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FAST OPTICAL SWITCH

[0001] This application claims the priority benefit of U.S. Provisional Application No.
62/772,667 filed November 29, 2018 and titled “FAST OPTICAL SWITCH”, which is

incorporated by reference in its entirety.

BACKGROUND
[0002] The present exemplary embodiment relates to the fast electro-optical switching

of devices containing dichroic dye-doped antiferroelectric liquid crystals. In some
embodiments, devices containing the switches are polarizer-free.

[0003] It is known that pleiochroic dyes align along the liquid crystal director, thus
leading to a color change when the liquid crystal director is switched by an applied electric
field. Such switching typically requires one polarizer instead of two polarizers as usually
used in field-effect liquid crystal displays without the dye.

[0004] Oneimproved guest-host system uses unpolarized light and dichroic azo-dyes,
which permit the device to operate in the reflective mode with very good brightness in the
clear state and an acceptable contrast ratio.

[0005] Another improvement involves the use of black dyes, thereby allowing black-
and-white switching. Since then, dye-doped guest-host nematic (N), cholesteric (N*) and
polymer dispersed liquid crystals (PDLC) have been extensively used for polarizer free
electro-optical devices. In all these displays, the director is switched between random,
helical or planar (director is parallel to film surface) and homeotropic (the director is
perpendicular to the substrate) alignments. In planar alignment, the electric field
component of unpolarized light is parallel to the dichroic dye molecules and is absorbed
by the dye molecules, resulting in a dark image. In homeotropic alignment, the average
orientation of the dyes is perpendicular to the electric vector of light; consequently, they
do not absorb light leading to bright image. In practice, due to director fluctuations and
partial director order (order parameter, S<1), the contrast is limited to about 10:1. This is
about the same as of the contrast of printed text, so it is acceptable for various
applications. The limiting factor is the switching time that is limited by the nematic
rotational viscosity, to typically well above 1 millisecond.

[0006] Liquid crystals that can switch below 1 millisecond include the ferroelectric
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(chiral rod-shape SmC*, or achiral bent-shape SmCPF) and antiferroelectric (chiral rod-
shape SmCa* or bent-shape SmCPAa) tilted smectic liquid crystal materials. However, due
to constant layer spacing requirements of smectic liquid crystals, the director can only
rotate on a tilt cone and for both positive and negative field the director is basically parallel
to the substrate. Furthermore, fine optical properties rely on good alignment of smectic
materials, which is very difficult. Despite this, guest-host effects in SmA and SmC* liquid
crystals have been studied, but mainly to understand the effect of dyes on thermal effects,
surface anchoring, switching properties (between crossed polarizers), and dielectric
properties.

[0007] It would be desirable to develop new optical switches with fast response times.

BRIEF DESCRIPTION
[0008] The present disclosure relates to optical switches including liquid crystal films.

The films contain an antiferroelectric liquid crystal dope with a dichroic dye.

[0009] Disclosed, in some embodiments, is an optical switch for a liquid crystal device
comprising in sequence: a first transparent substrate; a first transparent electrode; a first
alignment layer a first liquid crystal film comprising a first antiferroelectric liquid crystal
doped with a first dichroic dye a second liquid crystal film comprising a second
antiferroelectric liquid crystal doped with a second dichroic dye; optionally a second
alignment layer; a second transparent electrode; and a second transparent substrate.
[0010] The first liquid crystal film and the second liquid crystal film may be aligned
perpendicular to each other.

[0011] In some embodiments, the first liquid crystal film and the second liquid crystal
film are smectic layers.

[0012] The first antiferroelectric liquid crystal and the second antiferroelectric liquid
crystal may be the same.

[0013] In some embodiments, the first dichroic dye and the second dichroic dye are
the same.

[0014] The first antiferroelectric liquid crystal and the second antiferroelectric liquid
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crystal may have a tilt angle in the range of about 40° to about 50°.

[0015] In some embodiments, the tilt angle is about 45°.

[0016] The switch may be switchable in less than 1 millisecond.

[0017] In some embodiments, the switch is switchable in less than 200 microseconds.
[0018] Devices containing the switch are also disclosed. The normal state of the
devices may be a dark state or a bright state.

