TABLE 3
Trans-
mittance Cell Gap Trans-
(%) (em) mittance Cell Gap
Immediately Immediately (%) (um)
After After After After
Completion  Completion Passage of Passage of
of Element  of Element Time Time
Example 1 0.0 109 0.8 10.9
Comparative 1.4 12.0 14 12.0
Example 1
Comparative 0.8 109 1.0 1.4
Example 2
Comparative 0.8 109 09 1.2
Example 3
Comparative 15 10.0 15 10.0
Example 4
Comparative 1.0 10.4 1.0 10.4
Example 5
Comparative 0.8 109 09 1.2
Exampel 6

Next, when the polymer dispersion type liquid crystal
display element thus produced was measured with a micro-
scope on an average mesh size (gaps between liquid crystal
droplets of an average size aligned in parallel with the plane
of the substrates), the average mesh gap was 1.2 um.

Also, when the cell gap was measured, with the liquid
crystal molecules allowed to be fully aligned in parallel to
the electric field by applying 10V, 30 Hz of rectangular
waves to the transference electrodes 13, 14 of the polymer
dispersion type liquid crystal display element, it was 10.9
um, as shown in Table 3.

Next, after the polymer dispersion type liquid crystal
display element was allowed to stand at 60° C. for 1,000
hours, the transmittance and the call gap were measured as
in the case of the above. No changes were seen, as shown in
Table 3.

Also, the complex before extrusion and the complex
irradiated with the ultraviolet after extrusion were taken out
by cutting. After only the polymers were left by washing the
liquid crystals with isopropyl alcohol, the endothermic peak
was measured with a differential scanning calorimeter
(DSC) to determine the glass-transition temperature Tg
(temperature of endothermic peak) of the polymers. The
results were that the Tgl of the polymers in the complex
before the extrusion was about 20° C., and the Tg2 of the
polymers of the complex irradiated with ultraviolet after the
extrusion was 30° C. Thus, the condition of the Tg2 being
higher than the Tgl by 10° C. or more was fulfilled.

EXAMPLE 2

In Example 2, the liquid crystal display element was
prepared, with the first polymerization process performed by
the photo polymerization and the second polymerization
process performed by the thermal polymerization, as shown
in FIG. 28, though, in Example 1, the first polymerization
process was performed by the thermal polymerization the
second polymerization process was performed by the photo
polymerization.

A more specific description will be given below.

The mixture prepared in the same manner as in Example
1 was vacuum injected into the evacuated cell prepared in
the same manner as in Example 1 at 25° C. Thereafter, the
liquid crystal cell was put on a hot plate of 25° C., with
keeping unsealed, and then was irradiated with the ultravio-
let from a high pressure mercury lamp of 50 mW/em® in
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light intensity, which was allowed to pass through the
ultraviolet intercepting filter UV-35, for 20 seconds. As a
result of this, the polymerizable materials were polymerized
and the liquid crystals and the polymers were phase sepa-
rated to obtain the complex. The intensity of the ultraviolet
then irradiated and the irradiation time were slightly weaken
and shorten, as compared with Example 1, so that unreacted
polymerizable materials were allowed to exist. It was con-
firmed that the complex had a structure in which a continu-
ous phase of the liquid crystal was charged in the three
dimensional network-like polymer, as in the case of
Example 1.

Next, the liquid crystal cell was pressed with the press, to
extrude the liquid crystals from the end-sealing part in
substantially the same manner as in Example 1.

Thereafter, the extruded liquid crystals were wiped off the
end-sealing part, which was then sealed by ultraviolet-
curing-type sealing resin. The sealing resin at the end-
sealing part was cured with a spot UV irradiation device, as
in the case of Example 1.

Next, the liquid crystal cell was left in the constant
temperature tank set at 100° C. for 1 hour and was subjected
to the thermal polymerization to allow the remaining poly-
merizable materials to be completely polymerized.

The polymer dispersion type liquid crystal display ele-
ment thus produced were measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 0.8%, the
mesh size was 1.2 yum, and the cell gap was 10.9 um.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that no
changes were observed.

EXAMPLE 3

In Example 3, the first polymerization process was per-
formed by the photo polymerization and the second poly-
merization process was performed by the thermal
polymerization, as in the case of Example 2. However,
Example 3 is different from Example 2 in that the extrusion
process of the liquid crystals was made by heating. A more
specific description will be given below.

The complex were obtained by preparing the evacuated
cell, preparing the mixture, conducting the vacuum injection
and subjecting to the photo polymerization in substantially
the same manner as in Example 2.

In the next extrusion process, the liquid crystal cell was
heated. Specifically, the liquid crystal cell was put in the
constant temperature tank and was allowed to stand at 120°
C. for 10 hours and thereby the extrusion of the liquid
crystals and the thermal polymerization were simulta-
neously performed.

Thereafter, the squeezed or extruded liquid crystals were
wiped off the end-sealing part, which was then sealed by
ultraviolet-curing-type sealing resin, Then, the liquid crystal
cell was cooled to 25° C.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 1.1%, the
mesh size was 1.2 ym, and the cell gap was 11.6 um.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
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call gap, as in the case of the above. The result was that no
changes were observed.

EXAMPLE 4

In Example 4, the first polymerization process was per-
formed by the thermal polymerization and the second poly-
merization process was performed by the photo
polymerization, as in the case of Example 1. However, the
extrusion process of Example 4 is different from that of
Example 1 in that the liquid crystals was extruded by being
pressed with rollers, rather than with the press. A more
specific description will be given below.

The complex was obtained by preparing the evacuated
cell, preparing the mixture, conducting the vacuum
injection, and making the thermal polymerization in sub-
stantially the same manner as in Example 1.

In the next extrusion process, the liquid crystal cell was
pressed with rollers. Specifically, with its kept in heat at 100°
C., the liquid crystal cell containing the complex was
allowed to pass through between the rollers from the side
opposite to the end-sealing part. The linear velocity of the
liquid crystal cell was set at about 5 mm/sec.

Thereafter, the extruded liquid crystals were wiped off the
end-sealing part, which was then sealed by ultraviolet-
curing-type sealing resin. Then, the liquid crystal cell was
cooled to 25° C. and was polymerized through the irradia-
tion of ultraviolet, as in the case of Example 1.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 1.0% the mesh
size was 1.2 um, and the cell gap was 11.4 um.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case with the above. The result was that
no changes were observed.

EXAMPLE 5

In Example 5, the first polymerization process was per-
formed by the thermal polymerization and the second poly-
merization process was performed by the photo
polymerization, as in the case of Example 1. However, the
extrusion process of Example 5 is different from that of
Example 1 in that the liquid crystals was extruded by being
pressed with the vacuum package, rather than with the press.
A more specific description will be given below.

The complex was obtained by preparing the evacuated
cell, preparing the mixed composition, conducting the
vacuum injection, and making the thermal polymerization in
the same manner as in Example 1.

In the next extrusion process, the liquid crystal cell was
pressed by means of the vacuum package. Specifically, with
its kept in heat at 100° C., the liquid crystal cell containing
the complex was subjected to vacuum-packed treatment
quickly and was allowed to stand again in the constant
temperature tank of 100° C.

After the liquid crystal cell was allowed to stand for about
2 hours, the vacuum package was broken and the extruded
liquid crystals were wiped off the end-sealing part, which
was then sealed by ultraviolet-curing-type sealing resin.
Then, the liquid crystal cell was cooled to 25° C. and was
polymerized through the irradiation of ultraviolet, as in the
case of Example 1.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance, the
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mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 0.9%, the
mesh size was 1.2 um, and the cell gap was 11.2 um.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case with the above. The result was that
no changes were observed.

EXAMPLE 6

In Example 6, an active matrix type liquid crystal display
element using a TFT (thin-film transistor) substrate was used
as the liquid crystal display element, and the photo poly-
merization was performed in both of the first polymerization
process and the second polymerization process.

