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(57) ABSTRACT

A multicolored reflection liquid crystal display device
includes a pair of substrates having a reflective holographic
polymer dispersed liquid crystal (H-PDLC) film disposed
therebetween. The H-PDLC {ilm contains at least two dii-
ferent reflection gratings capable of reflecting two different
wavelengths of light. A multicolored reflection H-PDLC 1s
obtained by simultaneously illuminating a plurality of
regions of a film comprised of a mixture of a liquid crystal
and a photo-polymerizable monomer with a plurality of
holographic light patterns capable of providing liquid crystal
layers of different spacings so as to obtain different reflection
oratings 1n each of the regions. A mask 1s placed between
cach of the laser light beams and the film to form a pattern
of light and dark regions on the film. Each mask is posi-
tioned such that at least one light region of a first beam pair
coincides with at least one dark region of a second beam pair
within the film. A multiple grating liquid crystal display
device including an H-PDLC film having a first region
comprising liquid crystal and matrix polymer layers forming
a transmission grating and a second region comprising liquid
crystal and matrix polymer layers forming a reflection
ograting capable of reflecting a preselected wavelength of
light also 1s described.
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HOLOGRAPHICALLY-FORMED POLYMER
DISPERSED LIQUID CRYSTALS WITH MULTIPLE
GRATINGS

BACKGROUND OF THE INVENTION

[0001] This invention relates to holographically-formed
polymer dispersed liquid crystals (H-PDLCs). In particular,
the 1mnvention relates to multiple grating reflective displays
using H-PDLC technology. The invention also relates to
H-PDLCs having multiple reflection and transmission grat-
Ings.

[0002] Polymer dispersed liquid crystals (PDLCs) in their
conventional form consist of micrometer-sized liquid crystal
(LC) droplets dispersed in a rigid polymer matrix. PDLCs
are typically formed using phase-separation or emulsifica-
tion methods. Photo-polymerization induced phase separa-
fion utilizes a mixture of a low molecular weight liquid
crystal and a photo-curable monomer. Irradiation of the
homogeneous pre-polymer mixture initiates polymerization,
which 1n turn induces a phase separation between the
polymer and liquid crystal. The result 1s a liquid crystal
phase separated into droplets and immobilized 1n a rigid
polymer matrix.

10003] FIG. 1A illustrates a conventional PDLC formed
by phase separation of a liquid crystal phase from a matrix
polymer phase. The entire LC-monomer film 1s photopoly-
merized and phase separation occurs randomly throughout
the film and results 1n LC droplets on the order of microns.
In the zero-voltage state, the symmetry axis of the droplets
1s randomly oriented and there 1s a mismatch of the index of
refraction between the matrix polymer and the LC droplets.
This condition results in a strongly light scattering (opaque)
appearance. By matching the ordinary refractive index of the
liquid crystal with that of the matrix polymer, a transparent
appearance 1s achieved when sufficient voltage 1s applied to
reorient the LC droplets. Thus, conventional PDLC displays
are capable of switching between an opaque oif-state and a
fransparent on-state, but do not have inherent ability to
display color.

10004] Reflective liquid crystal displays have been devel-
oped which rely on PDLC materials and, more recently,
holographic or optical interference preparative techniques
have been used to carry out polymerization to selectively
positioned regions of liquid crystal and polymer. Planes of
liquid crystal droplets are formed within the sample to
modulate the LC droplet density on the order of the wave-
length of light. On exposure to an optical interference
pattern, typically formed by two coherent lasers, polymer-
1zation 1s 1nitiated in the light fringes. A monomer diffusion
oradient 1s established as the monomer 1s depleted 1n the
dark fringes, causing migration of liquid crystal to the dark
fringes. The result 1s LC-rich areas where the dark fringes
were located and essentially pure polymer regions where the
light fringes were located.

[0005] The resulting optical interference pattern reflects at
the Bragg wavelength, A=2nd sin 0, where n 1s the average
index of refraction, 0 1s the angle between the substrate and
viewing direction, and d 1s the Bragg layer spacing. The
interference pattern can be selected to form Bragg gratings
which can reflect any visible light. In the “off state™, that 1s,
with no applied voltage, the LC directors are misaligned and
light of the Brage wavelength 1s reflected back to the
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observer. Upon application of an applied voltage, the “on
state”, the device becomes transparent. The reflection 1nten-
sity 1s electrically controlled by changing the effective
refractive index of the LC droplet planes with an applied
voltage. If the refractive index of the LC droplet planes
(n, o) 1s different from that of the polymer planes (n,), light
of a specific wavelength 1s reflected by the periodic modu-
lation 1n the refractive index. It n; - 1s equal to n,, the
periodic refractive index modulation disappears and the
incident light 1s transmitted. If the LC has a positive dielec-
tric anisotropy and the ordinary refractive index n_ 1s
approximately equal to n, the reflection ntensity decreases
with 1ncreasing applied voltage. This results 1n a material
transparent at all wavelengths and all incident light is
transmitted.

[0006] Displays incorporating these materials have been
reported 1n “Holographically formed liquid crystal/polymer
device for reflective color displays” by Tanaka et al. in
Journal of the Society for Informational Display (SID),
Volume 2, No. 1, 1994, pages 37-40; and also 1n “Optimi-
zation of Holographic PDLC of Reflective Color Display
Applications” in SID ’95 Digest, pages 267-270 (1995). In
cach of the reported H-PDLC displays, however, reflection
gratings capable of reflecting only a single wavelength of
light were created. See, Tanaka et al. n U.S. Pat. No.
5,748,272,

[0007] A major interest in the display industry is the
creation of full color reflective displays. U.S. Pat. No.
5,875,012 to Crawiord et al. describes a full-color liquid
crystal device incorporating three single-color stacked
reflective H-PDLCs, which can be activated alone or 1n
combination to provide a broad spectrum of color. Although
this configuration results in high reflection efficiencies, it 1s
complicated to fabricate and requires sophisticated electrical
drive schemes.

[0008] Date et al. in “Three-Primary-Color Holographic
Polymer Dispersed Liquid Crystal (H-PDLC) Devices for
Reflective Displays” (Proceedings of the 15™ International
Display Research Conference, Hamamatsu, Japan, 1995; p.
603) report single exposure films of different color. Ared, a
oreen and a blue reflecting H-PDLC are reported formed
using a single laser source, 1 which the different reflection
oratings were obtained at different incident angles from
different H-PDLC layers. Date also reported the use of
prisms to obtain the appropriate cross angles for longer
wavelengths of light. Using this technique, a full color
reflective display can only be built by stacking three
H-PDLC layers that individually reflect at red, green or blue
wavelengths. There were no multiple grating films made
from a single layer H-PDLC to reflect multiple colors.

[0009] There is a need to provide a single layer H-PDLC
with multiple reflective gratings for constructing a reflective
display device that can have a range of colors. Such displays
are desirable due to their simplified configuration and
because they are sufficiently reflective at low power and in
normal operating environments.

[0010] Lastly, multiple Bragg gratings in display panels
and other devices are desired because specular reflections off
of multiple gratings within the layer would increase the
operative viewing angle and improve the quality of the
reflected 1mage. There 1s currently no method which pro-
vides such capability in the prior art.
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[0011] Creating a near infrared reflecting H-PDLC is a
difficult task to accomplish due to the large wavelength shaft
required to create Bragg gratings in the near infrared band
(~1000 nm) using light in the visible range. The use of
visible light lasers to fabricate IR H-PDLCs i1s attractive for
a variety of reasons. The beam 1s visible with the unaided
eye which simplifies alignment and fabrication; and IR
photoinitiators, needed for the polymer-initiated phase sepa-
ration of the H-PDLC, are not readily available or are not
developed to a point sufficient for use 1n this application.

[0012] Unfortunately, at the incident angles required to
form the infrared interference pattern, the glass surface is
highly reflective and very little of the light passes through
the supporting glass 1nto the LC-monomer layer. Further-
more, some of the light that does enter the layer 1s 1n the
form of multiple reflections which wash out the interference
pattern.