[0019] In some embodiments, the device is a privacy window, a refrigerator, an oven,
a microwave, a windshield, or goggles.

[0020] Disclosed, in other embodiments, is a method for switching an electronic device
from a first state to a second state. The method includes applying an electric field to the
electronic device. The electronic device may contain the components of the optical switch
described above in some embodiments.

[0021] Disclosed, in further embodiments, is a method of forming an optical switch.
The method includes sandwiching a first liquid crystal film and a second liquid crystal film
between two transparent substrates. Both the first liquid crystal film and the second liquid
crystal film comprise an antiferroelectric liquid crystal doped with a dichroic dye. The first
liquid crystal film and the second liquid crystal film may be aligned perpendicular to each

other.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] The following is a brief description of the drawings, which are presented for the

purposes of illustrating the exemplary embodiments disclosed herein and not for the
purposes of limiting the same.

[0023] FIG. 1 is an illustration of the structure of the antiferroelectric SmCa* liquid
crystals viewed from the direction normal to the plane of drawing.

[0024] FIG. 2 is an illustration of the combined rubbed surface and AC electric field
treatment during cooling a 3-um CS4000+5wt% S-428 sample from the I-SmA phase
transition through the SmC* down to the SmCa* phase. (a-c): lllustration of the effect

of U=90 V,,_,, square wave field at different frequencies. Pictures are taken at zero fields

at room temperature rotating the crossed polarizers to find the darkest image. (a) f=5 Hz;
(b) f=15 Hz; (c) f=70 Hz. (d and e): Effect of U=94 V,_,, =45 Hz square wave field. (d) In



WO 2020/112709 PCT/US2019/063150

the ferroelectric phase while Upc=47 V is applied and one of the crossed polarizers is
aligned along the director; (e) in the antiferroelectric state with the same crossed
polarizers alignment as in (d).

[0025] FIG. 3 is an illustration of the switching principle of an antiferroelectric liquid
crystal guest-host system using one polarizer. (a-c) Sketch of the director structures when
fields applied across the film (ferroelectric states) and when the field is turned off
(antiferroelectric state). (a) Applying field in the direction where the director and the dye
molecules tilt along the polarizer direction. (b) Reversing the field, the director and the
dye molecules make an angle equal to twice the tilt angle (20). Note this state would be
the brightest when 26=90°, i.e., 6=45°. (c) When the field is turned off, the average director
and the average orientation of the dye molecules make angle 6 with respect to the
polarizer. (d-f) Typical texture of 3 pm thick CS4000 with 2wt% G-472 dye molecules in
the darkest (d), brightest (e) and medium brightness (f) states corresponding to the
directors shown in (a-c), respectively. (g) An oscillogram trace of the switching between
(a) and (b) states of CS4000 with 2wt% G-472 at room temperature.

[0026] FIG. 4 is an illustration of the layer and director structure of double layer cell
configurations. Top row: Smectic layers (and rubbing directions) in the cells are oriented
perpendicular to each other. Bottom row: Smectic layers (and rubbing directions) in the
cells are oriented parallel to each other. Left column: E=0 on both cells (antiferroelectric
state) with anticlinic director structures. Right column: E>Ec (ferroelectric states) on both
cells, but the ferroelectric polarizations point opposite directions. Top-Left: Layers are
perpendicular, and the directors are anticlinic, consequently the average direction of the
dye molecules is perpendicular to each other, i.e. no light goes through (dark state). Top-
Right: Layers are perpendicular to each other; the directors are synclinic in opposite
direction, so the angle between the directors (direction of the dye molecules in two cells)
iIs 90°-26. For 6=45° it would be zero resulting in maximum brightness. Bottom-Left:
Layers are parallel with anticlinic director structure, the average dye directions are normal
to the layers, so they are parallel to each other. Such state is bright. Bottom right: Layers
are parallel, and the directors are synclinic, but they tilt in opposite directions in the top

and bottom cells. Consequently, the angle between the average dye orientations of the



WO 2020/112709 PCT/US2019/063150

bottom and top cells is 26, which is 90° when 6=45° (darkest state).