First, in the first polymerization process, the ultraviolet is
irradiated from the TFT substrate side on which metal wiring
in the form of matrix (scanning lines, signal conductors, etc.)
is provided. This provides the result that the polymerization
reaction of the polymerizable materials is not produced in an
area shielded from light by the metal wiring. The shielded
area acts as a passage for the liquid crystals to be squeezed
out in the extrusion process of the liquid crystals, so that the
extrusion of the liquid crystals is facilitated. In the second
polymerization process after the extrusion process, the ultra-
violet is irradiated from the other substrate side. This allows
the remaining unreacted polymerizable materials in the
shielded area to be polymerized. The polymerized materials
in the area can act as an adhesive for the entire substrate to
fix and stabilize the compressed form of the liquid crystal
droplets.

Thus, the specific effect that the extrusion process is
facilitated can be produced for the active matrix type liquid
crystal display element. Further, by virtue of this specific
effect, the difficulty in producing the liquid crystal display
element, which occurs when the photo polymerization is
performed in both of the first polymerization process and the
second polymerization process, as mentioned in the article
of “Description of Prior Art”, can be solved. The reason
therefor is that even if hardness of the polymers becomes
larger than a set value by, for example, some more time than
a set time being spent for the irradiation of ultraviolet to
cause the polymerization reaction to advance beyond the
first polymerization state, since the polymarizable materials
in the area associated with the metal wiring of matrix form
are unreacted and so act as the passage for the liquid crystals
extruded out, such will not form an obstacle to the extrusion
process of the liquid crystals. Hence, the manufacturing
profits can be increased and also the manufacturing works
can be facilitated.

It is noted that the TFD (thin-film diode) may be used as
an active element instead of the TFT in the embodiment.
Also, the invention may be suitably workable to the manu-
facture of not only the active matrix type liquid crystal
display element but also to liquid crystal display element
with a structure in which a light shielding area [s provided
by a wiring of a strive or matrix form on one of a pair of
substrates.

A more specific description of Example 6 will be given
below with reference to FIGS. 29 and 30.

A pixel electrode 82, a TFT part 83 and a light shielding
layer 84 are formed in each of the areas into which a surface
of a TFT array substrate 80 is partitioned by the matrix
wiring 81. The light shielding layer 84 is arranged for
preventing the characteristics of the TFT from being dete-
riorated by light, because the liquid crystal display element
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of Example 6 are used with projection type display devices.
A counter electrode 86 is formed on an opposite substrate
85. For the sake of simplification of the drawing, the pixel
electrode 82, the TFT part 83 and the light shielding layer 84
are omitted from FIG. 29.

The liquid crystal display element with this structure was
produced in the manner described below.

The substrates 80, 85 were laminated together via plastic
spacers each having a diameter of 11 um (MICRO PEAL
(trade name) made by SEKISUI FINE CHEMICAL CO.,
LTD), with an end-sealing part of heat-curing-type sealing
materials (STRUCT BOND (trade name) made by MITSUI
TOATSU CHEMICALS, INC) being formed, and then the
sealing materials were completely cured by heating at 150°
C. for 2 hours, to obtain the evacuated cell. Next, 8.50 g of
the TL-213 as the liquid crystal material, 0.80 g of n-tridecyl
acrylate as the polymerizable monomer, 0.60 g of polyure-
thane acrylate as the polymerizable oligomer, and 0.10 g of
the DAROCUR 1173 as the photo polymerization initiator
were added and then the resultant mixture of the liquid
crystal materials and the polymerizable materials was fully
stirred at 25° C. to prepare a homogeneous mixed solution.

The homogeneous mixed solution was vacuum injected
into the evacuated cell from the end-sealing part at 25° C.
The end-sealing part was kept unsealed at this stage.

Next, the liquid crystal cell was irradiated with ultraviolet
from a high pressure mercury lamp of 50 mW/cm? in light
intensity, which was allowed to pass through the ultraviolet
intercepting filter UV-35 from the side of the array substrate
80, at 25° C. for 20 seconds for polymerization, and the
complex was obtained. In this state, the complex 90 in a light
shielding part under the light shielding area occupied by the
wiring 81 and the light shielding layer 84 make little
progress in polymerization and remain unreacted. Also, the
polymerization reaction of the polymerizable materials in
the complex 91 in an aperture of the liquid crystal cell (all
parts except the light shielding part) are not completely
concluded, and the polymerizable materials of for example
about 20% remain unreacted.

Next, the liquid crystal cell was pressed under room
temperature by use of a pressing device of Example 1 as
shown in FIG. 26(¢) to extrude the liquid crystals from the
end-sealing part.

After the liquid crystal cell was allowed to stand for about
10 minutes, the extruded liquid crystals were wiped off the
end-sealing part, which was then sealed by ultraviolt-curing-
type sealing resin 40 (e.g. LOCTITE LPD-155).

Next, the liquid crystal cell was irradiated with ultraviolet
from a high pressure mercury lamp of 100 mW/em? in light
intensity, which was allowed to pass through an ultraviolet
intercepting filter UV-35, at 25° C. for 60 seconds from the
side of the opposite substrate 85. In this process, the remain-
ing unreacted polymerizable materials were polymerized by
the reaction with the photo polymerization initiators.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance with
an optical property evaluation unit of LCD-5000 made by
OTSUKA DENNSHI CO., LTD. Specifically, the transmit-
tance was measured under the conditions of 30° C. in
temperature; 2.8° in light-interception angle; and no electric
field. The value of the light transmittance was 0.8%, with a
corrected aperture rate (60% in this case).

Next, when the polymer dispersion type liquid crystal
display element thus produced was measured on the average
mesh size for the complex 91 at the end-sealing part, the
value of the average mesh size was 1.2 um. On the other
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hand, the mesh size of the complex 90 in the light shielding
area was larger than 1.2 um.

Next, after the TFT type of polymer dispersion type liquid
crystal display element was allowed to stand at 60° C. for
1,000 hours, the transmittance was measured as in the case
of the above. No changes were observed.

It should be noted that Example 6 may be suitably
workable to the liquid crystal display element in which the
light shielding layer 84 is formed on the opposite substrate
85, as shown in FIG. 31.

EXAMPLE 7

In Example 7, the mixture was prepared via the photo
polymerization in both of the first polymerization and the
second polymerization. When the second polymerization is
performed by photo polymerization, the separated liquid
crystal droplets can be deformed in the cell gap direction by
the cooling process of the liquid crystal cells, in place of by
the extruding process of the liquid crystals, provided that the
liquid crystal cell must be irradiated with ultraviolet with
being kept in its cooled state. Unless the liquid crystal cell
is kept in its cooled state, there may be a possibility of the
deformed liquid crystals being returned to its original form
during the irradiation of ultraviolet, which may cause reduc-
tion of the reliability of the liquid crystal display element. It
should be noted that the cooling process may be used
together with the extrusion process, in addition to being
replaced with the extrusion process.

A more specific description will be given below.

The mixture prepared in substantially the same manner as
in Example 6 was vacuum injected into the evacuated cell
prepared in substantially the same manner as in Example 1
at 25° C. Thereafter, the liquid crystal cell was put on a hot
plate of 25° C., with keeping unsealed, and then was
irradiated with the ultraviolet from a high pressure mercury
lamp of 50 mW/cm? in light intensity, which was allowed to
pass through the ultraviolet intercepting filter UV-35, for 20
seconds. As a result of this, the polymerizable materials
were photo polymerized and the liquid crystals and the
polymers were phase separated to obtain the complex.

Next, the liquid crystal cell was allowed to stand in the
constant temperature tank of 80° C. for 2 hours, and there-
after the extruded liquid crystals were wiped off the end-
sealing part, which was then sealed by ultraviolet-curing-
type sealing resin, as in the case with Example 1. The sealing
resin at the end-sealing part was cured with a spot UV
irradiation device.