[0013] There is a need to provide an infrared reflective
modulating device and a method for obtaining an infrared
reflective device that addresses the problems and limitations
of the prior art.

SUMMARY OF THE INVENTION

[0014] The present invention provides advances and
improvements in the manufacture of H-PDLC compositions.
The use of simultancous, coherent multiple laser beam
exposure has been exploited to provide multiple grating
liquid crystal devices from a single layer H-PDLC.

[0015] In one aspect of the invention, a multicolored
reflection liquid crystal display device 1s provided from a
single layer configuration having a pair of substrates having
a reflective holographic polymer dispersed liquid crystal
(H-PDLC) film disposed therebetween. The H-PDLC film
includes liquid crystal and matrix polymer layers which
form a reflection grating capable of reflecting a wavelength
of light, wherein the H-PDLC film includes at least two
different reflection gratings capable of reflecting two ditfer-
ent wavelengths of light. The substrate may be made up of
I'TO-coated glass or plastic.

[0016] In preferred embodiments, the H-PDLC comprises
three or more different reflection gratings capable of reflect-
ing three different wavelengths of light. The reflection
gratings may be superimposed on the same area of the film,
or they may be located 1 specific regions of the film, so as
to form holographic elements patterns, 1.¢., spatial overlap or
non-overlap, respectively.

[0017] In preferred embodiments, the display may provide
holographic elements having non-overlapping reflectance
spectra, 1.€. spectral non-overlap. The display may be
capable of reflecting three primary wavelengths of light, 1.e.,
red, blue and green, cyan-magenta-yellow, or any other
combination.

[0018] Inother preferred embodiments, the reflection grat-
ings are selected to provide a broadband reflection 1n which
the holographic elements have overlapping reflectance spec-
fra. The reflected wavelengths of light are any desired
wavelength, and in particular are of the visible energy range
and IR energy range.

[0019] In other preferred embodiments, the reflected light
1s of substantially equal intensity. Regions of different
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reflection gratings may be arranged 1n an array or may be
arranged to produce a preselected pattern.

[0020] In another aspect of the invention, a method of
making a multicolored reflective liquid crystal display 1is
provided, in which a film comprised of a mixture of a liquid
crystal and a photo-polymerizable monomer are simulta-
ncously illuminated with a plurality of holographic light
patterns capable of providing liquid crystal layers of differ-
ent spacings so as to obtain different reflection gratings in
cach of the regions. A plurality of regions may be 1llumi-
nated with different holographic light patterns.

[10021] In preferred embodiments, the holographic light
pattern 1s obtained by providing at least two pairs of laser
light beams, each beam pair incident on the film at a different
angle to form an optical interference pattern associated with
reflection of a different wavelength of light. Additional beam
pairs, €.g., three or more are contemplated.

[10022] In another preferred embodiment of the invention,
the holographic light pattern 1s obtained by providing laser
light of a different wavelength, each laser light forming an
optical interference pattern associated with reflection of a
different wavelength of light.

[10023] In other preferred embodiments, a mask is placed
between each of the laser light beams and the film, and each
mask forms a pattern of light and dark regions on the film.
Each mask 1s positioned such that at least one light region of
the first beam pair coincides with at least one dark region of
the second beam pair within the film, and the film 1s
illuminated whereby photo-polymerization of the monomer
takes place and formation of polymer and liquid crystal
layers occurs. This gives rise to spatially non-overlapping
holographic elements.

[10024] In other embodiments, at least two different grat-
ings are 1ntroduced into the {ilm 1n a single 1llumination step,
or the power of the light beams 1s substantially equal. In
other embodiments, the mask 1s of a grid pattern having
alternating transparent and opaque grid squares, or other
patterns of transparent and opaque regions. In some embodi-
ments, the grid squares are on the order of about 25 mm~ or
less, and preferably about 9 mm* or less; however, much
smaller sizes are contemplated as within the scope of the
invention. In addition, shapes other than grid squares may be
used, such as, rectangular or circular shapes and the like.

[0025] In one embodiment, two beam pairs are used and a
two-color display 1s obtained; and i1n other embodiments,
three beam pairs are used and a three-color display 1is
obtained. The method may provide films having a plurality
of spectrally non-overlapping reflectances, such as red, blue
and green, or cyan, magenta and yellow. Alternatively, the
method may provide films having a plurality of spectrally
overlapping reflectances, which gives rise to broadband
reflectance.

[0026] In yet another aspect of the invention, 1llumination
of the film by a selected beam pair or pairs 1s blocked by a
shutter for a portion of the exposure time of the film.
Shuttering may be used to shorten or lengthen the exposure
of one beam pair with respect to the other beam pairs.

[0027] In another aspect of the invention, an apparatus for
preparation of a multicolored reflective liquid crystal display
includes means for supporting a {ilm comprised of a mixture
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of liquid crystal and a photo-polymerizable monomer; a
laser source; means for producing at least two pairs of laser
light beams, each beam pair capable of directing light onto
a film housed 1n the supporting means at a different angle to
form an optical interference pattern within a film associated
with reflection of a different wavelength of light; and a mask
disposed between each of the laser light beams and the
supporting means, each mask forming a pattern of light and
dark regions on a film housed in the supporting means and
cach mask positioned such that at least one light region of
the first beam pair coincides with at least one dark region of
second beam pair within a film. The apparatus may further
include shutters disposed between the laser source and the
film for preferentially blocking illumination from one or
more beam pairs.

[0028] In still another aspect of the invention, a method of
making a holographic phase dispersed liquid crystal having
multiple gratings, includes providing a film comprised of a
mixture of liquid crystal and a photo-polymerizable mono-
mer capable of phase separation of the liquid crystal upon
polymerization and having first and second opposing sur-
faces; and 1lluminating the film with at least three beams of
laser light, wherein at least one beam 1s incident on the first
opposing surface of the film and at least one beam 1s imncident
on the second opposing surface of the film, and having at
least one region 1n which three laser beams overlap, whereby
upon photo-polymerization of the monomer and phase sepa-
ration of the liquid crystal/polymer, a transmission grating
and two reflection gratings are formed in the three-beam
overlapping region. Beam arrangements employing a greater
number of beams and resulting in a greater number of
oratings also are contemplated.

[10029] In a preferred embodiment, the film further has at
least one region in which two beams overlap and a reflection
orating 1s formed 1n the two-beam overlapping region. Beam
arrangements employing a greater number of beams and
resulting 1n a greater number of gratings also are contem-
plated.

[0030] The intensity of light incident on the first opposing
surface of the film may be unequal or may be approximately
equal to the intensity of light incident on the second oppos-
ing surface, depending upon the desired outcome.

[0031] In other preferred embodiments, the laser beam is
incident on the film at a different angle.

[0032] In another aspect of the invention, a multiple
cgrating liquid crystal display device includes a pair of
substrates having a holographic polymer dispersed liquid
crystal (H-PDLC) film disposed therebetween. The H-PDLC
film includes a first region comprising liquid crystal and
matrix polymer layers forming a transmission grating and a
plurality of reflection gratings and at least one second region
comprising liquid crystal and matrix polymer layers forming
a reflection grating capable of reflecting a preselected wave-
length of light. The transmission grating typically exhibits
Bragg diffraction (when the spacing between the LC droplet
layers is on the order of the wavelength of incident light), but
may also exhibit other behavior, such as for example, Raman
Nath diffraction (when the spacing between the LC droplet
layers 1s greater than the wavelength of incident light).

[0033] It is also within the scope of the invention to
combine a plurality of aforementioned single layer H-PDLC
films having multiple spectral gratings into a single display
device.
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Definitions

[0034] “Bragg grating” means periodically repeating lay-
ers of a polymer and liquid crystal (LC) which form LC
planes having a spacing that satisfy the grating equation,

B A (1)
~ 2nsin( /2)

[0035] where A is the wavelength of the incident laser
light, n 1s the average index of refraction of the holographic
medium, and 1) 1s the angle between the mterfering beams.
When the light source and the observer are on the same side
of the holographic film, the grating 1s known as a reflection
corating. When the light source and the observer are on
opposite sides of the holographic film, light 1s diffracted
upon transmission through the holographic film and the
orating 1s known as a transmission grating.

