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(57) ABSTRACT 

Disclosed are super broadband circularly polarizing ?lm 
materials and novels methods of fabricating and using the 
same. The circularly polarizing materials are made from 
polymerizable CLC ?lm material having a cholesteric order, 
in Which a liquid crystal material, such as a nematic liquid 
crystal material, is distributed in a non-linear fashion across 
the thickness of the ?lm in a plurality of liquid crystal-rich 
and liquid crystal-depleted sites in the CLC polymer. The 
pitch of the helices of the CLC molecules in the polyermized 
CLC material varies in a non-linear (e.g. exponential) man 
ner along the depth dimension (i.e. transverse to the surface) 
thereof. The resulting circularly polarizing materials have 
re?ection and transmission characteristics over bands of 
operation approaching 2000 nm. Depending on the ?nal 
spiral structure of the polymeriable CLC materials utilized, 
the CLC circularly polarizing materials re?ect either left 
handed or right-handed circularly polarized light. The CLC 
circularly polarizing materials of the present invention can 
be used in a variety of applications. 
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SINGLE LAYER POLARIZING FILMS AND 
METHOD OF FABRICATING AND USING SAME 

IN DIVERSE APPLICATIONS 

RELATED CASES 

[0001] This is a Continuation-in-Part of: copending appli 
cation Ser. No. 08/550,022 entitled “Single Layer Re?ective 
Super Broad-band Circular PolariZer and Method of Fabri 
cation Therefor” by Le Li and Sadeg M. Faris ?led Oct. 30, 
1995; and copending application Ser. No. 08/265,949 
entitled “Cholesteric Liquid Crystal Inks” by Sadeg M. Faris 
?led Jun. 27, 1994, Which is a Continuation of application 
Ser. No. 07/7988,881 ?led Nov. 27, 1991, now US. Pat. No. 
5,364,557; each said Application being commonly assigned 
to Reveo, Inc., and incorporated herein by reference in its 
entirey. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of Invention 

[0003] The present invention relates generally to circu 
larly polariZing re?ective material made from single layer 
Cholesteric Liquid Crystal (CLC) ?lm material having 
“super” broad-band re?ection and transmission band char 
acteristics approaching 2000 nm, and also to various novel 
methods for fabricating and using the same in diverse 
applications. 
[0004] 2. Brief Description Of The Prior Art 

[0005] In the modern World, there are numerous applica 
tions Which require circularly polariZing material having 
broad-band re?ection and transmission characteristics. Such 
applications range from polariZing ?lters used in optical 
systems, to highly re?ective pigments used in the manufac 
ture of CLC-based paints and inks. 

[0006] A detailed revieW of the prior art literature reveals 
that European Patent Application 94200026.6 entitled “Cho 
lesteric PolariZer and Manufacture Thereof”, published Jul. 
20, 1994 and assigned to Philips Electronics, N.V. of Eind 
hoven, Netherlands (the “Phillips reference”), is the most 
relevant prior art reference as it discloses several methods on 
hoW to make a single layer CLC ?lm material having 
broad-band re?ection and transmission characteristics. In 
order to achieve its broad-band re?ection and transmission 
characteristics, Which are limited to about 400 nm, the 
Phillips disclosure requires adding a UV dye into the CLC 
mixture in order that the pitch of the CLC material change 
“linearly” from its maXimum value at one ?lm surface to its 
minimum value at the other ?lm surface, Wherein the 
difference betWeen the maXimum pitch and minimum pitch 
is greater than 100 nm. 