Next, after having been left in the constant temperature
tank of —20° C. for 30 minutes, the liquid crystal cell was
irradiated with ultraviolet from a high pressure mercury
lamp of 100 mW/cm? in light intensity, which was allowed
to pass through the ultraviolet intercepting filter UV-35, at
-20° C. for 120 seconds, to allow the remaining polymer-
izable materials be polymerized completely by the reaction
with the photo polymerization initiators.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance, the
mesh size and the cell gap in substantially the same manner
as in Example 1. The results were that the transmittance was
1.1% the mesh size was 1.2 um, and the cell gap was 11.6
4m.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that no
changes were observed.
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EXAMPLE 8

Example 8 is designed such that the first polymerization
process and the extrusion process can be performed auto-
matically and successively by use of a production apparatus
for the liquid crystal display element according to the
invention. The production apparatus for the liquid crystal
display element comprises a carrier means for carrying the
liquid crystal cell along a carriage path, an ultraviolet
irradiation means for irradiating ultraviolet to a part of the
liquid crystal cell in the course of being carried and rollers
for pressing the area of the liquid crystal cell irradiated with
ultraviolet. A belt mechanism, a chain mechanism or the like
is used as the carrier means, and a high pressure mercury
lamp, for example, is used as the ultraviolet irradiation
means. In addition to the high pressure mercury lamp, the
ultraviolet irradiation means may include an optical filter to
intercept only wavelength components which allow the
liquid crystals to be optically resolved, among the wave-
length components of the ultraviolet from the high pressure
mercury lamp. Further, the production apparatus may
include a temperature control mechanism to maintain the
liquid crystal cell at a preset temperature, in addition to the
carrier means, the ultraviolet irradiation means and the
rollers.

Next, the method of producing the liquid crystal display
element by use of the abovesaid production apparatus will
be described below.

First, the liquid crystal cell filled with the mixture is
carried along the carriage path. In the course of the carriage,
a part of the liquid crystal cell was irradiated with the
ultraviolet and the part of the liquid crystal cell irradiated
with the ultraviolet is pressed with the rollers within the
period between the initiation of polymerization by the
irradiation of ultraviolet and the conclusion of phase sepa-
ration of the liquid crystals by the polymerization. In this
way, the first polymerization process and the extrusion
process of the liquid crystals are performed automatically
and successively.

Where the second polymerization is performed by photo
polymerization by means of ultraviolet, an additional ultra-
violet irradiation means may be provided on the carriage
path at a position downstream from the rollers. This can
provide the result that a series of processes including the first
polymerization process, the extrusion process of liquid
crystals and the second polymerization process can be fully
automated.

A more specific description of Example 8 will be given
below with reference to FIGS. 32 through 34.

The production apparatus comprises a carrier means (not
shown) for carrying the liquid crystal cell along a table 100,
an ultraviolet irradiation means 101 for irradiating ultravio-
let to a part of the liquid crystal cell and a pair of rollers 102,
103 for pressing the area of the liquid crystal cell irradiated
with ultraviolet The ultraviolet irradiation means 101
includes a high pressure mercury lamp 104 as a light source,
a light shielding plate 106 having a rectangular slit 105 and
an optical filter 108. The optical filter 108 used is the
ultraviolet intercepting filter UV-35, for example.

The table 100 is so designed that its temperature can be
controlled. Thus, the temperature of the liquid crystal cell
put on the table 100 can be adjusted to control the phase
separation reaction sensitive to temperature.

Also, the feed rate at which the liquid crystal cell is fed
by the carrier means is so set that the liquid crystal cell can
reach the rollers 102, 103 when a preset curing state of the
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polymers (the first polymerization state) has achieved within
the period between the initiation of polymerization by the
irradiation of ultraviolet and the conclusion of the polymer-
ization.

The liquid crystal display element was produced with the
production apparatus with the abovesaid structure in the
manner described below.

The mixture prepared in substantially the same manner as
in Example 6 was vacuum injected into the evacuated cell
prepared in substantially the same manner as in Example 1
at 25° C. Thereafter, the liquid crystal cell was put on the
table 100 and carried by means of the carrier means. The
temperature of the table 100 was set at 25° C. Under this
temperature condition, the liquid crystal cell was irradiated
with the ultraviolet of 100 mW/em® in light intensity so that
the polymerizable materials was polymerized, while the part
of the liquid crystal cell (the area irradiated with the
ultraviolet) was pressed with rollers. To facilitate the extru-
sion of the liquid crystals, the liquid crystal cell was injected
from the opposite side of the end-sealing part The first
polymerization process by the ultraviolet and the extrusion
process of the liquid crystals were thus performed succes-
sively and automatically.

Next, after the extruded or squeezed liquid crystals were
wiped off the end-sealing part, the end-sealing part was
sealed by ultraviolet-curing-type sealing resin, which was
then cured with a spot UV irradiation device, as in the case
with Example 1.

Next, after the liquid crystal cell was irradiated with
ultraviolet from a high pressure mercury lamp of 100
mW/em? in light intensity, which was allowed to pass
through the ultraviolet intercepting filter UV-35, for 60
seconds, to allow the remaining polymerizable materials be
polymerized by the reaction with the photo polymerization
initiators.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 0.8%, the
mesh size was 1.2 ym, and the cell gap was 10.9 um.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that no
changes were observed.

Further, as shown in FIG. 34, the rollers 102, 103 may be
provided at the inside thereof with heaters 110 so that the
first polymerization process by the irradiation of ultraviolet
and the extrusion process of the liquid crystals can be
successively and automatically in the constant temperature
tank 111. This enables the first polymerization process and
the extrusion process of the liquid crystals to be successively
and automatically performed under a further homogeneous
and optimum thermal atmosphere by controlling the tem-
perature of a hot air 112 blown into the constant temperature
tank 111 and of the heaters 110.

In addition to Examples 1 through 8, the embodiment may
be modified such that the first and second polymerization are
both performed by the thermal polymerization. Even if both
of the first and second polymerization are performed by the
thermal polymerization, since the deformation rate achieved
by the invention, according to which the deformation ratio
is 1.15 or less, is very smaller than that of the prior art, the
difficulties in producing the liquid crystal display element
involved in the prior art can be solved.

COMPARATIVE EXAMPLE 1

8.50 g of TL-213 as the liquid crystal material, 0.80 g of
n-tridecyl acrylate as the polymerizable monomer, 0.60 g of
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polyurethane acrylate as the oligomer, and 0.10 g of
DAROCUR 1173 as the photo polymerization initiator were
added to the evacuated cell prepared in the same manner as
in Example 1 and then the resultant mixture of the liquid
crystal materials and polimerizable materials was fully
stirred at 25° C. to prepare a homogeneous mixed solution.

The homogeneous mixed solution was vacuum injected
into the evacuated cell at 25° C. Thereafter, the liquid crystal
cell was put on a hot plate of 25° C., with keeping unsealed,
and then was irradiated with the ultraviolet from a high
pressure mercury lamp of 100 mW/cm? in light intensity,
which was allowed to pass through the ultraviolet intercept-
ing filter UV-35, for 60 seconds, to polymerize the poly-
merizable materials and allow the liquid crystals and the
polymers to be phase separated, and thereby the complex
was obtained.

At this stage, the polymerization reaction of the complex
was almost completely concluded. The complex in the liquid
crystal cell has a structure in which a continuous phase of the
liquid crystal was charged in the three dimensional network-
like polymer, as in the case of Example 1.

Next, the extruded liquid crystals were wiped off the
end-sealing part, which was then sealed by the LOCTITE of
ultraviolet-curing-type sealing resin. The sealing resin at the
end-sealing part was cured with its irradiated with ultraviolet
for 30 seconds by use of a spot UV irradiation device.

The polymer dispersion type liquid crystal display ele-
ment thus produced was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 1.4%, the
mesh size was 1.2 um, and the cell gap was 12.0 um, as
shown in Table 3.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that no
changes were observed, as shown In Table 3 shown above.
Results

Comparison between Example 1 and Comparative
Example 1 shows that the deformation ratio of the liquid
crystal cell in Example 1 is 1.1. Also, as shown in Table 3
shown above, Example 1 having the deformation ratio of 1.1
is smaller in transmittance than Comparative Example 1
having the deformation rate of 1 which means that no
deformation is given to the liquid crystal droplets or net-
works. It is appreciated from this that the liquid crystal
droplets deformed can provide an improved scattering of
light, as compared with the liquid crystal droplets not
deformed. In addition, as shown in Table 3 shown above,
after 1,000 hours, no change was observed in the cell gap of
the completed liquid crystal display element of Example 1
and that of Comparative Example 1. This fact shows that
when the polymerization reaction of polymerizable materi-
als is completely concluded, no cell gap change occurs with
passage of time.