[0036] “Holographic technique”, “holography”, “holo-
ographic light”, as those terms are used herein refer to the
formation of interfering light patterns 1n a three dimensional
space.

10037] “Holographic element” refers to the smallest spec-
trally distinct element of a display, 1.¢., the smallest region
having a homogenous grating. The holographic element may
be defined by one or more electrodes, ¢.g., multiple gratings
may be homogeneously superimposed over a region of the
f1lm, however, each of the gratings may switch between on-
and off-states at different potentials. In those instances where
the holographic element 1s defined by a single electrode, the
holographic element 1s also a “pixel”, 1.e., the smallest
switchable element of the device.

[0038] “Spatially overlapping” and “spatially non-over-
lapping” refer to the location of the grating on the film.
When the gratings are non-overlapping, a single grating
occupies a defined region of the film and does not share the
region with other gratings (other than minor and uninten-
tional overlap due to improper alignment).

[0039] “Spectrally overlapping” and “spectrally non-over-
lapping” refer to the separation between two reflectance
peaks. Reflectance peaks are considered non-overlapping if
two adjacent spectra do not overlap at full width at half

maximum (FWHM).

[0040] When referring to spectral reflectance and wave-
length, 1t 1s understood that the peak wavelength represents
the peak centered around a peak maximum. Width of the fill
peak may vary, but typically 1s in he range of 20 nm
(FWHM) for single grating peaks.

BRIEF DESCRIPTION OF THE DRAWING

[0041] The invention is described with reference to the
following drawings, which are provided for the purpose of
illustration only and which are 1n no way limiting of the
mvention, and 1n which:

10042] FIGS. 1A-C are schematic views illustrating a
conventional PDLC (1A); a reflective H-PDLC (1B); and a
transmission H-PDLC (1C);

[10043] FIG. 2A is a cross-sectional view of a multicolored
reflective H-PDLC display of the invention in which the
holographic elements are spatially separated;
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10044] FIG. 2B is a cross-sectional view of a multicolored
reflective H-PDLC display of the invention in which the
holographic elements are spatially superimposed to reflect
multiple wavelengths from a common region,;

10045] FIG. 2C is a cross-sectional view of a multicolored
reflective H-PDLC display of the invention in which the
holographic elements are angularly multiplexed;

10046] FIG. 3 1s a schematic view illustrating the method
and apparatus used 1n the production of a multicolor reflec-

tive H-PDLC;

10047] FIG. 4 is a schematic view illustrating beam
arrangement 1n the method used in the production of a
multicolor reflective H-PDLC;

10048] FIG. 5 is an 1llustration of a shadow mask used to
create a two-color pixellated H-PDLC;

10049] FIG. 6A is a top view of a multicolor reflective
H-PDLC display with periodic and repeating holographic
clements, and 6B 1s a top view of a multicolor reflective
H-PDLC display with holographic elements arranged into a
preselected design;

[0050] FIG. 7 is a schematic view illustrating one method

and apparatus used in the production of an 1nfrared reflecting
H-PDLC;

[0051] FIG. 8 is a schematic view illustrating one method

and apparatus used 1n the production of an infrared reflecting
H-PDLC;

10052] FIG. 9 is a schematic view illustrating the method
and apparatus used 1n the production of a multiple grating

H-PDLC,;

[0053] FIG. 10A is a diagram shown the regions formed
using a three-beam apparatus, and 10B the resultant grat-
Ings;

10054] FIG. 11A is a schematic illustration of a four-beam
overlay arrangement; and 11B 1s an 1llustration of another

alternative arrangement of laser beams in practice of the
method of the invention;

10055] FIG. 12 is a color photograph of a blue-green
holographic element reflective H-PDLC;

[0056] FIG. 13 is a voltage response curve for the blue-
oreen holographic element H-PDLC of Example 1;

[0057] FIG. 14 1s a color photograph of a three-color RGB
holographic element reflective H-PDLC;

[0058] FIG. 15 1s a graph of reflectance vs. wavelength
which 1llustrates spectral reflectance of substantially equal
intensity from a three holographic element sample;

[0059] FIG. 16 is a graph of reflection efficiency vs.
wavelength which illustrates peak broadening for a tempo-
rally exposed blue-green sample;

[0060] KFIG. 17 1s a graph of reflection efficiency vs.
wavelength which 1llustrates peak broadening for a tempo-
rally exposed blue-green sample; and

[0061] KIG. 18 are reflectance spectra for different regions
of a multigrating film of the invention.
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DETAILED DESCRIPTION OF THE
INVENTION

[0062] The invention centers on techniques for creating
H-PDLCs having new and useful properties. FIG. 1 shows
three different configurations of polymer dispersed liquid
crystals (PDLC) which capitalize on the phase separation of
liquid crystal and evolving polymer during polymerization.

FIG. 1A, as previously discussed, 1llustrates a conventional
PDLC.

[0063] H-PDLCs are phase separated compositions
formed under holographic conditions. Instead of random
arrangement of LC droplets, the holographic exposure
induces a periodic array of LC droplets and matrix polymer
planes, as shown in FIGS. 1B and 1C. Upon illumination
with holographic light, the monomer diffuses to high light
intensity regions where it polymerizes. The liquid crystal
remains 1n the dark regions and phase separates 1nto small
droplets on the order of nanometers, ¢.g., 10-200 nm, 1n
ordered, stratified layers. The actual phase-separated mor-
phology varies dependent upon the particular liquid crystal
and the relative composition of the liquid crystal and matrix
polymer used. For lower liquid crystal concentrations,
spherical or ellipsoidal LC droplets are localized 1n stratified
layers and are completely surrounded by matrix polymer. At
higher liquid crystal concentrations, connectivity between
the LC droplets may be observed.

[0064] The devices can reflect as shown in FIG. 1B or

diffract as shown 1n FIG. 1C for various wavelengths
depending upon the layer spacing. The coherent scattering
occurs as either a reflected or a diffracted wavefront depend-
ing on the orientation of the grating. This, 1n turn, 1s
dependent upon the beam geometry during phase separation.

[0065] Reflective H-PDLCs are attractive candidates for
reflective display applications. They exhibit narrow wave-
length bands of high reflection efficiency, which can be
controlled by electric fields. Due to the random nematic
director alignment within the LC-rich plane of the “off-
state”, these materials are not polarization dependent and
hence all polarization states can be used for a brighter
display.

[0066] It is particularly attractive to include multiple
reflection gratings 1n a single film. Multiple reflection grat-
ing H-PDLC may be used, by way of example, for full color
displays and broadband spectral reflectance devices. The
intristic Bragg peaks from a conventional H-PDLC are
typically very narrow (FWHM <20 nm), making them
excellent candidates for full color displays. By incorporating
multiple reflection gratings capable of reflecting light of
particular wavelengths, for example, the primaries red,
oreen and blue, full-color displays are obtained. Alterna-
tively, multiple reflection gratings centered at wavelengths
very close to one another 1n the spectral range results 1 a
broadening of the bandwidth and a broadband reflector 1s
obtained. Finally, such multiple reflection gratings can
increase the viewing angle of the display.

[0067] An exemplary reflective H-PDLC 20 is shown in
FIG. 2A, 1n which the reflection gratings are spatially
separated. An H-PDLC layer 22 1s supported by opposing
olass or plastic substrates 24, 26. The substrates are prefer-
ably coated with a conductive layer 28, such as indium tin
oxide (ITO). A region 30 has a reflection grating (i.e., a
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periodic layering of LC droplet layers 31 mn a polymer
matrix 32) with a spacing d,. Adjacent to this is a region 33
having a different reflection grating with a spacing d,.
Adjacent to this 1s a region 34 having a different reflection
grating with a spacing d;. All light incident on the surface of
the layer will be transmitted with the exception of the
wavelength which satisfies the Bragg equation for the par-
ticular d-spacing of the reflection grating. Thus, region 30
reflects light of wavelength A, whereas region 33 reflects
light having a wavelength A, and region 34 reflects light
having a wavelength ..