[0007] According to the ?rst fabrication technique dis 
closed in the Phillips reference, prior art CLC polariZing 
material is formed from tWo polymeriZable chiral and nem 
atogenic monomers, each of Which has a different reactivity. 
During polymeriZation of the mixture by means of actinic 
radiation, a linear variation in actinic radiation intensity (i.e. 
a linear actinic radiation intensity gradient) is realiZed across 
the optically active layer of ?lm by introducing an ultravio 
let (UV) absorbing dye into the original miXture. This linear 
radiation intensity gradient causes the most reactive mono 
mer to be preferentially incorporated into the least reactive 
monomer to occur at the locations of the highest radiation 
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intensity. As a result, at least one concentration gradient of 
free monomers is formed during polymeriZation, causing the 
monomer to diffuse from locations With a loW monomer 
concentration to location With a high concentration. The 
monomers of high reactivity diffuse to locations Where the 
radiation intensity is highest. This diffusion process results 
in an increase in reactive monomers in areas of the formed 
polymer material Where, during polymeriZation, the radia 
tion intensity is highest. As a result, the composition of the 
material varies in a direction transverse to the surfaces of the 
?lm such that a “linear variation” in the pitch of the 
molecular helices results in the layer formed by the polymer. 
The liquid crystal material is distributed linearly across the 
thickness of the ?lm. This variation in pitch provides the 
optically active layer With a bandWidth proportional to the 
variation in the pitch of the molecular helices. In thin CLC 
?lm structures, the maXimum bandWidth variation achiev 
able using this prior art fabrication technique is about 400 
nm. 

[0008] According to the second fabrication method dis 
closed in the Phillips reference, the spontaneous diffusion of 
monomers into a polymeriZable CLC ?lm is folloWed by UV 
polymeriZation. This fabrication method is carried out by 
depositing a ?lm of reactive monomers on the surface of a 
polymeriZed ?lm of CLC material. The diffusion of mono 
mers into the CLC ?lm layer causes a concentration gradient 
in the layer before diffusion is halted. As a result, the original 
CLC layer sWells slightly causing an increase in pitch of the 
molecular helices. This provides a concentration gradient 
Which, in turn, results in a “linear variation” in pitch across 
the ?lm thickness. PolymeriZation of the layer by actinic 
radiation halts diffusion providing abroad-band polariZer 
having re?ection characteristics approaching 400 nm in thin 
CLC ?lm structures. 

[0009] Notably, in fabrication techniques disclosed in the 
Phillips reference described above, the tWo principal mate 
rials utiliZed in the starting miXtures thereof are character 
iZed as monomers having different reactivities. Moreover, 
When a dye is not utiliZed in the fabrication processes of the 
Phillips reference, a diffusion gradient is not established and 
both of the principal materials are polymeriZed, resulting in 
a narroW band polariZer. 

[0010] While the above described Phillips reference dis 
closes several methods for fabricating CLC-based circularly 
polariZing ?lm having re?ection characteristics approaching 
400 nm in thin ?lm structures, such bandWidth characteris 
tics are inadequate in numerous applications Where band 
Width characteristics up to ?ve times greater are required. 
Also, such prior art fabrication methods require that the 
constituent materials both be polymeriZable, restricting the 
many types of commercially available material that can be 
used during manufacture. 

[0011] Thus, there is a great need in the art for circularly 
polariZing ?lm material having re?ection and transmission 
characteristics over a bandWidth that is substantially greater 
than the bandWidth provided by all prior art circularly 
polariZing material. 

OBJECTS OF THE PRESENT INVENTION 

[0012] Accordingly, it is a primary object of the present 
invention to provide a circularly polariZing material Which 
has a re?ection and transmission bandWidth characteristics 
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that are substantially greater than the re?ection and trans 
mission bandwidth characteristics of prior art circularly 
polarizing CLC material. 

[0013] Another object is to provide such circularly polar 
iZing material, having re?ection and transmission bandWidth 
characteristics approaching 2000 nm. 

[0014] Another object is to provide such circularly polar 
iZing material having improved spectral and band-pass posi 
tion characteristics. 

[0015] Another object is to provide circularly polariZing 
material having such bandWidth characteristics, and being 
realiZed in a single thin ?lm of CLC material in Which the 
pitch of the helices of the CLC molecules varies in a 
non-linear manner along the depth dimension (i.e. transverse 
to the surface) of the CLC ?lm structure. 

[0016] Another object of the present invention is to pro 
vide such circularly polariZing material in the form of an 
extremely broad-band polariZing ink and/or paint. 

[0017] Another object of the present invention is to pro 
vide a palette of CLC-based colored paints and/or inks, for 
use in various color applications including painting, printing 
and the like. 

[0018] Another object is to provide super broad-band 
circular (or linear) polariZers realiZed on CLC ?lm structures 
and having notch-characteristics suitable for color ?ltering 
and imparting applications. 

[0019] Another object is to provide super broad-band CLC 
polariZing ?lms Which have re?ection and transmission 
bandWidths that are over tWice the extent of the prior art 
CLC polariZing ?lms of the same overall thickness. 