COMPARATIVE EXAMPLE 2

The mixture prepared in the same manner as in Example
1 was vacuum injected into the evacuated cell prepared in
the same manner as in Example 1 at 25° C., and the
polymerizable materials were polymerized by heat under
completely the same conditions as Example 1. Thereafter,
after the liquid crystal cell was pressed with the press and
allowed to stand, under the same conditions as those of
Example 1, the end-sealing part was sealed.

The polymer dispersion type liquid crystal display ele-
ment thus completed was measured on the transmittance, the
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mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 0.8%, the
mesh size was 1.2 um, and the cell gap was 10.9 um, as
shown in Table 3 shown above.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that
transmittance was 1.0% and the cell gap was 11.4 um, as
sown in Table 3 shown above, so that the changes were
observed.

Results

From comparison between Example 1 and Comparative
Example 2 it is understood that the liquid crystal display
element of Comparative Example 2, in which the first
polymerization process (the thermal polymerization in this
case) is only performed but the second polymerization is not
performed, changed with time in transmittance and cell gap,
as shown in Table 3 as shown above.

From this fact it can be understood that only the first
polymerization process allows the deformation of the liquid
crystal droplets to be returned to their original form with
long time. Hence, the liquid crystal display element of
Comparative Example 2 are poorer in reliability.

COMPARATIVE EXAMPLE 3

The mixed solution prepared in the same manner as in
Comparative Example 1 was vacuum injected into the
evacuated cell prepared in the same manner as in Example
1 at25° C. Thereafter, the liquid crystal cell was put on a hot
plate of 25° C., with keeping unsealed, and then was
irradiated with the ultraviolet from a high pressure mercury
lamp of 100 mW/cm? in light intensity, which was allowed
to pass through the ultraviolet intercepting filter UV-35, for
60 seconds, to polymerize the polymerizable materials,
while the liquid crystals and the polymers are allowed to be
phase separated to obtain the complex. At this stage, the
polymerization reaction of the complex has been almost
completely concluded, and it was confirmed that the com-
plex had a structure in which a continuous phase of the
liquid crystal was charged in the three dimensional network-
like polymer, as in the case of Example 1.

Next, the liquid crystal cell was pressed with the same
press as that in Example 1, so that the liquid crystal materials
were extruded out from the end-sealing part, under the
temperature set at 100° C. and the pressure set at 2 kg/em®.
Then, the liquid crystal cell was allowed to stand for about
60 minutes.

Thereafter, the extruded liquid crystals were wiped off the
end-sealing part, which was then sealed by the LOCTITE of
ultraviolet-curing-type sealing resin. The sealing resin at the
end-sealing part was irradiated with ultraviolet from a spot
UV irradiation device for 30 seconds to be cured.

The polymer dispersion type liquid crystal display ele-
ment thus completed was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 0.8%, the
mesh size was 1.2 um, and the cell gap was 10.9 um, as
shown in Table 3 shown above.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that
transmittance was 0.9% and the cell gap was 1.2 um, as
sown in Table 3 shown above, so the changes were observed.
Results
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From comparison between Example 1 and Comparative
Examples 2, 3 it is understood that although the polymer-
ization is performed by use of ultraviolet, only the first
polymerization process causes the deformed liquid crystal
droplets to return to their original form, though the degree of
return to the original form is slightly gentle, as compared
with Comparative Example 2, as shown in Table 3. There is
no substantial difference between Comparative Examples 2
and 3 in that the compressed form of the liquid crystal
droplets cannot be maintained for a long time. Hence, the
liquid crystal display element of Comparative Example 3 is
poorer in reliability, as in the case of Comparative Example
2.

COMPARATIVE EXAMPLE 4

The mixture prepared in the same manner as in Compara-
tive Example 2 was vacuum injected into the evacuated cell
prepared in the same manner as in Example 1 at 25° C.
Thereafter, the liquid crystal cell was left in the constant
temperature tank set at 100° C., with keeping unsealed, so
that the polymerizable materials were polymerized while the
liquid crystals and the polymers were phase separated to
obtain the complex.

Next, the liquid crystal cell was pressed with the press, as
in the case of Example 1, so that the liquid crystal materials
were extruded out from the end-sealing part with the pres-
sure set at 2 kg/em®. Then, the liquid crystal cell was allowed
to stand for 60 minutes.

Thereafter, the extruded liquid crystal materials were
wiped off the end-sealing part, which was then sealed by
ultraviolet-curing-type sealing resin. The sealing resin at the
end-sealing part was cured with the spot UV irradiation
device, as in the case of Example 1.

Next, the liquid crystal cell was irradiated with ultraviolet
from a high pressure mercury lamp of 100 mW/cm® in light
intensity, which was allowed to pass through the ultraviolet
intercepting filter UV-35, at 25° C. for 60 seconds, so that
the remaining unreacted polymerizable materials were poly-
merized by the reaction with the photo polymerization
initiators.

The polymer dispersion type liquid crystal display ele-
ment thus completed was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 1.5%, the
mesh size was 1.2 um, and the cell gap was 10.0 um, as
shown in Table 3 shown above.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that no
change was observed, as sown in Table 3 shown above.
Results

The results of Comparative Example 4 will be described
later together with the results of Comparative Example 5 as
will be described later.

COMPARATIVE EXAMPLE 5

The mixture prepared in the same manner as in Compara-
tive Example 4 was vacuum injected into the evacuated cell
prepared in the same manner as in Example 1 at 25° C.
Thereafter, the liquid crystal cell was left in the constant
temperature tank set at 100° C. for 1 hour, with keeping
unsealed, so that the polymerizable materials were polymer-
ized while the liquid crystals and polymers were phase
separated to obtain the complex.
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Next, the liquid crystal cell was pressed with the press, as
in the case of Example 1, so that the liquid crystals were
extruded out from the end-sealing part with the pressure set
at 1 kg/ecm®. Then, the liquid crystal cell was allowed to
stand for about 20 minutes.

Thereafter, the liquid crystal cell was irradiated with
ultraviolet as in the same manner as in Comparative
Example 4 to obtain the complex.

The polymer dispersion type liquid crystal display ele-
ment thus completed was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 1.0%, the
mesh size was 1.2 um, and the cell gap was 10.4 um, as
shown in Table 3 shown above.

Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The result was that no
change was observed, as sown in Table 3 shown above.
Results

As shown in Table 3 shown above, even after the passage
of a long time, no change was observed on the transmittance
and cell gap of the liquid crystal display element of each of
the Comparative Examples 4 and 5, as in the case of
Example 1. It is assumed that that is because a further
polymerization process performed after the extrusion of the
liquid crystals allowed the remaining unreacted polymeriz-
able materials to be polymerized so that the polymerization
reaction of the polymerizable materials can be completely
concluded.

On the other hand, in Comparative Example 4, the after-
deformation cell gap measured 10.0 um, which equals the
deformation ratio of 1.2. In Comparative Example 5, the
after-deformation cell gap measured 10.4 um, which equals
the deformation ratio of 1.15. Also, in Comparative Example
4, the after-deformation transmittance measured 1.5%, and
in Comparative Example 5, the after-deformation transmit-
tance measured 1.0%. From comparison between Example 1
and Comparative Examples 4 and 5 it is appreciated that an
excessive deformation provides an increased transmittance
(in other words, a decreased light scattering); rather than
improvement.

In addition, from comparison between Comparative
Example 1 and Comparative Examples 4 and 5 it is also
appreciated that when deformation is given at a deformation
ratio of over 1.2, the transmittance increases (in other words,
the scattering of light decreases), rather than when no
deformation is given.

COMPARATIVE EXAMPLE 6

Except the differences in intensity of light and irradiation
time of ultraviolet irradiated after the extrusion process, the
polymer dispersion type liquid crystal display element was
produced in the same manner as in Example 1. In other
words, the polymer dispersion type liquid crystal display
element was produced under different conditions from those
in Example 1 in terms of intensity of light and irradiation
time of ultraviolet in the second polymerization process
performed by the photo polymerization. In Comparative
Example 6, the intensity of light is set at 50 mW/cm* and the
irradiation time is set 30 seconds.