[0068] The reflection gratings may be located in discreet
regions 1n the layer with little or no overlap of the individual
reflection gratings. These domains within the H-PDLC are
hereafter referred to as “holographic elements”. In one
embodiment, the holographic elements are located adjacent
to one another, without significant spatial overlap, so as to
maximize color density and variety in the layer, while
maintaining color purity. When each of the holographic
clements reflects only a single wavelength of light and relies
on a single electrode to switch the grating, such elements
may be considered pixels in the conventional meaning of the
term.

[0069] The reflection gratings may be selected to reflect
any wavelength of light. For example, region 30 may be
reflective of light having a center wavelength in the range of
610-650 nm (e.g., red light) and region 33 may be reflective
of light having a center wavelength 1n the range of 520-560
nm (e.g., green light). Additional regions 34 may be
included which are reflective of light 1n other ranges, such
as light having a center wavelength in the range of 440-480
nm (e.g., blue light). Such films are considered to contain
spectrally, as well as spatially, non-overlapping gratings.

[0070] The reflection gratings may be selected to reflect
light centered at similar wavelengths of light. For example,
region 30 may be reflective of light having a center wave-
length 1n the range of 610 nm; region 33 may be reflective
of light having a center wavelength 1n the range of 630 nm;
and regions 34 may be reflective of light having a center
wavelength 1n the range of 650 nm. The result 1s a broadband
reflectance centered around light in the red range of the
visible spectrum. Such films contain spectrally overlapping,
oratings.

[0071] Alternatively, the reflection gratings may be spa-
tially overlapped, that 1s, two or more reflection gratings
occupy a common region of the film, to reflect a broad
bandwidth light. Such an exemplary reflective H-PDLC 40
1s shown 1n FI1G. 2B, in which similar elements are similarly
labeled. The grating associated with region 30 may, for
example, reflect at 610 nm, while those associated with
regions 33 and 34 reflect at 630 nm and 650 nm, respec-
fively. All three gratings are superimposed within a region
42 to retlect a broad band light from 610 to 650 nm. If more
ogratings are overlapped, a broader reflection bandwidth 1s
generated. Such a configuration also helps 1n increasing the
viewing angle of the display device, 1n that multiple gratings
have different angles of observation with respect to the
surface of the film may be incorporated into a single
holographic element, yet still reflect substantially the same
color (as detected by the human eye).

[0072] Alternatively, the reflection gratings may be spa-
tially overlapping 1n that they occupy a common region of
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the film, and yet not be superimposed upon one another.
Such an exemplary reflective H-PDLC 50 1s shown 1n FIG.
2C, 1n which similar elements are similarly labeled. Both
oratings occupy the same region 52 of the film; however,
different reflection gratings are located at different depths
within the film, as measured as the distance from either
surface towards the center of the film. The grating associated
with region 54 at the outermost layers of the film (indicated
as d.,) may, for example, reflect at 610 nm, while that
associated with region 56 (indicated as ds.) may reflect at
480 nm. A film having this novel arrangement of reflection
oratings 1s believed to be made 1n practicing the temporal
multiplexing method of the invention, as i1s discussed in
oreater detail below.

[0073] According to a method of the invention, a multiple
orating reflective H-PDLC layer advantageously 1s prepared
in a single step, thereby greatly simplifying the method of
manufacture. Production of multiple gratings may be
accomplished by simultaneously i1lluminating a precursor
layer containing a photocurable monomer and a liquid
crystal with two or more holographic light patterns capable
of producing LC layers of different d-spacings.

[0074] The light source used in producing different reflec-
fion gratings may be light of the same wavelength which
illuminate the sample surface at different angles of incidence
(varying the value of O in the grating eq 1). Alternatively,
different reflection gratings may be obtained 1lluminating the
prepolymer layer with light of different wavelengths (vary-
ing the value of A in the grating eq 1). While effective, the
latter approach 1s less desirable due to the added cost and
complexity of using multiple lasers.

[0075] In a preferred embodiment, a single laser source is
used. The beam 1s split mto the appropriate number of
beams, which are directed so that pairs of light beams
interfere so as to produce the holographic light patterns used
to create different reflection gratings within the sample. The
crossing point of each laser beam pair 1s positioned and
arranged so that a monomer-LC layer may be exposed to
multiple holographic patterns 1n a single exposure. Multiple
reflection gratings 1n a single layer are obtained thereby.

[0076] The method and apparatus is described with refer-
ence to FI1G. 3. A laser light source 100 generates light of a
predetermined wavelength and optionally 1s then passed
through a beam expander and spatial filter 102. The resultant
laser beam 104 1s split into the number of beam pairs
required for the particular application. Shown m FIG. 3,
beam 104 1s split first using a beam splitter 106 1nto beams

108, 110, which 1s further split at beam splitters 112, 114 into
beams 116, 118 and 120, 122, respectively. With the addi-
tional use of mirrors 124, 126, the laser beams are crossed
to create a holographic light pattern. A sample 128 1s located
at the crossover points of beam pairs.

[0077] Beam pairs are aligned so that a first beam pair 118,
120 1s incident at one angle, 0, and the second beam pair
116, 122 1s 1ncident at a second angle, 0,, relative to the
plane of the sample surface, as shown in FIG. 4. Additional
laser beams are used to create as many additional holo-
oraphic patterns as are desired for a particular display
application. If 1t 1s desired to produce three reflection
oratings, the beam 1s split into six beams. In preferred
embodiments, the beams incident on the sample are of equal
intensity, that 1s having %/th or %sth the power of the original
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laser 1n preparing samples having two or three colors,
respectively. It 1s observed that light of equal intensity forms
holographic light of higher grating contrast leading to more
ciiicient reflection gratings.

[0078] The sample is exposed to light for a short time,
typically 1n the range of 20-60 seconds. The exposure time
strongly depends on laser power (intensity), the choice of
monomer, dye and liquid crystal, as well as the relative
concentrations of the materials. The area of the sample
illuminated by the holographic light formed by the first
beam pair will produce a reflection grating different from
that of the area of the sample 1lluminated by the holographic
light formed by the second beam pair, thereby simulta-
neously producing areas having different reflection gratings
in a smgle film. Spectral reflectance of each holographic
clement may be adjusted to produce whatever ratio of color
mixing 1s desired.

[0079] In the above description, the dimensions of the
reflection gratings produced upon exposure are dependent
on the beam area incident on the film and 1s preferentially
used when preparing spatially overlapping reflection grat-
ings. The areca may be varied with the use of beam expanders
and condensers to increase or decease the area of light
incidence. However, control over the shape of the reflection
grating (e.g., circular vs. rectangular) and the relative posi-
tions of different reflection grating regions (holographic
elements) is difficult. In a preferred embodiment when
preparing spatially non-overlapping, holographic elements,
a shadow mask 130 is used to select the dimensions and
positions of holographic elements. Shadow mask 130 1s
inserted between the beams and the sample. The mask
permits only light of a preselected pattern (size and shape)
to pass through and illuminate the film.

0080] An exemplary mask 130 is shown in FIG. §, in
which dark regions 142 represent gaps in the mask through
which light passes. The masks are arranged so that light from
beams 118, 120 pass through gaps 142 and coincide at the
sample surface. Light from the other two beams 116, 122
also form overlapping light patterns at the sample surface.
Adjacent regions of different reflection gratings may be
produced by positioning the two sets of masks such that the
light of a second mask set illuminates the dark regions
produced by the first mask set.