[0027] FIG. 5 is an illustration of the switching of double layered antiferroelectric liquid
crystal guest-host system (CS4000+5wt% S-428, 5 um gap thickness and planar
alignment) without polarizers. (a) Rubbing directions of individual films make 90 degrees
with each other (along the edges of the electrodes) (a) picture when U=30 V, f=80 Hz
square wave voltage is applied; (b) Field is OFF; (c) Time dependence of the applied
voltage (left axis, blue circles) and of the transmission (right axis, red squares). (d and e):
Images of parallel cells in the antiferroelectric OFF state and (d) and in the ferroelectric
ON state (e).

[0028] FIG. 6 illustrates one example of a double-layered display which may be free
of polarizers.

[0029] FIG. 7 illustrates another example of a double-layered display which may be
free of polarizers.

[0030] FIG. 8 illustrates an electro-optical device with one polarizer.

DETAILED DESCRIPTION
[0031] The present disclosure may be understood more readily by reference to the

following detailed description of desired embodiments included therein. In the following
specification and the claims which follow, reference will be made to a number of terms
which shall be defined to have the following meanings.

[0032] Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will control. Preferred methods and
materials are described below, although methods and materials similar or equivalent can
be used in practice or testing of the present disclosure. All publications, patent
applications, patents, and other references mentioned herein are incorporated by
reference in their entirety. The materials, methods, and articles disclosed herein are

illustrative only and not intended to be limiting.

”ou ”

[0033] The singular forms “a,” “an,” and “the” include plural referents unless the
context clearly dictates otherwise.

[0034] As used in the specification and in the claims, the term “comprising” may
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include the embodiments “consisting of’ and “consisting essentially of.” The terms

” ot

‘comprise(s),” “include(s),” “having,” “has,

EXIN1 EXIN1

can,” “contain(s),” and variants thereof, as
used herein, are intended to be open-ended transitional phrases that require the presence
of the named ingredients/steps and permit the presence of other ingredients/steps.
However, such description should be construed as also describing compositions,
mixtures, or processes as “consisting of” and “consisting essentially of’ the enumerated
ingredients/steps, which allows the presence of only the named ingredients/steps, along
with any impurities that might result therefrom, and excludes other ingredients/steps.
[0035] Unless indicated to the contrary, the numerical values in the specification
should be understood to include numerical values which are the same when reduced to
the same number of significant figures and numerical values which differ from the stated
value by less than the experimental error of the conventional measurement technique of
the type used to determine the particular value.

[0036] All ranges disclosed herein are inclusive of the recited endpoint and
independently combinable (for example, the range of “from 2 to 10” is inclusive of the
endpoints, 2 and 10, and all the intermediate values). The endpoints of the ranges and
any values disclosed herein are not limited to the precise range or value; they are
sufficiently imprecise to include values approximating these ranges and/or values.
[0037] As used herein, approximating language may be applied to modify any
quantitative representation that may vary without resulting in a change in the basic
function to which it is related. Accordingly, a value modified by a term or terms, such as
“about” and “substantially,” may not be limited to the precise value specified, in some
cases. The modifier “about” should also be considered as disclosing the range defined by
the absolute values of the two endpoints. For example, the expression “from about 2 to
about 4” also discloses the range “from 2 to 4.” The term “about” may refer to plus or
minus 10% of the indicated number. For example, “about 10%” may indicate a range of
9% to 11%, and “about 1” may mean from 0.9-1.1.

[0038] For the recitation of numeric ranges herein, each intervening number there
between with the same degree of precision is explicitly contemplated. For example, for
the range of 6-9, the numbers 7 and 8 are contemplated in addition to 6 and 9, and for
the range 6.0-7.0, the number 6.0, 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, and 7.0 are
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explicitly contemplated.

[0039] As used herein, a “ferroelectric’ liquid crystal is defined as a crystal which
shows spontaneous electric polarization and whose direction of spontaneous polarization
can be reversed via the application of an electric field.

[0040] As used herein, an “antiferroelectric” liquid crystal is defined as a smectic or
columnar liquid crystal where subsequent smectic layers or columns are composed of
two sublattices polarized spontaneously in antiparallel directions and in which a
ferroelectric phase can be induced by applying an electric field.