The polymer dispersion type liquid crystal display ele-
ment thus completed was measured on the transmittance, the
mesh size and the cell gap in the same manner as in Example
1. The results were that the transmittance was 0.8%, the
mesh size was 1.2 ym, and the cell gap was 10.9 um.
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Next, after having been allowed to stand at 60° C. for
1,000 hours, the polymer dispersion type liquid crystal
display element was measured on the transmittance and the
call gap, as in the case of the above. The transmittance
measured 0.9% and the cell gap measured 1.2 um, so the
changes were observed.

Next, the complex before extrusion and the complex
irradiated with ultraviolet after extrusion were taken out by
cutting the panel. After only the polymers were left in the
same manner as in Example 1, the endothermic peak was
measured with a differential scanning calorimeter (DSC) to
determine the glass-transition temperature Tg (temperature
of endothermic peak) of the polymers. The Tgl of the
polymers in the complex before extrusion measured about
20° C., and the Tg2 of the polymers of the complex after
extrusion measured 25° C. Hence, the condition of the Tg2
being higher than the Tgl by 10° C. was not fulfilled.
Results

When Example 1 and Comparative Example 6 are judged
from the viewpoint of the glass-transition temperature of the
polymers, it is understood that when the Tg2 is higher than
the Tg1 by the order of 5° C., the compressing effects cannot
be maintained for a long time, whereas when the Tg2 is
higher than the Tgl by the order of 10° C., the liquid crystal
droplets can be maintained in their compressed form for a
long time, without returning to their original form.

Third Embodiment

To sum up the third embodiment, the third embodiment is
basically constructed such that a plurality of polymer.liquid
crystal complex layers are laminated, so that the liquid
crystals in each layer can be aligned in parallel with the
substrates and also the orientations of the liquid crystals
aligned in a plane parallel with the substrates can be made
different for each of the layers. The third embodiment
includes such a construction that the liquid crystals in each
layer are aligned in parallel with the substrates and are
oriented randomly in a plane parallel with the substrates.
According to this constructed third embodiment, a sufficient
scattering of light can be attained, and as a result, the liquid
crystal display element of high-contrast can be produced.
The contents of the third embodiment will be detailed below
with reference to Examples 1 to 3.

EXAMPLE 1

Example 1 will be described below with reference to FIG.
35

FIG. 35(a) is a sectional view schematically depicting the
liquid crystal droplets according to the invention. Transfer-
ence electrodes (not shown) are formed on opposite surfaces
of transparent glass substrates 124A, 124B. A layered prod-
uct 127 is held via the transparent glass substrates 124A
124B. The layered product 127 has a structure of a first
polymer.liquid crystal complex layer 131, a second poly-
mer.liquid crystal complex layer 132 and a third polymer-
Jiquid crystal complex layer 133 being layered. The first to
third polymer.liquid crystal complex layers 131-133 are the
polymer dispersion type liquid crystal layers in which liquid
crystal droplets 139 are dispersed in polymers 138.

Liquid crystal molecules 136 in each of the first to third
polymer.liquid crystal complex layers 131-133 are aligned
with their major axes extending substantially parallel with
the substrates. This enables the difference in refractive index
between the polymers and the liquid crystals to be increased
and thus provides high scattering effects. As a result of this,
a high contrast can be produced. This is known as described
in Japanese Laid-Open Patent Publication No. Hei 8(1996)-
248398.
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It is noted here that the inventors have discovered that the
liquid crystal molecules aligned in parallel with the sub-
strates combined with the liquid crystal molecules oriented
as randomly as possible when viewed along the cell gap
direction can provide a more satisfactory scattering of light.
Accordingly, according to the invention, the orientations 135
of liquid crystal molecules 136 are rendered different for
each of the polymer.liquid crystal complex layers 131-133,
as shown in FIG. 35(b). It has been ascertained that with this
construction, the difference in orientations 135 produce the
difference in refractive index between the layers 131-133 to
thereby produce an increased scattering of light. It is most
desirable that the liquid crystal molecules 136 are oriented
on a completely random basis in a horizontal plane parallel
with the substrates 124A, 124B, if possible.

With some conventional type liquid crystal display
element, the liquid crystal molecular alignments are
attempted to be controlled by means of the rubbing.
However, the rubbing requires that the orientations or align-
ments of the liquid crystal molecules for each of polymer-
Jiquid crystals layer complex layers are so set as to intersect
each other at right angles, so the liquid crystal molecules are
oriented, in principle, only in two directions, when viewed
along the cell gap direction, and hence it is impossible to
obtain a fully satisfactory scattering of light. In this respect,
the invention is so structured that the polymer.liquid crystal
complex layers are laminated, without any rubbing
treatment, so that the liquid crystal molecules can be ori-
ented in different directions for each layer. Consequently, the
invention can provide remarkably high scattering effects, as
compared with the prior art.

Further, this laminated structure according to the inven-
tion provides the results that: an alignment treatment of the
liquid crystal molecules is performed for each polymer.lig-
uid crystal complex layer of reduced thickness and then the
resultant layers are laminated. As a result, an external force
to control the alignments of the liquid crystals, e.g. an
external force required to compress the liquid crystal
droplets, can be readily transmitted to the polymer.liquid
crystal complex layers, as compared with the structure in
which a single polymerliquid crystal complex layer of
increased thickness is formed at a time and then an align-
ment treatment of the liquid crystals is performed for the
single, thickened polymer.liquid crystal complex layer.
Hence, the laminated structure of the invention can achieve
more homogeneous liquid crystal display element by per-
forming the alignment treatment for each polymer.liquid
crystal complex layer, than the structure in which the single
polymer.liquid crystal complex layer of increased thickness
is formed at a time and then the alignment treatment of the
liquid crystals is performed for the single, thickened poly-
mer.liquid crystal complex layer.

Next, two different methods for performing the alignment
treatment of the liquid crystal molecules, which form the
characteristics of the invention, will be described below.

The first treatment is a method of curing the polymers in
a polarizing direction by irradiating polarized light when the
mixture including the liquid crystal materials and the poly-
merizable materials of precursors of polymers is irradiated
with light to cause phase separation to obtain the complex
layers. This method produces rod-like or football-like liquid
crystal droplets, and as such allows the liquid crystal mol-
ecules in the liquid crystal droplets to be aligned in accor-
dance with the form of the liquid crystal droplets to regulate
the orientations or alignments of the liquid crystals in a
layer. The operations are repeated to change the polarizing
direction for each layer, whereby the layered product formed
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of laminated layers different in liquid crystal molecular
orientations for each layer can be formed.

The second treatment is a method of adding magnetic
field or electric field for each layer at the time of phase
separation to regulate the orientations of the liquid crystals
for each layer. The preparation of the layered product can be
made in substantially the same manner as in the first
treatment. Also, in the second method, it is practicable that
the polymer.liquid crystal complex layers after prepared are
heated until they become isotropic solutions, in this state of
which the magnetic field or the electric field is added, in
addition to at the time of phase separation, to drop the
temperature until the isotropic solutions become the liquid
crystals state, to regulate the orientations of the liquid
crystals for each layer.

For the methods it is important that the respective layers
must be uniform in thickness to produce the layered product
having a uniform thickness. To that end, according to the
invention, spacers are used for each layer to obtain the
complex layers uniform in thickness.

EXAMPLE 2

FIG. 36 is a sectional view schematically depicting the
liquid crystal display element according to the invention. In
Example 2, two layers of polymer.liquid crystal complex
layers are laminated. Transference electrodes 142A, 142B
are formed on opposite surfaces of transparent glass sub-
strates 141A, 141B. A layered product 144 comprising two
laminated polymerliquid crystal complex layers 143A,
143B is held between the transparent glass substrates 141A,
141B. The respective polymer.liquid crystal complex layers
143 A, 143B form the polymer dispersion type liquid crystal
display element in which liquid crystal droplets 147A, 147B
are dispersed in polymers 145A, 145B. Liquid crystal mol-
ecules in the liquid crystal droplets 147A, 147B in each of
the polymer.liquid crystal complex layers 143A, 143B are
aligned with their major axes extending substantially paral-
lel with the glass substrates 141A, 141B and also oriented
randomly in a plane nearly parallel to the substrates 141A,
141B. The term “liquid crystal molecules are parallel to the
substrates” is intended to mean that the liquid crystal mol-
ecules with average tilt angles of all liquid crystal molecules
in the liquid crystal droplets (which correspond to liquid
crystal molecules oriented along the bipolar axes) are par-
allel to the substrates.” The liquid crystal droplets 147A,
147B have a npearly flat or nearly disc-like shape, in other
words, oval in cross section but circular when viewed from
the cell gap direction.