[0020] Another object is to provide single layer polariZers 
of extremely broad bandWidth Wherein the liquid crystal 
component of the polariZer assumes a non-linear distribution 
across the thickness of the polariZer. 

[0021] Another object is to provide such circularly polar 
iZing material, Wherein the liquid crystal material may be 
non-polymeriZable or of loW molecular Weight in the present 
invention. 

[0022] Another object is to provide a method of fabricat 
ing circularly polariZing material having extremely broad 
band spectral re?ection and transmission characteristics, loW 
optical loss properties, high polariZing ef?ciency and loW 
manufacturing cost. 

[0023] Another object is to provide a method of fabricat 
ing circularly polariZing material having extremely broad 
band spectral band-pass characteristics, loW optical loss 
properties, high polariZing ef?ciency, simpli?ed fabrication, 
and loW manufacturing cost. 

[0024] Another object is to provide a method of fabricat 
ing extremely broad-band polariZers using a mixture of 
polymeriZable CLC, liquid crystal material and a photoini 
tiator, Wherein during polymeriZation of the polymeriZable 
CLC, the segregation rate of the liquid crystal material is 
constrained to be greater than the polymeriZation rate of the 
polymeriZable CLC being polymeriZed. 

[0025] Another object is to provide a method of fabricat 
ing extremely broad-band polariZers, in a Way Which does 
not employ ultraviolet dye during the manufacture thereof. 
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[0026] Another object is to provide a method of fabricat 
ing super broad-band circularly polariZing material, Wherein 
the polymeriZable CLC being polymeriZed is exposed to a 
non-linear (e.g. exponential) intensity gradient of actinic 
(e.g. UV) radiation by virtue of light loss Within the poly 
meriZable CLC medium, thereby causing a non-linear varia 
tion in pitch of helices of the CLC molecules therein. 

[0027] Another object is to provide a method of fabricat 
ing super broadband circularly polariZing material, using 
commercially available constituent cholesteric liquid crystal 
polymers and liquid crystal material. 

[0028] Yet another object is to provide a method of 
fabricating free standing circularly polariZing ?lm having 
re?ection and transmission characteristics over a super 
broad-band extending up to about 2000 nm. 

[0029] These and other Objects of the Present Invention 
Will become apparent hereinafter and in the claims to 
Invention. 

SUMMARY OF THE PRESENT INVENTION 

[0030] In accordance With a ?rst aspect of the present 
invention, circularly polariZing material of novel construc 
tion is disclosed. 

[0031] Unlike any prior art re?ective circular polariZer, the 
circularly polariZing material of the present invention has 
re?ection and transmission bandWidth characteristics that 
extend over a super broad-band of Wavelengths (e.g. up to 
2000 nm). The circularly polarizing material of the present 
invention is made from a ?lm of polymeriZable material 
having a cholesteric order (e.g. polymeriZable CLC ?lm), in 
Which non-cross linkable liquid crystal molecules (e.g. hav 
ing a nematic phase) are distributed in a non-linear fashion 
in a plurality of liquid crystal-rich and liquid crystal-de 
pleted sites across the thickness of the polymeriZable CLC 
?lm. Depending on the ?nal spiral structure of the polymer 
iZable CLC materials utiliZed, the resulting circularly polar 
iZing ?lms of the present invention Will re?ect either left 
handed or right-handed circularly polariZed light having 
Wavelengths Within the above-described super broad-band 
portion of the electromagnetic spectrum. 

[0032] The super broad-band, circularly polariZing re?ec 
tive material of the present invention can be used to fabricate 
numerous types of products, namely: super broad-band 
circularly polariZing panels; super broad-band color ?lters; 
super broadband circularly polariZing pigment ?akes used as 
colorants in inks and/or paints; glare-reducing sunglasses; 
micropolariZation panels and polariZing eyeWear used in 
SMI-based stereoscopic 3-D display and vieWing applica 
tions; and the like. 