[0081] The masks may provide any desired pattern. In one
embodiment shown in FIG. 6A, the holographic elements
are arranged 1n a predetermined order. In the top view of a
reflective display, regions 30, 33 and 34 are arranged 1n a
pertodic and repeating array. Holographic elements of a
particular reflection grating may be evenly distributed
throughout the film. This 1s particularly desirable when a
full-color display 1s desired having reflected primary light.
The holographic element arrays may be selectively activated
to provide any color combination and thereby obtain a full
color display.

[0082] Another embodiment is shown in FIG. 6B in
which holographic elements of different reflection gratings
may be grouped together to generate a particular design or
geometry. In the top view of a reflective display, regions 160
shown 1n dark hatching may be of one reflection grating
while open regions 162 are of another. In still other preferred
embodiments, the reflection grating may be located in the
film 1 combination with transmission gratings. In this
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embodiment, therefore, regions of transparence may be
combined with regions of reflection to provide a desired
display appearance. These and other variations will be
apparent to one familiar with the display art.

[0083] The masks may provide any desired size of holo-
oraphic element. Holographic elements may be prepared
having dimensions 1n the range of those required of high
resolution displays. Technology for mask design and align-
ment sufficient to produce high resolution displays 1s avail-
able 1n the art.

[0084] The angle of light incidence as described in FIG.
4 1s adjusted to provide reflected light of the desired wave-
length. In those i1nstances where light of significantly dif-
ferent wavelengths 1s desired, the angles of incidence vary
orcatly. For example, the angle of incidence to produce
reflected red, green and blue light may vary by about 30°,
e.g., 0,, 0, and 0, are 90°, 60°, and 30°, respectively. In
contrast, where light of similar wavelengths 1s desired, the
angles of i1ncidence vary only slightly. For example, the
angle of incidence to produce a broadband reflector may
vary by as little as 5° or less.

[0085] It has been observed that ideal exposure times
differ for different incident angles of laser light. In particular,
it has been observed that red angle gratings are of a poor
quality due to the low angle of incident light and waveguid-
ing 1n the glass mask. This difference 1n spectral reflectance
quality may be minimized varying the amount of time each
laser beam 1s 1ncident on the film surface. The quality of red
angle gratings 1s improved by delaying exposure of the film
to red angle laser light.

[0086] By way of example for a red-green-blue display, a
shutter 1s disposed between the laser beam pairs and the film
of the “red angle” laser beam, that 1s the laser beam 1ncident
on the film at an angle to produce red reflected light. The
beam 1s shuttered for a short time, e.g., 1-2 seconds, while
the remaining laser beam pairs 1lluminate the film. This
reduces the amount of time the film 1s exposed to the red
angle laser light. After 1-2 seconds the shutter 1s opened and
the film 1s fully 1lluminated by all three beam pairs. Such a
methodology 1s referred to as “temporal multiplexing”
because 1t provides the ability for multiple time exposures of
the film for different laser light. Temporal multiplexing
permits one to blanket expose the red angle grating regions,
so no there 1s no extra diffraction from the mask. The
resultant film demonstrates equal 1ntensity spectral reflec-
tance for all three reflection gratings. Temporal multiplexing
also permits extended exposure of the film to red angle laser
after blue and green angle regions are developed, since blue
and green are already set and extended 1llumination in the
red angle grating region does not affect these gratings.

[0087] When it is desirable to produce H-PDLC devices

that reflect in the IR range, it 1s desirable to modify the
procedure so that a visible light laser can write the signifi-
cantly larger infrared LC droplet planes. Near IR bands
require spacings of about 1000 nm, yet they may be pro-
duced using a green laser (514 nm) according to the method
of the invention. At the incident angles necessary to form an
infrared interference pattern, the glass 1s highly reflective
and very little of the light passes through the glass into film.
The light that does enter 1s 1n the form of multiple reflections
which wash out the interference pattern. These drawbacks
may be overcome by use of a prism which bends the laser
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light 1nto the angles necessary to shift the laser wavelength
into the near infrared band and which 1s optically coupled to

the film.

[0088] In preferred embodiments, a 45° right angle prism
or a 30°-60°-90° prism (or prism of another angle set) may
be used. One way of bending the light to an angle suitable
for infrared reflectance 1s to use two equal prisms with the
film sandwiched 1n between, as 1s shown 1n FIG. 7. A film
60 1s placed between prisms 62, 64 with an index matching
fluid 66 placed between the prism and the film. An exem-
plary index matching fluid 1s glycerin.

[0089] A laser light source (not shown) is used to generate
light of a predetermined wavelength and optionally 1s then
passed through a beam expander and spatial filter (not
shown). The resultant laser beam is split into the number of
beam pairs, shown as beams 67, 68, required for the par-
ticular application. The beams are reflected so that they enter
the prism from the same, nearly parallel angle. The beams
are bent by the prisms and form an interference pattern on
the sample at the angles necessary to shift the laser wave-
length 1nto the near infrared band.

[0090] In another embodiment of the invention, a single
prism may be used in conjunction with a mirrored surface to
obtain an infrared reflection grating. With reference to FIG.
8, a single prism 70 1s placed 1n optical contact with a top
surface of a film 60. The prism/film 1s positioned onto a
prism/mirror/prism stack 72. Prisms 74, 76 are selected to
provide a selected angle of reflection off of mirror 78, while
maintaining a horizontal surface onto which the film 1is
positioned. This offsets the resulting grating by about 30°
from parallel, so that the viewing angle 1s not 1n the specular
reflection. The various components of the set-up are opti-
cally coupled using an index matching fluid, such as glyc-
erine. During exposure, the beam enters the prism, 1s bent
down through the sample and reflected back out at an angle
(set by the arrangement of the prism/mirror/prism stack)
from 1ts original incident path. The reflected beam thereby
combines with the incident beam to create an interference
pattern on the sample to obtain the infrared Bragg reflector.
The entire apparatus may be mounted on a movable track 79
so that 1s can be moved in one dimension (designated by
arrow 80) with respect to the mirror reflecting the laser
beam. In this way, the incident beam angle can be adjusted
simply by moving the apparatus along one dimension. Using
fixed positions along the track, one can predict the resulting
wavelength of the Bragg erating to be created during an
exposure.

10091] Although the method is described using a single
laser beam to write a single reflection grating, the methods
described herein for the preparation of multiple grating films
may be used to produce films having multiple reflection
oratings 1n the infrared spectrum. These multiple gratings
can be spatially and/or spectrally overlapped or non-over-
lapped to reflect broadband IR spectrum or multiple IR
wavelengths, respectively.

10092] The H-PDLC includes conventional materials used
in the preparation of PDLC compositions. Thus, the polymer
may be any suitable photocurable composition. Exemplary
polymers include acrylics and urethanes having multiple
functionalities to provide varying degrees of crosslinking.
Sce, Fontecchio et al. “Improvement in Holographically-
formed Polymer Dispersed Liquid Crystal Performance
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through Acrylated Monomer Functionality Studies™ in Proc.
SPIFE Vol. 3800, "99. The polymer should have a refractive
index similar to that of the ordinary refractive index of the
liquid crystal. Exemplary materials 1nclude dipenta-
hexacrythritolpentaacrylate (DPHPA) (Sigma-Aldrich),
SR399 available from Sartomer, SAMI 114 available from
EM Industries, and Ebecryl 8301, 4883 and 4866, available
from UCB Radcure.

[0093] The LC may be any suitable liquid crystal. Suitable
[L.Cs 1nclude low molecular weight liquid crystals having
high birefringence and an ordinary refractive index substan-

tially similar to that of the matrix polymer. Exemplary LCs
are those available from EM Industries, such as BLLO3S, E7,

E44 and TL205.

[0094] The single illumination process provides decided
advantages over multiple step processes. A comparative,
multistep process 1n which a mask was used to sequentially
expose the sample to different incident angles of light, thus
adding holographic elements of a single color 1n steps, was
considered unsuccessiul. Poor results were obtained due to
polymerization beyond the exposed area, presumably due to
free radical diffusion and light scattering into the unexposed
regions. The unexposed areas are then partially cured and
depleted of materials and produce an inferior grating when
ultimately exposed to light.