Next, the method of producing the liquid crystal display
element with the abovesaid construction will be described
below.

First, liquid crystal materials, polymerizable materials,
and photo polymerization initiators are added and the result-
ant mixture is stirred to prepare a homogencous mixed
solution. Specifically, E-8 (made by Merck Japan Limited)
was employed as the liquid crystal materials. The mixture of
three kinds of materials of butyl octyl acrylate (BOA),
2-cthylhexyl acrylate (2EHA) and 1,6 hexane diol diacrylate
(HDDA) was employed as the polymerizable materials. The
mixing ratio among butyl octyl acrylate (BOA),
2-ethylhexyl acrylate (2EHA) and 1,6 hexane diol diacrylate
(HDDA) was set 1.5:1.5:1.

DAROCUR 1173 (made by CIBA-GEIGY LID.) was
employed as the photo polymerization initiators. The
amount of DAROCUR 1173 added was set 2 wt %. The
mixing ratio of the liquid crystal materials relative to the
polymerizable monomers was set 8:2.
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Various kinds of materials as described in the second
embodiment as aforementioned may be employed for the
liquid crystal materials, the polymerizable materials and the
photo polymerization initiators.

Next, as shown in FIG. 37(a), the glass substrate 141B
and a glass substrate 150 for forming the polymer.liquid
crystal complex layer are laminated together with spacers
151 of a grain size of 2 um interposed between the substrates
141B, 150 to keep the distance between them uniform.
While the transference electrode 142B is formed on the glass
substrate 141B, no transference electrode is formed on the
glass substrate 150. This is because the glass substrate 150
which is intended specifically for use in forming the polymer
1 liquid crystal complex layer is peeled off from the poly-
mer.liquid crystal complex layer 143B after formation of the
polymer.liquid crystal complex layer 143B, so that it does
not form any element of the liquid crystal display element.
Because of this, a plastic film, for example, may be used
instead of the glass substrate 150.

Next, as shown in FIG. 37(b), the mixed solutions is
introduced in between the substrates 141B, 150.

Then, as shown in FIG. 37(c), the mixture injected in
between the substrates 141B, 150 was irradiated with ultra-
violet of dominant wavelengths of 365 nm and an intensity
of 30 mW for 1 minute. By the photo polymerization from
the irradiation of ultraviolet, the polymers and the liquid
crystals are phase separated and a singlelayer of polymer-
Jiquid erystal complex layer 143B was obtained. In the state
shown in FIG. 37(c), the liquid crystal droplets 147B in the
polymer.liquid crystal complex layer 143B are spherical in
shape and the liquid crystal molecules in the liquid crystal
droplets 147B are oriented in different directions, rather than
in parallel with the substrates. This was confirmed by the
inventors observing the polymer.liquid crystal complex
layer 143B with a polarization microscope.

Next, as shown in FIG. 37(d), a pressure of 5 Kg/em® was
uniformly applied to the substrates 141B, 150 with, for
example, a press to extrude a part of the liquid crystals in the
liquid crystal droplets 147B out from between the substrates
141B, 150 and thereby the liquid crystal droplets 147B were
deformed. When the deformed liquid crystal droplets 147B
was observed with the polarization microscope, the liquid
crystal molecules in the liquid crystal droplets 147B were
found to be aligned nearly parallel with the substrate 141B
and oriented randomly in a plane parallel to the substrate
141B, as shown in FIG. 38. However, for the sake of
simplicity, the liquid crystal droplets 147B are depicted in
FIG.37(d) as if they were completely deformed and oriented
in the uniform direction, but actually they were distorted. It
was confirmed, however, that although the liquid crystal
droplets 147B were distorted, the liquid crystal molecules in
the liquid crystal droplets 147B were aligned in nearly
parallel to the substrate 141B. Further, when the liquid
crystal droplets were observed with a scanning electron
microscope, the liquid crystal droplets 147B were discov-
ered to be deformed into a compressed shape or a disc-like
shape.

Next, as shown in FIG. 37(e), the substrate 150 was
peeled off from the single layer of polymerliquid crystal
complex layer 143B and was then used as a lower layer for
forming the layered product 144.

Next, another single layer of polymer.liquid crystal com-
plex layer 143A was prepared in the same manner as shown
in FIGS. 37(a)—(d) and was then used as an upper layer.

Next, as shown in FIG. 37(e), the upper layer and the
lower layer were laminated together with confronting each

10

15

20

35

40

55

60

65

52

other and then were sealed around the periphery, whereby
the liquid crystal display element was prepared.

The characteristic tests performed by the inventors
showed that the transmittance was 85%; the contrast was
100:1; and the driving voltage was 5V, and sufficient scat-
tering effects were obtained.

Further, it was discovered that a higher contrast was
achieved by increasing the number of layers; for instance,
five polymerliquid crystal complex layers provided the
contrast of 300:1 and the driving voltage of 10V.

If coloring matters of dichroism are added to the liquid
crystal display element, such liquid crystal display element
will be applicable to absorption type devices as well.

COMPARATIVE EXAMPLE 1

Except that the pressing process of Example 1 as shown
in FIG. 37(d) is omitted, two, single-layer, polymer liquid
crystal complex layers were formed in the same manner as
in Example 2 and were laminated together as in the case of
Example 2, whereby the liquid crystal display element was
prepared as Comparative Example 1. The characteristics of
Comparative Example 1 were measured under substantially
the same conditions as those of Example 1. The results were
that the transmittance was 85%; the contrast was 20:1; and
the driving voltage was 7V. Thus, sufficient scattering effects
were not obtained.

EXAMPLE 3

In Example 3, the liquid crystal molecules in the liquid
crystal droplets 147A, 147B in the polymerliquid crystal
complex layers 143A, 143B forming the layered product
144 are aligned in nearly parallel with the substrates 141A,
141B and also oriented in different directions in a plane
parallel to the substrates 141A, 141B for each of the
polymer.liquid crystal complex layers 143A, 143B.

This constructed Example 3 can provide satisfactory
scattering effects, as compared with the prior art, though it
is slightly inferior, in characteristics, to the most preferable
Example 2 which is constructed such that the liquid crystal
molecules in each layer are aligned in nearly horizontal with
the substrates and also oriented on a random basis in a plane
parallel with the substrates. Though Example 3 takes an
example of use of two layers, a increased number of layers
enables alignments of the liquid crystals to come closer to an
ideal.

This constructed liquid crystal display element was pro-
duced in the following manner:

By the processes shown in FIGS. 39(a),(b) similar to
those of Example 2 shown in FIGS. 37(a),(b), the mixture is
injected in between the substrates 141B, 150. Thereafter, as
shown in FIG. 39(c), the mixture was irradiated with ultra-
violet with dominant wavelengths of 365 nm and an inten-
sity of 30 mW via a polarizing element for 1 minute. The
direction 152 of a polarizing axis of the polarizing element
then orients in a lateral direction of the substrate 141B (the
right and left direction in FIG. 40) as shown in FIG. 40,
Through the photo polymerization by irradiation of the
polarized ultraviolet, the polymers and the liquid crystals
were phase separated to obtain a single-layer of polymers
liquid crystal complex layer 143B in which liquid crystal
droplets 147B are dispersed in the polymers 145B. It is
known that the liquid crystal molecules in the liquid crystal
droplets 147B would then be deposited along the direction
152 of the polarizing axis of the polarizing element.
Accordingly, the liquid crystal molecules are aligned in
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nearly parallel with the substrate 141B (See. FIG. 39(c)) and
also are oriented in the direction 152 of the polarizing axis
in a plane parallel to the substrates, as shown in FIG. 40.