[0041] The present disclosure relates to fast optical switches. Fast electro-optical
switching can be achieved without polarizers by using dichroic dye-doped antiferroelectric
liquid crystals. In some embodiments, two films of dye-doped antiferroelectric liquid
crystals can be used to switch the transmitted light intensity between dark and bright
states without the need of polarizer filters.

[0042] The normal state may be a dark state or a bright state. In some embodiments,
the normal state is a dark state and the switch is used in a privacy window, a microwave,
or a smart refrigerator (e.g., when one does not see contents but can have a peak view
without opening the door).

[0043] In some embodiments, the normal state is a bright state and the device can be
used in navigation systems built in windshields, ski goggles, welding goggles, or where
the voltage is triggered by light, thereby attenuating it within the fraction of 1 millisecond
and preventing eye damage.

[0044] FIG. 1 illustrates the director structure and the optics looking from the top on a
film with bookshelf alignment (smectic layers are normal to the substrate) when no field
applied and under sufficiently large fields applied in opposite directions to an
antiferroelectric liquid crystal system. In this view, the smectic layers are illustrated by
lines. At zero applied fields, the average orientation of the molecules (illustrated by
elongated ellipses), is tilting alternatingly from one layer to the other and the spontaneous
polarizations points in and out of the plane of the drawing. The effective birefringence of
this structure is small, and the index ellipsoid is fat with long axis along the layer normal
(vertical direction in the drawing). In fact, the antiferroelectric state would appear optically

isotropic, if the tilt angle were precisely 45°. Such a structure is called orthoscopic and is
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promising for fast displays with large viewing angle. When large enough fields are applied
in the viewing direction pointing in or out of the plane of drawing, the anticlinic structure
becomes synclinic, in which the director tilts uniformly left or right, depending on the
direction of the applied field. In these two states, the directions of the optical axes make
angle +6 with respect to the layer normal. Turning the crossed polarizers so that the
polarizer or analyzer is parallel to one of the optic axes (in FIG. 1 to the E>0 state), then
this state appears black, whereas the state with the opposite ferroelectric polarization
direction appears bright when 0<6<45°. The brightest state appears when 6=45°%2=22.5°,
whereas the state remains dark when 6=45°  Four rows are included in FIG. 1 to
demonstrate that there is a periodic structure with two layers periodicity. In other
embodiments, there are 2 rows, 6 rows, 8 rows, etc.

[0045] In some embodiments, the antiferroelectric liquid crystals have a tilt angle of
45°,

[0046] The systems, apparatuses, and methods of the present disclosure may use
electro-optical switching of a room temperature antiferroelectric liquid crystal mixture,
both in single layer with the use of one polarizer, and/or in double layer configurations
without the need of any polarizer.

[0047] In some embodiments, the antiferroelectric liquid crystal phases include one or
more of the following: anticlinic chiral tilted smectic phase (SmC*A — used in the
examples), anticlinic chiral tilted columnar phase of disc-shaped molecules, and
antiferroelectric tilted polar smectic or columnar phase of bent-shaped molecules.
[0048] FIG. 6 illustrates one example of a double-layered display 100 which may be
free of polarizers. The display 100 includes, in sequence, a first transparent substrate
110a, a first transparent electrode 120a, a first transparent alignment layer 130a, a first
liquid crystal layer 140a, a second transparent alignment layer 130b, a second
transparent electrode 120b, a second transparent substrate 110b, a third transparent
substrate 110b, a third transparent electrode 120c¢, a third transparent alignment layer

130c, a second liquid crystal layer 140b, a fourth transparent alignment layer 130d, a
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fourth transparent electrode 120d, and a fourth transparent substrate 110d.

[0049] In some embodiments, one or more of the aforementioned layers is omitted.
[0050] Where multiple layers of the same type are present, the layers may include the
same or different materials. For example, the transparent substrates 110a, 110b, 110c,
110d may be made of the same or different materials. Similarly, the transparent
electrodes 120a, 120b, 120c, 120d may be made of the same or different materials. Also,
the transparent alignment layers 130a, 130b, 130c, 130d may be made of the same or
different materials. The liquid crystal layers 140a, 140b may also be made of the same
or different materials. The same principle applies to the thicknesses of the various layers
of the same type which may be the same or different.