[0095] The methodology which has been used herein-
above to prepare multiple reflection grating LC devices may
be used to create multiple gratings of reflection and trans-
mission 1n a single sample. The multiple gratings may be
used to broaden the viewing angle of a reflective display due
to the appearance of specular peaks at multiple viewing
angles, or to obtain switchable multiple beam splitters.

[0096] The multiple beam exposure technique for the
formation of multiple grating devices consists of superim-
posing multiple laser beams on a single H-PDLC sample.
The present embodiment selectively overlaps incident light
beams to create multiple reflection gratings and transmission
grafings 1n a single exposure.

10097] FIG. 9 shows the experimental set up of the
apparatus used to create multiple grating samples. A laser
light source 200 generates light of a predetermined wave-
length and 1s then passed through a beam expander and
spatial filter 202. The resultant laser beam 204 1s split first
using a 50/50 beam splitter 206 mto beams 208, 210, of
approximately equal intensity, e.g. 50% of original beam
power. The first beam 208 i1s further split at 50/50 beam
splitter 212 into beams 216, 218, of equal intensity, €.g. 25%
of original beam power. With the additional use of mirrors
224, 226, the laser beams are directed onto the surface of a
sample 228. The particular beam intensity configuration (50,
25, 25) is merely exemplary. Other combinations are within
the scope of the invention, although in preferred embodi-
ments the power 1s substantially equal on both sides of the

film.

[0098] The 50% power beam 210 is used to illuminate the
entire surface. A beam expander may be used for this
purpose. Beams 216 and 218 are directed onto the surface
within the area i1lluminated by beam 210. At least a portion
of beams 216 and 218 overlap with each other on the surface
to form the pattern shown in FIG. 10A. This alignment
allows for the formation of two distinct double beam expo-
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sures from interfering beams, thereby creating two different
Bragg retlection gratings 220, 222, shown in FI1G. 10B. In
the area where all three beams overlap, a transmission
orating, as well as two reflection gratings are created in the
three-beam area.

[0099] It is contemplated that more than three beams may
be used 1n the method of the invention, although other
coniligurations are contemplated as within the scope of the
invention. For example, different numbers of 1ncident
beams, laser beams of different intensities, different wave-
length and angles of incidence all are within the scope of the
invention. Simultaneous illumination of the sample with
more than three beams could form more complex grating
structures, which may be useful 1n a variety of applications.

[0100] By way of further example and with reference to
FIG. 11A, four beams may be directed onto the same arca
of the film surface. The laser power 1s desirably equal on
both sides of the film. The beams may be of equal power,
c.g., % power 25, 25, 25 and 25, for beams 1, 2, 3 and 4,
respectively. Alternatively, they may be of unequal power,
¢.g., % power 10, 40, 10 and 40, for beams 1, 2, 3 and 4,
respectively. Such beam configurations may be used to
produce two transmission gratings and four reflection grat-
ings in the four-beam overlap area.

[0101] In another alternative embodiment, in order to
obtain a broad viewing angle, multiple overlapping light
beams of different incident angles may 1lluminate one side
of the film. An additional expanded beam illuminates the
film from the opposite side and 1s positioned to overlay the
multiple overlapping light beams of different incident angles
from the opposite side of the film (see, FIG. 11B). As in
previous examples, the laser light power preferably 1s equal
on both sides of the film. When the incident angles of the
multiple overlapping laser beams differ only slightly, one
may view the reflected 1image over a broad viewing angle.
This method produces a spectrally and spatially overlapping
display, such as that shown in FIG. 2B. Multiple non-
overlapping beams used 1n conjunction with a single oppos-
ing beam also are within the scope of the invention.

10102] This method produces films having both transmis-
sion and reflectance gratings superimposed 1in a common
region. While this may be desirable for some applications, in
other embodiments of the invention 1t may be desirable to
write a plurality of reflection gratings onto the film without
formation of a transmission grating. This may be accom-
plished by use of the previously described shuttering meth-
odology, as follows.

[0103] Thus, in preferred embodiments one of the laser
beam pairs may be shuttered to allow exposure and photo-
polymerization of the remaining beam pairs. After a short
fime, 1.€., several seconds, the shutter 1s opened and the film
1s fully 1lluminated to complete photocuring. The resultant
f1lm possesses two reflection gratings, but does not exhibait
any diffraction of light, as would be expected with the
presence of a transmission grating.

10104] While not bound by any mode of operation, it is
hypothesized that the resultant film possesses reflection
oratings arranged as 1s shown 1n F1G. 2C. It 1s hypothesized
that the longer exposure time of the first exposed color angle
laser beam pairs allow the photopolymerization to take place
immediately at the surface of the film. The late arriving
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(shuttered) color angle laser finds the surface already
depleted of monomer and 1t 1s capable of photopolymeriza-
tion only deeper within the body of the film. This results in
an H-PDLC device having the structure shown 1n FIG. 2C.

[0105] The devices of the present invention have many
uses. Multiple color reflectance devices may be used in
display applications. Broadband reflectance permits their
use 1n switchable reflective mirrors, which may be used 1n
windows, for example, for selective transmission and reflec-
tance of the full visible spectrum and/or near infrared or UV
spectral region. Multiple grating devices may also find
applications as wave guides and beam shapers and 1n
applications where multiple functionality of a single film 1s
needed.

[0106] The invention is described in the following
examples which are presented for the purpose of illustration
and which are not limiting of the invention.

EXAMPLE 1

[0107] This example describes the preparation of a two-
holographic element reflective H-PDLC display.

[0108] The pre-polymer used in the H-PDLC formation
was prepared from commercially available constituents. The
monomer was a mixture of multi-functional acrylates, such
as Ebecryl 8301, 4883 and 4866 (UCB Radcure). Nematic
liquid crystals, such as those available under the tradename
E7 or BLO38 from EM Industries may be used. A photoini-
tiator sensitive to the laser wavelength used in photopoly-
merization was used to sensitize the monomer to light.
Relative proportions of materials were 50 wt % monomer,
35 wr % LC and 15 wt % 1nitiator. An argon laser (A=514
nm) with an Etalon adapter was used. For an argon laser,
Rose Bengal 1s a suitable photoinitiator. N-Phenylglycine
was used as a co-initiator and 1-vinyl-2-pyrrolidone was
also 1included to improve the optical properties of the device.
All materials are available from Sigma-Aldrich, Inc. The
prepolymer was prepared under darkroom conditions, as
exposure to ambient light may result in unwanted polymer-
1zation. Sample cells were prepared by drop-filling the
prepolymer between two 2"x2" (5 cmx5 cm) I'TO-coated
glass substrates. Glass fiber spacers (EM Industries, 5 ym)
were used to control the cell gap.

[0109] The mask was a 30 mmx30 mm aluminized glass
orid having 5 mm square holes. Illumination angles were
selected for the desired reflectance wavelength. Generally,
blue light 1s obtained at an angle of 0° and green light is
obtained at an angle of 5-10°, all relative to surface normal.
The above 1llumination angles reflect anticipated changes 1n
the resultant grating due to polymer shrinkage and the
increase 1n the average refractive index of the polymer over
time. Exposure time was about 20-30 seconds.

[0110] The resultant H-PDLC is shown in FIG. 12 having
blue holographic elements 300 and green holographic ele-
ments 302. A small transmission grating arca 304 also
developed 1n the regions between adjacent holographic
clements, which 1s due to poor mask alignment. Transmis-
sion areca appeared to be of the similar type of grating created
in the three-beam procedure described above. Careful mask
aligcnment eliminated the transmission region. See, Example

2.

[0111] Reflectance spectra showed sharply defined reflec-
tance of less than 20 nm FWHM. In addition, the spectral
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intensity of the two peaks were comparable indicating that
reflection gratings were of comparable quality. This 1s 1n
comparison to multiple reflection grating samples prepared
by sequential exposure to light of different incident angles
where subsequently exposed regions produced poor quality
oratings.