For confirmation on this, the inventors observed the
polymer.liquid crystal complex layer 143B with a polariza-
tion microscope and confirmed that the liquid crystal mol-
ecules were aligned in nearly parallel with the substrate and
also are oriented in the direction 152 of the polymerizing
axis. Also, the inventors observed a cross section of the
liquid crystal droplets 147B with a scanning electron micro-
scope and confirmed that the liquid crystal droplets 147B
were a rod-like or football-like in cross section.

Next, as shown in FIG. 39(d), the substrate 150 was
peeled off from the single layer of polymerliquid crystal
complex layer 143B and was then used as a lower layer for
forming the layered product 144.

Next, in basically the same manner as shown in FIGS.
39(a)(4d) another single layer of polymer.liquid crystal
complex layer 143A was prepared and was then used as an
upper layer. It is noted here that difference between the
polymer.liquid crystal complex layer 143A and the poly-
mer.liquid crystal complex layer 143B is in the direction for
the polarized ultraviolet to be irradiated when the polarized
ultraviolet is applied for preparation of the layers, as shown
in FIG. 39(c). Specifically, the polarizing axis of the polar-
izing element is oriented in the direction 152 shown in FIG.
41 for preparation of the polymer.liquid crystal complex
layer 143A, which is different from the direction 152 ori-
ented in the direction 152 shown in FIG. 40 for preparation
of the polymer.liquid crystal complex layer 143B.
Accordingly, the liquid crystal molecules in the liquid crys-
tal droplets 147Ain the polymer.liquid crystal complex layer
143A are aligned in nearly parallel with the substrate 141A
(see FIG. 39(¢)) and also are oriented in the direction 152 in
a plane parallel to the substrate 141A, as shown in FIG. 40.

Next, as shown in FIG. 39(f), the upper layer and the
lower layer were laminated together with confronting each
other and then were sealed around the periphery, thereby
preparing the liquid crystal display element. The liquid
crystal display element thus produced have the upper layer
and the lower layer which were made different from each
other in orientations of the liquid crystal molecules in planes
parallel to the substrates, as shown in FIG. 42. In FIG. 42,
the reference mark A designates an orientation of the liquid
crystal molecular alignments in the upper layer when viewed
from the top of the substrate, and the reference mark B
designates an orientation of the liquid crystal molecular
alignments in the lower layer when viewed from the top of
the substrate. The characteristic tests of the produced liquid
crystal display element, which were performed by the
inventors, showed that the transmittance was 85%; the
contrast was 60:1; and the driving voltage was 5V.

In Example 3 in which the orientations of the liquid
crystal molecules are controlled by the polarized light,
although the liquid crystal molecules cannot be formed on a
completely random basis in orientations in the direction
parallel to the substrates, since orientations of the liquid
crystals are made different for each layer, the obtained liquid
crystal display element was superior to that of Comparative
Example 1 in terms of contrast, though inferior to that of
Example 1.

EXAMPLE 4

In Example 4, instead of the polarized ultraviolet of
Example 3, a normally-used, non-polarized ultraviolet is
irradiated and also magnetic field is added horizontally to
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the substrates at that time. The magnetic field strength was
set 10 KG(gauss). The results of the observations with
microscope and scanning electron microscope were the
same as those of Example 3. Also, the characteristic tests of
the produced liquid crystal display element, which were
performed by the inventors, showed that the transmittance
was 87%; the contrast was 70:1; and the driving voltage was
6V.

In Example 4, although the liquid crystal molecules
cannot be formed on a completely random basis in the
direction parallel to the substrates, since orientations of the
liquid crystals are made different for each layer, the obtained
liquid crystal display element was superior to that of Com-
parative Example 1 in terms of contrast, though inferior to
that of Example 1.

In the above Examples 2 to 4, the liquid crystal display
element is designed to have a two-tier structure, but the
liquid crystal display element may be designed to have a
laminated structure of three or more layers being laminated.
Take the laminated structure with three or more layers
corresponding to that of Example 2 for instance: First, the
mixture is injected in between a pair of for-polymer.liquid
crystal complex layer-use glass substrates and then an inter-
layer use polymer.liquid crystal complex layer is formed by
substantially the same processes as those shown in FIGS.
37(c), 37(d). Thereafter, the pair of for-polymer.liquid crys-
tal complex layer-use glass substrates are peeled off from the
interlayer use polymer -liquid crystal complex layer to
produce a single layer of an interlayer use polymer.liquid
crystal complex layer. These processes are repeated accord-
ing to the required number of layers, to produce a plurality
of interlayer use polymerliquid crystal complex layers.
Then, an upper polymerliquid crystal complex layer 143A
and a lower polymer.liquid crystal complex layer 143B are
laminated, with the plurality of interlayer use polymer.liquid
crystal complex layers being sandwiched between them. The
liquid crystal display element having a laminated structure
with three or more layers are thus obtained.

The liquid crystal display element having a laminated
structure with three or more layers corresponding to those of
Examples 3 and 4 can also be produced in basically the same
manner as the producing manner for the laminated structure
with three or more layers corresponding to the laminated
structure of Example 2, except that the liquid crystal mol-
ecules in each layer are oriented differently for each of the
layers.

Alternatively, this method may be modified such that a
plurality of polymerliquid crystal complex layers are pro-
duced in advance and are sandwiched between the pair of
substrates, so that the polymer.liquid crystal complex layers
are laminated each other and also the substrates and the
polymerliquid crystal complex layers are laminated each
other.

Further, in the above Examples 1 to 4, coloring matters of
dichroism may be added to the liquid crystals. This can
produce guest host mode of liquid crystal display element
capable of absorbing light by means of the coloring matters
of dichroism.

Further, in the above Example 1 to 4, different coloring
matters of dichroism may be added for each of the layers,
and also driving voltages may be varied for each of the
layers. This can produce a multi-color-display. Also, differ-
ent liquid crystal materials may be employed for each of the
layers.

While the preferred form of the present invention has
been described, it is to be understood that modifications will
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be apparent to those skilled in the art without departing from
the sprit of the invention. The scope of the invention,
therefore, is to be determined solely by the following claims.

What is claimed is:

1. A polymer dispersion type liquid crystal display ele-
ment comprising:

a pair of substrates;

an electrode formed on an opposite surface of each of the

substrates;

polymers;

liquid crystal droplets; and

a polymer-liquid crystal complex held between the pair of

substrates, the polymer-liquid crystal complex com-

prising the polymers and the liquid crystal droplets

dispersed in the polymers, wherein

(1) liquid crystal molecules in the liquid crystal drop-
lets are oriented in a direction substantially parallel
to the substrates and oriented randomly in a plane
parallel to the substrates and

(2) the liquid crystal droplets are deformed until the
deformation rate of the liquid crystal droplets is
substantially equal to a deformation rate at which the
transmittance shows a minimum value in a deforma-
tion rate-transmission curve showing the change in
transmittance during light scattering versus the
change in deformation rate of the liquid crystal
droplets, whereby the liquid crystal molecules in the
liquid crystal droplets are oriented in a direction
substantially parallel to the substrates and oriented
randomly in a plane parallel to the substrates.

2. A polymer dispersion type liquid crystal display ele-
ment comprising:

a pair of substrates;

an electrode formed on an opposite surface of each of the

substrates;

polymers;

liquid crystal droplets, the liquid crystal droplets being

deformed into a compressed structure compressed in a
cell gap direction; and

a polymer.liquid crystal complex held between the pair of

substrates, the polymer.liquid crystal complex compris-
ing the polymers and the liquid crystal droplets dis-
persed in the polymers,

wherein an amount of deformation of the liquid crystal

droplets is set to be a deformation rate substantially
equal to or less than a deformation rate value at which
the transmittance value is equal to the initial transmit-
tance in a deformation rate-transmittance curve show-
ing the change in transmittance during light scattering
versus the change in deformation rate of the liquid
crystal droplets, where the deformation rate-
transmittance curve is such that, as the deformation rate
increases from 0, the transmittance reduces from an
initial transmittance to a minimum value and then turns
to increase beyond a transmittance value equal to the
initial transmittance, the initial transmittance being
obtained when the liquid crystal droplets are not
deformed.