[0033] According to a second aspect of the present inven 
tion, a novel method is disclosed for fabricating the super 
broad-band circularly polariZing material of the present 
invention. According to the method, a cholesteric liquid 
crystal (CLC) polymer (i.e. having a cholesteric order) is 
mixed With non-cross linkable liquid crystal material (eg 
having a nematic order), a photoinitiator, and a chiral 
additive Which may or may not be chemically attached to the 
polymer at a temperature Which maintains the mixture in a 
liquid state having a cholesteric order. Preferably, the liquid 
crystal material and polymeriZable CLC chemically attached 
With the chiral additive (chiral group) are present in a ratio 
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by Weight of 1:2 but may be present in a ratio range by 
Weight of 3:1 to 1:6 depending on all the conditions 
involved. Preferably, the photoinitiator is present in an 
amount of 0.6% by Weight in the mixture but may be present 
in higher or loWer amounts so long as the amount is 
sufficient to initiate polymeriZation of the polymeriZable 
CLC material. In general, the amount of the photoinitiator 
introduced into the mixture should be such that, When the 
mixture is exposed to actinic radiation, the polymeriZation 
rate of the polymeriZable CLC material is sloWer than the 
segregation rate of the liquid crystal material. 

[0034] While heating the mixture to, for example 92° C., 
in order to retain its cholesteric order, the mixture is sub 
jected to actinic radiation (e.g. ultraviolet light) for a time 
and at an intensity suf?cient to polymeriZe the polymeriZ 
able CLC material or the liquid crystal material or both. By 
virtue of the fact that the actinic light has an exponential 
intensity distribution (due to light attenuation by, for 
example, light absorption and/or scattering), polymeriZation 
occurs in a non-linear fashion, thereby resulting in a non 
linear distribution of the polymer and the liquid crystal 
material across the ?lm. During polymeriZation, phase sepa 
ration takes place. The segregation rate of the liquid crystal 
material is designed to be greater than the polymeriZation 
rate of the (polymeriZable) CLC material being polymer 
iZed. Thus, the liquid crystal material segregates and diffuses 
to sites of enlarged pitch in the polymeriZable CLC material 
from sites of shrunken pitch in the polymeriZable CLC 
material. Consequently, an exponentially distributed pitch is 
generated from one surface to the other of the polymeriZable 
CLC material ?lm. It has been demonstrated that the novel 
composition of this circularly polariZing re?ective material 
provides for its markedly improved, super broad-band 
re?ection and transmission characteristics. 

[0035] While it is believed that any non-linear distribution 
of pitch of the helices of the liquid crystal material Will 
produce super broad-band circularly polariZing material in 
accordance With the teachings of the present invention, the 
preferred embodiments thereof disclosed herein each have 
an exponentially distributed pitch extending from one sur 
face of the polariZing ?lm to the other surface thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] In order to more fully understand the objects and 
features of the present invention, the folloWing Detailed 
Description of the Illustrative Embodiments should be read 
in conjunction With the accompanying DraWings, Wherein: 

[0037] FIG. 1 shoWs, as dashed line, a graph of the 
exponential pitch variation of the helices of the liquid crystal 
material inside a super broad-band polariZer of the present 
invention plotted as a function of reduced distance therein, 
and as a solid line, a graph of the linear pitch variation of the 
helices of the liquid crystal material inside a prior art 
broad-band polariZer plotted as a function of reduced dis 
tance therein; 

[0038] FIG. 2 shoWs, as a solid line, a graph of the 
re?ectivity of light off a super broad-band polariZer of the 
present invention plotted as a function of Wavelength, and as 
a dashed line, a graph of the re?ectivity of light off a prior 
art broad-band polariZer plotted as a function of Wavelength; 

[0039] FIG. 3 is a cross-sectional vieW of a layer of CLC 
material during polymeriZation comprising a mixture of 
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polymeriZable CLC material, liquid crystal material (of 
nematic phase) and a photoinitiator, With actinic radiation 
(e.g. ultraviolet light) incident on the surface thereof having 
an intensity (I0) and an intensity, I(x), at position x inside 
the CLC layer; 

[0040] FIG. 4 is a schematic representation of an image of 
a polymeriZed ?lm obtained using an Atomic Force Micro 
scope (AFM) Which measures pitch distribution of the 
helices of the liquid crystal material in the polymeriZed CLC 
?lm, With the distance betWeen any pair of dark lines 
representative of one half of the CLC pitch; 