10112] FIG. 13 shows the voltage response curves for
cach of the blue and green reflecting regions of the film. The
voltage response 1s comparable to a non-pixelated sample,
1.€., a sample m which film regions contain more than one
reflection grating, indicating that the color of reflection and
size of reflection domains does not etfect the switching field.
In addition, the device demonstrated a gradual decrease 1n
reflection intensity, thus demonstrating gray-scale ability.

EXAMPLE 2

[0113] This example describes the preparation of a three-
holographic element reflective H-PDLC display.

[0114] This procedure was carried out as described in
Example 1, except that the laser beam was split 1into six
beams, with each beam containing one-sixth the power of
the original laser. Three beam pairs were used to 1lluminate
the sample to obtain three different color holographic ele-
ments 1n a single exposure. Holographic element size for this
example was reduced to 3 mmx3 mm. [llumination angles
were selected for the desired reflectance wavelength. Gen-
erally, blue light is obtained at an angle of 0°; green light is
obtained at an angle of 5-10°; and red light is obtained at an
angle of 60° (when polymer shrinkage and increase in the
average refractive index of the polymer over time 1s taken
into account), all relative to surface normal. Exposure time
was about 20-30 seconds.

[0115] The resultant three-color RGB holographic element

H-PDLC 1s shown 1n FIG. 14. Careful mask alignment
climinated the transmission region observed 1n the sample of
Example 1.

EXAMPLE 3

[0116] This example describes the use of shuttering (tem-
poral multiplexing) to improve the quality of a pixillated
sample, 1.e., each holographic element includes a single
reflection grating.

[0117] This procedure was carried out using the apparatus
and material described 1n Example 2, except that a switch-
able shutter was placed between the laser source and the film
to switchably block red angle laser beam, 1.€., the laser beam
incident at an angle that produces a red reflection grating.
Exposure time was about 20-30 seconds; however, during
the first 2 seconds of exposure, the laser beam pair used to
write the red reflectance grating into the film was covered.
After two seconds, the shutters were opened and exposure
was completed with all three laser beam pairs.

[0118] In Example 2, the red reflecting regions were less
intense than the blue and green reflecting regions. Use of a
shutter to delay exposure of the film to the beams writing the
red grating resulted in a sample having more equal reflec-
tance from all three gratings. The reflectance spectrum from
the resultant three color sample 1s shown 1 FIG. 15. All
three colors are resolved (non-overlapping) and have normal
peak shape and relatively equal reflectance levels.
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EXAMPLE 4

[0119] This example describes the use of shuttering (tem-
poral multiplexing) to produce a spatially overlapping
reflectance pattern 1n a film, 1.e., each holographic element
includes more than one reflection grating, without the for-
mation of a transmission grating.

[0120] This procedure was carried out using the materials
and apparatus described 1 Example 1, except that no
shadow masks were used. An argon laser (A=514 nm) with
an Etalon adapter was used. The apparatus was arranged to
produce two pairs of beams incident on the sample. One
beam pair was set for a “blue” angle and the other was set
for a “green” angle. The two colors were chosen to provide
reflectance spectra which were fairly close to one another so
that they produced overlapping peaks.

[0121] The sample was first quickly exposed to a single
beam pair (e.g., 1-2 sec), followed by exposure to both beam
pairs for the duration of the exposure (30 sec). Experiments
were conducted 1in which either the green or the blue angle
beams were exposed first. Exposure to the green angle
beams for one second followed by 29 seconds of combined
blue and green angle beam exposure produced equally
reflecting blue and green reflection gratings into the same
overlapping region of the film, without the formation of a
fransmission grating.

[0122] The resulting spectra, normalized to a mirror
reflection, are shown 1n FIG. 16. The two coincident peaks
can be plainly observed.

[0123] In an alternative experiment, the beam pairs used
were of much closer color angles which produced reflec-
tance gratings having much closer reflectance peaks, result-
ing 1n a widening of the reflectance peaks. This phenomenon
1s shown 1n FIG. 17 1n which the two peaks have overlapped
to form a single wide peak centered at 486 nm. Widening of
the spectral reflectance peak 1s desired for applications
requiring either broadband reflectance or wider viewing
angles.

EXAMPLE 5

[0124] This example describes the preparation of a mul-
tigrating H-PDLC having spatially overlapping reflection
and transmission gratings.

[0125] This procedure was carried out using the apparatus
and material described 1n Example 1, except that the laser
beam was split into three beams, with one beam containing
one-half the power of the total incident power and the other
two at one-fourth the power of the original beam and no
shadow masks were employed. Three beams were used to
illuminate the sample 1n a set-up similar to that shown in
FIG. 9. Exposure time was about 20-30 seconds. A multiple
ograting structure having both reflection and transmaission
oratings was obtained.

[0126] The reflection characteristics of the sample were
explored by spectrophotometry. FI1G. 18 shows the reflec-
fion spectra from different regions of the film. FIGS. 18A
and 18B show strong reflectance 1n the regions i1lluminated
by two beam holographic light. As expected, reflection 1s
maximized at different wavelengths due to the different
angles of incident light 1n the two regions. Interestingly, the
resultant multigrating structure possessed multiple reflection
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ogratings as well as a transmission grating in the area of
three-beam 1llumination. The three beam areca showed
reflectance maximized at two different wavelengths, as is
shown 1 FIGS. 18C and 18D, indicating that 1t 1s possible

to write two different reflection gratings onto the same
region of a film. See, FIG. 2B.

EXAMPLE 6

[0127] This example describes the preparation of a infra-
red reflecting grating in a polymer film.

[0128] The pre-polymer used in the H-PDLC formation
was prepared from commercially available constituents, as
described in Example 1. An argon laser (A=514 nm) with an
Etalon adapter was used. For an argon laser, Rose Bengal 1s
a suitable photoinitiator.

[0129] The apparatus was set up as shown in FIG. 8. A 45°

rigcht angle prism was used as the top prism. The optical
prism/mirror/prism stack was selected to provide a 14° angle
of reflection off the mirror. The sample was exposed for
20-30 seconds, during which time the beam entered the
prism, was bent down through the sample and reflected back
out at 14° from its original incident path. The reflected beam
thereby combines with the incident beam to create an
interference pattern on the sample to obtain the infrared
Bragg retlector.

10130] An H-PDLC prepolymer film was positioned at 4

cm from the fixed Bragg mirror and i1lluminated for 20-30
secconds. The resultant film possessed Bragg reflection
planes and reflected at about 500 nm.

[0131] A second H-PDLC prepolymer film was positioned
at 10 cm from the fixed Bragg mirror and illuminated for
20-30 seconds. The resultant film possessed Brage reflection
planes and reflected at about 900 nm. Observation of the
f1lms by microscopy clearly showed Bragg planes which are
spaced twice as far apart as those for the Bragg reflector to
500 nm. This demonstrates the viability of this technique for
producing H-PDLC Bragg reflectors deep into the infrared
spectrum.

What 1s claimed 1s:
1. A single layered multispectral reflection liquid crystal
display device, comprising:

a pair of substrates having a reflective holographic poly-
mer dispersed liquid crystal (H-PDLC) film disposed
therebetween,

the H-PDLC film comprised of liquid crystal and matrix
polymer layers forming a plurality of different reflec-
tion gratings capable of reflecting and/or diffracting a
plurality of different wavelengths of energy.

2. The display of claim 1, wherein the substrate comprises
I'TO-coated glass or plastic.

3. The display of claim 1, wherein the H-PDLC comprises
three different reflection gratings capable of reflecting three
different wavelengths of energy.

4. The display of claim 1 or 3, wherein the different
reflection gratings spatially overlap a region of the film.

5. The display of claim 1 or 3, wherein the different
reflection gratings are spatially non-overlapping.

6. The display of claim 1, wherein the different reflection
oratings are arranged in a preselected pattern.
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7. The display of claim 1 or 3, wherein the film comprises
spectrally non-overlapping reflection gratings.