3. A polymer dispersion type liquid crystal display ele-
ment according to claim 2, wherein the amount of defor-
mation of the liquid crystal droplets is substantially equal to
or less than the deformation rate at which the transmittance
is a minimum transmittance value.

4. A polymer dispersion type liquid crystal display ele-
ment according to claim 2, wherein the amount of defor-
mation of the liquid crystal droplets is 20% or less.
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5. A polymer dispersion type liquid crystal display ele-
ment according to claim 2, wherein the amount of defor-
mation of the liquid crystal droplets is 10% or less.

6. A polymer dispersion type liquid crystal display ele-
ment according to claim 3, wherein the amount of defor-
mation of the liquid crystal droplets is 10% or less.

7. A polymer dispersion type liquid crystal display ele-
ment according to claim 3, wherein the amount of defor-
mation of the liquid crystal droplets is 5% or less.

8. A polymer dispersion type liquid crystal display ele-
ment according to claim 2, wherein when the amount of
deformation of the liquid crystal droplets is represented by
a dielectric ratio E=(el.—eL)/Ae where €L is a dielectric
constant of the liquid crystals in the liquid crystal droplets
deformed into a compressed structure, Ae is a dielectric
constant in a vertical direction of a liquid crystal molecule
in a simple liquid crystal, and Ae is anisotropy in dielectric
constant of the simple liquid crystal, the dielectric ratio E is
set to be in the range of 0.08 or more to less than 0.345.

9. A polymer dispersion type liquid crystal display ele-
ment according to claim 8, wherein when the amount of
deformation of the liquid crystal droplets is represented by
a dielectric ratio E=(el.-eLl)/Ae where €L, is a dielectric
constant of the liquid crystals in the liquid crystal droplets
deformed into a compressed structure, el is a dielectric
constant in a vertical direction of a liquid crystal molecule
in a simple liquid crystal, and Ae is anisotropy in dielectric
constant of the simple liquid crystal, the dielectric ratio E is
set to be in the range of 0.11 or more to less than 0.345.

10. A polymer dispersion type liquid crystal display
element according to claim 2, wherein, when the amount of
deformation of the liquid crystal droplets is represented by
a mean value 6, of angles formed by major axes of liquid
crystal molecules in the liquid crystal droplets and the
substrates and the mean value 0, is determined by the
following equation:

el=eLxsin’0 )

where €L a dielectric constant of the liquid crystal in the
liquid crystal droplets deformed into a compressed structure,
el is a dielectric constant in a vertical direction of a liquid
crystal molecule in the simple liquid erystal, and Ae is
anisotropy in dielectric constant of the simple liquid crystal,
the mean value 0,, is in the range of 17 or more to less than
35.5.

11. A polymer dispersion type liquid crystal display
element according to claim 3, wherein, when the amount of
deformation of the liquid crystal droplets is represented by
a mean value 6, of angles formed by major axes of liquid
crystal molecules in the liquid crystal droplets and the
substrates and the mean value 6, is determined by the
following equation:

el =e1 +Aesin’0 -

where €L is a dielectric constant of the liquid crystal in the
liquid crystal droplets deformed into a compressed structure,
el is a dielectric constant in a vertical direction of a liquid
crystal molecule in the simple liquid crystal, and Ae is
anisotropy in dielectric constant of the simple liquid crystal,
the mean value 6,,. is in the range of 20 or more to less than
35.5.

12. A polymer dispersion type liquid crystal display
element according to one of claims 2 to 10, wherein one of
the pair of the substrates is an active matrix substrate having
thin film transistors formed thereon.

13. A polymer dispersion type liquid crystal display
element comprising;
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a pair of substrates;

an electrode formed on an opposite surface of each of the
substrates;

polymers;

liquid crystal droplets, the liquid crystal droplets being
deformed into a compressed structure compressed in a
cell gap direction; and

a polymer.liquid crystal complex held between the pair of
substrates, the polymer.liquid crystal complex compris-
ing the polymers and the liquid crystal droplets dis-
persed in the polymers;

wherein, when a deformation rate-transmittance curve
showing the change in transmittance during light scat-
tering versus the change in deformation rate of the
liquid crystal droplets is such that, as the deformation
rate increases from 0, the transmittance reduces from an
initial transmittance to a minimum value and then turns
to increase beyond a transmittance value equal to the
initial transmittance, an amount of deformation of the
liquid crystal droplets is set to be in the range of 8/10
to 20/10 of a deformation rate value at which the
transmittance value is equal to the initial transmittance,
the initial transmittance being obtained when the liquid
crystal droplets are not deformed.

14. A polymer dispersed type liquid crystal element
according to claim 13, wherein the amount of deformation
of the liquid crystal droplets is set to be in the range of 8/10
to 15/10 of the deformation rate value at which the trans-
mittance value is equal to the initial transmittance.

15. A polymer dispersed type liquid crystal element
according to claim 13, wherein, when the deformation rate
value at which the transmittance value is equal to the initial
transmittance is 10, the amount of deformation of the liquid
crystal droplets is set to be in the range of 8 to 20.

16. A polymer dispersed type liquid crystal element
according to claim 13, wherein, when the deformation rate
value at which the transmittance value is equal to the initial
transmittance is 10, the amount of deformation of the liquid
crystal droplets is set to be in the range of 8 to 15.

17. A polymer dispersion type liquid crystal display
element according to claim 13, wherein, when the deforma-
tion rate value at which the transmittance value is equal to
the initial transmittance is 10 and when the amount of
deformation of the liquid crystal droplets is represented by
a dielectric ratio E=(el~el)/Ae where €L is a dielectric
constant of the liquid crystals in the liquid crystal droplets
deformed into a compressed structure, el is a dielectric
constant in a vertical direction of a liquid crystal molecule
in a simple liquid crystal, and Ae is anisotropy in dielectric
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constant of the simple liquid crystal, the dielectric ratio E is
set to be in the range of 0.03 to 0.10.

18. A polymer dispersion type liquid crystal display
element according to claim 16, wherein, when the deforma-
tion rate value at which the transmittance value is equal to
the initial transmittance is 10 and when the amount of
deformation of the liquid crystal droplets is represented by
a dielectric ratio E=(eL.-e1)/Ae where €L is a dielectric
constant of the liquid crystals in the liquid crystal droplets
deformed into a compressed structure, el is a dielectric
constant in a vertical direction of a liquid crystal molecule
in a simple liquid crystal, and Ae is anisotropy in dielectric
constant of the simple liquid crystal, the dielectric ratio E is
set to be in the range of 0.05 to 0.10.

19. A polymer dispersed type liquid crystal element
according to claim 13, wherein, when the amount of defor-
mation of the liquid crystal droplets is represented by a mean
value 6, of angles formed by major axes of liquid crystal
molecules in the liquid crystal droplets and the substrates
and the mean value 8, is determined by the following
equation:

L=l +Aexsin®0,

where €L is a dielectric constant of the liquid crystal in the
liquid crystal droplets deformed into a compressed structure,
el is a dielectric constant in a vertical direction of a liquid
crystal molecule in the simple liquid crystal, and Ae is
anisotropy in dielectric constant of the simple liquid crystal,
the mean value is in the range of 10 to less than 18.

20. A polymer dispersion type liquid crystal display
element according to claim 14, wherein, when the amount of
deformation of the liquid crystal droplets is represented by
a mean value 0, of angles formed by major axes of liquid
crystal molecules in the liquid crystal droplets and the
substrates and the mean value 0, is determined by the
following equation:

el =el +Aexsin’0 ,

where eL is a dielectric constant of the liquid crystal in the
liquid crystal droplets deformed into a compressed structure,
el is a dielectric constant in a vertical direction of a liquid
crystal molecule in the simple liquid crystal, and Ae is
anisotropy in dielectric constant of the simple liquid crystal,
the mean value 6, is in the range of 10 to less than 18.

21. A polymer dispersion type liquid crystal display
element according to claim 13 or 14 which is a polymer
dispersion type liquid crystal display element used in a
passive matrix drive display.

®0k ok ok F
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