[00561] FIG. 7 illustrates another example of a double-layered display 200 which may
be free of polarizers. The display 200 includes, in sequence, a first transparent substrate
210a, a first transparent electrode 220a, a first transparent alignment layer 230a, a first
liquid crystal layer 240a, a second transparent alignment layer 230b, a second
transparent electrode 220b, a second transparent substrate 210b, a third transparent
electrode 220c, a third transparent alignment layer 230c, a second liquid crystal layer
240b, a fourth transparent alignment layer 230d, a fourth transparent electrode 220d, and
a third transparent substrate 210c.

[0052] In some embodiments, one or more of the aforementioned layers is omitted.
[0053] Where multiple layers of the same type are present, the layers may include the
same or different materials. For example, the transparent substrates 210a, 210b, 210c
may be made of the same or different materials. Similarly, the transparent electrodes
220a, 220b, 220c, 220d may be made of the same or different materials. Also, the
transparent alignment layers 230a, 230b, 230c, 230d may be made of the same or
different materials. The liquid crystal layers 240a, 240b may also be made of the same
or different materials. The same principle applies to the thicknesses of the various layers
of the same type which may be the same or different.

[0054] FIG. 8 illustrates an electro-optical device 300 with one polarizer. The device
includes a polarizer 3560, and, in sequence, a first transparent substrate 310a, a first
transparent electrode 320a, a first transparent alignment layer 330a, a liquid crystal layer

340, a second transparent alignment layer 330b, a second transparent electrode 320b,
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and a second transparent substrate 310b.

[0055] In some embodiments, one or more of the aforementioned layers is omitted.
[0056] \Where multiple layers of the same type are present, the layers may include the
same or different materials. For example, the transparent substrates 310a, 310b may be
made of the same or different materials. Similarly, the transparent electrodes 320a, 320b
may be made of the same or different materials. Also, the transparent alignment layers
330a, 330b. The same principle applies to the thicknesses of the various layers of the
same type which may be the same or different.

[0057] The following examples are provided to illustrate the devices and methods of
the present disclosure. The examples are merely illustrative and are not intended to limit

the disclosure to the materials, conditions, or process parameters set forth therein.

EXAMPLES

[0058] For the examples, a room temperature antiferroelectric liquid crystal mixture
CS4000 from Chisso Corporation (now Japan New Chisso) doped with either a blue
dichroic dye (G-472 from Hayashibara Chemicals) or black dichroic dye (S-428 from
Mitsui Chemicals) was used. The black dye comprises a mixture of a red azo dye, a yellow
azo dye, and a blue anthraquinone dye in amounts of 16wt%, 7wt% and 77wt%,
respectively. The phase sequence, alignment properties, tilt angle, polarization and
switching time measurements of CS4000 are known. The phase sequence of the pure
CS4000 was reported as Isotropic (98.5°C) SmA (83°C) SmCa* (81.2°C) SmC* (79.9°C)
SmCy* (79°C) SmCa* (-10°C) Crystal.

[0069] The dyes were mixed in CS4000 by dissolving a proper amount of dye and
liquid crystal in chloroform, followed by complete evaporation of chloroform. No phase
separation was found either in 2wt% G-472 or up to 5Swt% S$-428 mixtures, and the
transition temperatures were found to be suppressed by less than 1°C. The mixtures of
blue and black dye-doped antiferroelectric liquid crystal were then capillary-filled into 3
Mm, 5 um and 12 pm thick sandwiched cells in a vacuum oven at 120°C. The glass
substrates are treated with transparent ITO (indium tin oxide), spin-coated with polyimide
(P1-2555) and rubbed unidirectionally to promote planar alignment. As a control, 3 um

and 12 pm thick pure CS4000 samples were also prepared and studied.
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[0060] Alignment