8. The display of claim 7, wherein the spectrally non-
overlapping reflection gratings are selected to reflect wave-
lengths of light from the group consisting of red-green-blue
and cyan-magenta-yellow.

9. The display of claim 7, wherein the reflection gratings
further are spatially non-overlapping.

10. The display of claim 1, wherein the reflection gratings
are selected to provide a broadband reflection.

11. The display of claim 10, wherein the reflection grat-
ings are spectrally overlapping.

12. The display of claim 1, wherein different wavelengths
of energy are any desired wavelength of the visible spectra.

13. The display of claim 1, wherein different wavelengths
of energy are any desired wavelength of the IR spectrum.

14. A method of making a multicolored reflective liquid
crystal display, comprising:

simultaneously illuminating a film comprised of a mixture
of a liquid crystal and a photo-polymerizable monomer
with a plurality of holographic light patterns capable of
providing liquid crystal layers of different spacings so
as to obtain different reflection gratings in said film.

15. The method of claim 14, wherein said holographic
light pattern 1s obtained by providing at least two pairs of
laser light beams, each said beam pair incident on said film
at a different angle to form an optical interference pattern
associlated with reflection of a different wavelength of
energy.

16. The method of claam 14, wheremn said holographic
light pattern 1s obtained by providing laser light of a different
wavelength, each said laser light forming an optical inter-
ference pattern associated with reflection of a different
wavelength of energy.

17. The method of claim 15, wherein the step of 1llumi-
nating the film comprises 1lluminating a plurality of regions
of the film, each said region 1lluminated with laser beam
pairs with different angles of incidence.

18. The method of claim 17, further comprising:

placing a mask between each of said laser light beams and
said 11lm, each said mask forming a pattern of light and
dark regions on said {ilm and each said mask positioned
such that at least one light region of said first beam pair
coincides with at least one dark region of said second
beam pair within the film; and

illuminating the film whereby photo-polymerization of
the monomer takes place and formation of polymer and
liquid crystal layers occurs.

19. The method of claim 14, wherein at least two different
oratings are introduced into the film 1n a single 1llumination
step.

20. The method of claim 14, wherein power of said light
beams 1s substantially equal.

21. The method of claim 17, wherein said mask 1s of a grid
pattern having transparent and opaque grid squares.

22. The method of claim 17, wherein two beam pairs are
used and a film comprising reflection gratings of two dit-
ferent wavelengths 1s obtained.

23. The display of claim 17, wherein three beam pairs are
used and a film comprising reflection gratings of three
different wavelengths 1s obtained.

24. The method of claim 14 or 17, wherein the method

provides spectrally non-overlapping holographic elements.
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25. The method of claim 14 or 17, wherein the method
provides spectrally overlapping holographic elements.

26. The method of claaim 14 or 17, wherein the method
provides spatially non-overlapping holographic elements.

27. The method of claim 14, wherein the method provides
spatially overlapping holographic elements.

28. The method of claim 14, wherein 1llumination of the
film by a selected beam pair 1s blocked for a portion of the
illumination time.

29. An apparatus for preparation of a multicolored reflec-
five liquid crystal display, comprising:

means for supporting a film comprised of a mixture of
liquid crystal and a photo-polymerizable monomer;

a laser source;

means for producing at least two pairs of laser light beams
from said laser source, each said beam pair capable of
directing light onto a film housed i1n the supporting
means at a different angle to form an optical interfer-
ence pattern within a film associated with reflection of
a different wavelength of energy; and

a mask disposed between each of said laser light beams
and said supporting means, each said mask forming a
pattern of light and dark regions on a film housed in the
supporting means and each said mask positioned such
that at least one light region of said first beam pair
coincides with at least one dark region of said second
beam pair within a film.

30. The apparatus of claim 29, further comprising;:

switchable shutters disposed between a laser beam pair
and the film to block light of a beam pair from
illuminating said film.
31. A method of making a holographic polymer dispersed
liquid crystal having multiple gratings, comprising:

providing a film comprised of a mixture of liquid crystal
and a photo-polymerizable monomer and having a first
and second opposing surfaces; and

illuminating the film with at least three beams of laser
light, wherein at least one beam 1s 1ncident on the first
opposing surface of the film and at least one beam 1s
incident of the second opposing surface of the film, and
having at least one region 1n which three laser beams
overlap to form a transmission grating the three-beam
overlapping region upon photopolymerization of the
MONOMET.

32. The method of claim 31, wherein multiple reflection
oratings further are formed in the three-beam overlapping
region.

33. The method of claim 31, wherein the intensity of light
incident on the first opposing surface of the film 1s approxi-
mately equal to the intensity of light incident on the second
opposing surface.

34. The method of claim 31, wherein each laser beam 1s
incident on the film at a different angle.

35. A multiple grating polymer dispersed liquid crystal
display device, comprising:

a pair of substrates having a holographic polymer dis-
persed liquid crystal (H-PDLC) film disposed therebe-
tween,

the H-PDLC film comprised of a first region comprising,
liquid crystal and matrix polymer layers forming a
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transmission grating capable of transmitting a fixed
wavelength of light and a second region comprising
liquid crystal and matrix polymer layers forming mul-
tiple reflection gratings capable of reflecting a fixed
wavelength of energy.

36. The display of claim 35, wherein the device further
includes a plurality of spatially overlapping reflection grat-
ings in said first region.

37. A method of making a holographic polymer dispersed
liquid crystal having reflection 1n the infrared band, com-
Prising;:

providing a film comprised of a mixture of liquid crystal
and a photo-polymerizable monomer and having a first
and second opposing surfaces;

optically coupling the first and second opposing surfaces
of the film with a pair of prisms which bend light at an
angle to shift its wavelength into the infrared; and

illuminating the coupled film/prism arrangement with a
holographic light pattern capable of providing liquid
crystal layers of spacings on the order of infrared band
so as to obtain an infrared reflecting reflection grating
in said film.

38. A method of making a holographic polymer dispersed
liquid crystal having reflection 1n the inifrared band, com-
prising:

providing a film comprised of a mixture of liquid crystal
and a photo-polymerizable monomer and having first
and second opposing surfaces;

optically coupling the first opposing surface of the film
with a prism which bends light at an angle to shift its
wavelength 1nto the infrared;

optically coupling the second opposing surface of the film
with a mirror, said mirror positioned at an angle with
respect to the second opposing surface of the film; and

illuminating the coupled film/prism arrangement with a
laser beam, wherein the transmitted light reflects back
out at a preselected angle from its original incident path
to create an interference pattern on the sample and
thereby obtain an infrared reflecting reflection grating.

39. The method of claim 37 or 38, wherein said film 1s
simultaneously illuminated with a plurality of holographic
light patterns, each said pattern capable of producing a
reflection grating associated with a different wavelength.

40. The method of claim 37 or 38, wherein the prism 1s
selected from the group consisting of a 45°-right angle prism
and a 30°-60°-90° prism.

41. An apparatus for preparation of an infrared reflecting,
holographic polymer dispersed liquid crystal display, com-
prising:

means for supporting a film comprised of a mixture of
liquid crystal and a photo-polymerizable monomer;

a laser source;

means for producing a pair of laser light beams from said
laser source, said beam pair capable of directing light
onto a film housed 1n the supporting means at an angle
to form an optical interference pattern within a film
assoclated with reflection of a wavelength of light; and
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a prism optically coupled to said film supporting means
for bending light from said laser source into the angles
necessary to shift the laser wavelength into the near
infrared.

42. The apparatus of claim 41, further comprising:

a mask disposed between each of said laser light beams
and said supporting means, each said mask forming a
pattern of light and dark regions on a film housed in the
supporting means and each said mask positioned such
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that at least one light region of said first beam pair
coincides
43. The apparatus of claim 41, further comprising a
second prism optically coupled to the opposing surface of
the supporting means.
44. The apparatus of claim 41, further comprising a mirror
positioned at the opposing surface of the supporting means
to reflect recreate the holographic pattern.
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