[0061] To achieve “bookshelf alignment’, an electric field (square waveform) was
applied onto the dye doped antiferroelectric liquid crystal cells while cooling from the SmA
to SmCa* phase, at a rate of 1.0°C/min. It was found that the quality of the alignment
strongly depends on the strength and frequency of the applied square wave field, and, to
a lesser extent, on the cooling rate. For 3um cells, it was found that f=15 Hz is the optimal
frequency. It can be seen by comparing the images of the textures obtained after applying
U=90 V,,_,, square wave voltage at (a) f=5 Hz; (b) f=15 Hz; (c) f=70 Hz frequencies (see
FIG. 2a, b and c), respectively. Similar results were found for 5um thick cells and for both
dyes. Pictures are taken at zero fields at room temperature (antiferroelectric state) by
rotating the crossed polarizers parallel and perpendicular to the rubbing direction to find
the darkest image. The darker is the image, better is the alignment (see FIG. 1 for
explanation). We can judge that the alignment obtained at 70 Hz (FIG. 2c) is much worse
than that obtained under 5 Hz (FIG. 2a) and 15 Hz (FIG. 2b). Careful inspection of FIG.
2a (5Hz) reveals presence of defect lines, which are completely missing in FIG. 2b (15HZz).
[0062] The quality of the electro-optical switching between crossed polarizers can be
judged by looking at FIG. 2d and FIG. 2e. In these cases, the crossed polarizers were
rotated by about 25° to find the darkest state when +47 V (DC) was applied on the cell.
This angle is slightly smaller than the tilt angle 6=27° measured in pure CS4000, indicating
that the dye molecules are shorter than of the average length of the CS4000 molecules.
The alignment is practically perfect in macroscopic (over mm) scale, which is a significant
improvement compared to the alignments published on pure CS4000 with similar
methods, but with different alignment layers and different voltages applied on thicker
samples.

[0063] The physical mechanism of the combined electric field treatment and surface
alignment is not clear yet. Since the spontaneous polarization is restricted along the
layers, switching it between up and down along the field across the substrate will definitely
pull the layers along the electric field. However, the field alone would not distinguish any
direction normal to the field. The rubbing direction would do it, but in a tilted SmC* phase,

it still would allow two equally possible orientation of the layers, namely with angle +6
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with respect the rubbing direction. The absence of these two directions is possibly due to
the alternating flow induced by the switching of the director on a cone while switching the
direction of the ferroelectric polarization. This flow aligns the smectic layers in one
direction by sweeping away domains in wrong layer directions. Having only a small bias
toward one direction (possibly due to surface pretilt induced by unidirectional rubbing)
may also facilitate the complete disappearance of the unfavorable layer direction.

[0064] Electro-optics with one polarizer

[0065] Looking atthe E=0, E>0 and E<0 states shown in FIG. 1 with no polarizer, there
would be no difference in the transmitted light intensities. However, placing the film behind
(or in front of) a linear polarizer, contrast is seen (see FIG. 3). The image is the darkest
(FIG. 3d) when the polarizer is parallel to the director in one of the ferroelectric states
(see FIG. 3a). This is because the dye molecules, parallel to the electric vector of light
coming through the linear polarizer, absorb the light. In this polarizer direction, the image
becomes bright (FIG. 3e) when the polarity of the ferroelectric state is switched to the
opposite direction, because now the dye molecules make an angle 20 with respect to the
electric vector of the incoming light, and only the projection of the electric vector parallel
to the dye molecules will be absorbed (FIG. 3b). One can realize that this state is the
brightest when the tilt angle is 45°, i.e., the director (and the dye molecules) will be
orthogonal to the incoming electric vector. At zero electric field, when the director relaxes
back to the anticlinic configuration, the average dye direction will be parallel to the layer
normal, i.e., it will make an angle 6 with respect to the electric vector of the incoming light.
Since the projection of the electric vector to the average dye direction is larger, the image
will be darker (FIG. 3f) than in FIG. 3e. Since when £=0 the image is brighter than shown
in FIG. 3¢, the brightness in FIG. 3f lies in between the brightest and darkest states, hence
the label “medium” in FIG. 3f. FIG. 3g shows the oscillogram trace of the switching
between (a) and (b) states of CS4000 with 2wt% G-472 at room temperature under +40V
applied. The switching time is about 100 ps. Finally, FIG. 3h shows the time dependences
of the transmittances of a 712-um film of CS4000+2wt% G-472 under switching by square
wave field of various peak-to-peak values. One can see that switching times are less than

200 us for all voltages above 40Vpp. In FIGS. 3a-c, the vertically oriented elements are
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intended to represent the periodic molecular density modulation. The dyes are parallel
to the molecules, which in (a) and (b) are the same in each layer, whereas they are
anticlinic in (¢). When switching from (a), (b) to (c), the directions of the dyes change.
[0066] Note that in the above examples, the dye-doped antiferroelectric liquid crystal
film behaves like a switchable polarizer, implying that the polarizer may be substituted by
another dye-doped antiferroelectric liquid crystal film. The expected switching behaviors
are sketched in FIG. 4. In the top row of FIG. 4, the director configurations when the
smectic layers (and rubbing directions) in the cells are oriented perpendicular to each
other are shown. The bottom row illustrates the situation when the smectic layers (and
rubbing directions) in the cells are oriented parallel to each other. Left column of FIG. 4
correspond to AFE states in both layers (E=0 on both films) with anticlinic director
structures, whereas the right column illustrates the director configurations in
the ferroelectric states (E>E.) on both cells, but they point in opposite directions. When
the smectic layers are perpendicular and the directors are anticlinic (top-left) the average
directions of the dye molecules are perpendicular to each other in the top and bottom
cells, consequently no light should go through (dark state). When the smectic layers are
perpendicular and the directors are synclinic in opposite directions (top-right), the angle
between the directors and the directions of the dye molecules in the two cells is ¢=90°-
26. For 6=45°, « would be zero, thus resulting in maximum brightness. In the situation
when the layers are parallel with anticlinic director structures (bottom-left), the average
dye directions are normal to the layers, so they are parallel to each other, resulting in a
bright state. Finally, if the smectic layers are parallel and the directors are synclinic, but
the tilt in opposite directions in the top and bottom cells (bottom-right), the angle between
the average dye orientations of the bottom and top cells is =26, resulting in a dark state.
The darkest state is realized when «=90°, i.e., §=45° (orthoscopic state).

[0067] When the smectic layers in the two cells are perpendicular to each other, a
normally dark state that can be switched to a bright state is expected, and vice versa,
when the orientation of the rubbing directions are parallel in the two cells, a normally bright
state that can be switched to dark by an applied electric field is expected. In both cases

the optimum contrasts can be achieved in the orthoscopic structures, when the tilt angle
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is 45°,

[0068] Since the antiferroelectric liquid crystal material CS4000 available for us has a
tilt angle much smaller than 45°, it is not expected to achieve the best contrast, but can
achieve the darkest state possible in the perpendicular anticlinic cells (top-left
configuration), since that does not rely on the 45° tilt angle. Switching time of less than 1
millisecond was also demonstrated.

[0069] The experimental verification of the principles is shown in FIG. 5 for two 5-um
films of CS4000+5wt% S-428 mixtures on top of each other with no polarizer.

[0070] The image in FIG. 5a represents the bright state of the perpendicular cells in
the ferroelectric (FE) state when U=30 V, =80 Hz square wave voltage is applied; while
FIG. 5b shows dark state of the perpendicular cells in the antiferroelectric (AFE), OFF
state. It can be seen that the image is really dark, darker than typical guest-host nematic
cells have in homeotropic alignments. This is because the order parameter of the dyes is
probably larger in the smectic than in the nematic phase (another advantage of smectic
guest host systems in addition to the faster speed). FIG. 5¢ shows the time dependence
of the transmittance when a bipolar square wave field is turned OFF and ON. Although
the relaxation time from the ferroelectric to the antiferroelectric state is larger than the
switching time measured while switching between two ferroelectric states (FIG. 2), it is
still less than 1 millisecond. The switching between the normally bright OFF state and the
dark ON state of parallel cells is shown in FIG. 5d and e. The dark state is not optimal,
and it appears less dark than the OFF state of the perpendicular cells. The bright OFF
state is indeed brighter than of the bright ON state of perpendicular cells, although it
should be less bright than what would be observed for synclinic director with 45° tilt. Slight
green tone of the bright cells was observed due to the imperfect black dye, which shows
a smaller absorption in the green range. Also, the images outside the electrode areas are
in between the darkest and brightest states of the electrode areas, as outside the
electrodes the layers are not aligned perpendicular to the film substrates.

[0071] To summarize, the alignment and electro-optical properties of a dye-doped
antiferroelectric liquid crystal were studied. Unprecedentedly good uniform alignment on
macroscopic scale with the combination of proper surface alignment and electric field

treatments was achieved. Also, it was successfully demonstrated that two films of
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antiferroelectric liquid crystals in their SmCa* phase can be used to switch the transmitted
light intensity between dark and bright states without the need of polarizer filters.
Furthermore, it was also shown that one could get either normally dark or bright states.
Normally dark states can be useful, for example, in privacy windows, or smart
refrigerators, when one does not see the food inside, but can have a peak view without
opening the door. The normally transparent display can be used in navigation systems
built in windshields, in ski or welding goggles or where the voltage is triggered by light,
thus attenuating it within the fraction of 1 millisecond preventing eye damage.

[0072] It will be appreciated that variants of the above-disclosed and other features
and functions, or alternatives thereof, may be combined into many other different systems
or applications. Various presently unforeseen or unanticipated alternatives, modifications,
variations or improvements therein may be subsequently made by those skilled in the art

which are also intended to be encompassed by the following claims.
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CLAIMS:

1. An optical switch for a liquid crystal device comprising in sequence:

a first transparent substrate;

a first transparent electrode;

a first alignment layer;

a first liquid crystal film comprising a first antiferroelectric liquid crystal
doped with a first dichroic dye;

a second liquid crystal film comprising a second antiferroelectric liquid
crystal doped with a second dichroic dye;

optionally a second alignment layer;

a second transparent electrode; and

a second transparent substrate.

2. The optical switch of claim 1, wherein the first liquid crystal film and the

second liquid crystal film are aligned perpendicular to each other.

3. The optical switch of claim 1, wherein the first liquid crystal film and the

second liquid crystal film are smectic layers.

4. The optical switch of claim 1, wherein the first antiferroelectric liquid crystal

and the second antiferroelectric liquid crystal are the same.

. The optical switch of claim 1, wherein the first dichroic dye and the second

dichroic dye are the same.

6. The optical switch of claim 1, wherein the first antiferroelectric liquid crystal
and the second antiferroelectric liquid crystal have a tilt angle in the range of about 40° to
about 50°.

7. The optical switch of claim 6, wherein the tilt angle is about 45°.
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8. The optical switch of claim 1, wherein the switch is switchable in less than

1 millisecond.

9. The optical switch of claim 1, wherein the switch is switchable in less than

200 microseconds.
10. A device comprising the optical switch of claim 1.
11.  The device of claim 10, wherein the normal state is a dark state.
12.  The device of claim 10, wherein the normal state is a bright state.

13. The device of claim 10, wherein the device is a privacy window, a

refrigerator, an oven, a microwave, a windshield, or goggles.

14. A method for switching an electronic device from a first state to a second
state, the method comprising:
applying an electric field to the electronic device;
wherein the electronic device comprises:
a first transparent substrate;
a first transparent electrode;
a first alignment layer;
a first liquid crystal film comprising a first antiferroelectric liquid
crystal doped with a first dichroic dye;
a second liquid crystal film comprising a second antiferroelectric
liquid crystal doped with a second dichroic dye;
optionally a second alignment layer;
a second transparent electrode; and

a second transparent substrate.

15. The method of claim 14, wherein the first state is a bright state and the

second state is a dark state.
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16. The method of claim 14, wherein the first state is a dark state and the

second state is a bright state.

17.  The method of claim 14, wherein electric field comprises a square wave AC
field having an amplitude greater than about 2 V/um and a frequency in the range of about
100 Hz to about 500 Hz.

18. The method of claim 14, wherein the first antiferroelectric liquid crystal and

the second antiferroelectric liquid crystal have a tilt angle of about 45°.

19. The method of claim 14, wherein the switching occurs in a time period of

less than 1 millisecond.

20. A method of forming an optical switch comprising:
sandwiching a first liquid crystal film and a second liquid crystal film between
two transparent substrates;
wherein both the first liquid crystal film and the second liquid crystal film
comprise an antiferroelectric liquid crystal doped with a dichroic dye; and
wherein the first liquid crystal film and the second liquid crystal film are

aligned perpendicular to each other.
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