[0041] FIG. 5 shoWs, as black squares, a graph of pitch 
variation across a layer of polymeriZed CLC ?lm, and also 
as a solid line, a graph of the normaliZed UV intensity decay 
across the same layer of CLC ?lm; and 

[0042] FIG. 6 is a graphical representation of the re?ec 
tive bandWidth of a 20 micron circularly polariZing ?lm 
plotted as a function of the nematic concentration E31 
thereof cured at 92° C. using a UV light source having an 
intensity of 0.047 mW/cm2. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE PRESENT 

INVENTION 

[0043] Suprisingly, it has been discovered that in order to 
produce CLC ?lm material having the super broad-band 
polariZing re?ection and transmission characteristics up to 
2000 nm, it is essential that the pitch of helices of CLC 
molecules Within the CLC ?lm material must vary non 
linearly along the depth thereof. 

[0044] Unexpectedly, Applicants have also discovered 
that the super broad-band circularly polariZing material of 
the present invention can be produced by: (1) eliminating the 
use of ultraviolet dyes in the CLC (raW) starting mixture; 
and (2) using polymeriZable CLC materials, non-cross link 
able liquid crystal materials (of the nematic phase), and a 
suitable photoinitiator in an amount Which ensures, in the 
presence of a knoWn amount of incident actinic radiation 
employed during polymeriZation (i.e. curing), that the poly 
meriZation rate of the polymeriZable CLC material Will be 
sloWer than the segregation rate of the liquid crystal mate 
rial. By satisfying these conditions, it has been found that 
circularly polariZing ?lm material having super broad-band 
re?ection characteristics can be made in a Wide variety of 
Ways Without departing from the present invention. The 
details of the novel fabrication processes hereof Will be 
described herein beloW. 

General Method of Fabricating CLC PolariZing 
Film Material Hereof 

[0045] The general method of fabricating the super broad 
band circularly polariZing material of the present invention 
involves mixing together the folloWing constituents: a 
polymeriZable liquid crystal material having a cholesteric 
order (e.g. side-chain cyclic liquid crystal polysiloxanes); 
(ii) a liquid crystal material having a nematic; and an amount 
of suitable photoinitiator Which satis?es the above-described 
fabrication constraints. 

[0046] In the illustrative embodiments of the present 
invention illustrated in the Examples 1-13 described herein, 
the polymeriZable CLC materials used in the manufacturing 
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process are commercially available from Wacker GmbH, 
Germany, and are polymerized by Way of a cationic poly 
meriZation process When the polymeriZable CLC materials 
are exposed to ultraviolet radiation in the presence of a 
photoinitiator. The polymeriZable CLC material is available 
in blue (CC4039L) and red (CC4070L) compounds, both of 
Which have a left-handed spiral structure. The blue com 
pound re?ects unpolariZed light at 390 nm and the red 
compound re?ects unpolariZed light at 690 nm after UV 
curing at 70° C. The polymeriZable CLC material is also 
available in a right-handed spiral structure, such as CLC 
polysiloxane (CC4039R) blue compound. When this com 
pound (CC4039R) is mixed With a left-handed polymeriZ 
able CLC material, like CC4039L, in a suitable ratio, the 
resulting CLC ?lm re?ects right-handed circularly polariZed 
light When cured at 70° C. Before curing, the raW CLC 
material exhibits a rubbery state at room temperature and 
turns to liquid at around 70° C. 

[0047] Nematic liquid crystal materials for use With the 
above polymeriZable CLC materials are commercially avail 
able from EM Industries, Germany, as E31LV and E7. 

[0048] In the folloWing examples of the illustrative 
embodiments to be described in detail beloW, the polymer 
iZable CLC material, the nematic liquid crystal material, the 
photoinitiator (and in one example, a chiral additive) Were 
Weighed in a desired ratio and mixed together on a hot plate. 
In each example, the CLC mixture Was introduced into a 
glass cell that had a buffed polyimide coating for better 
molecular alignment. Finally, the mixture Was cured (e.g. 
polymeriZed) at a selected temperature by exposing the 
mixture to actinic light for a time suf?cient to permit 
polymeriZation to go to completion. The actinic radiation 
(UV radiation) used to polymeriZe the CLC ?lm material, 
exhibits a non-linear (e.g. exponential) intensity distribution 
Within the CLC ?lm or layer being cured, rather than the 
linear intensity distribution used during prior art fabrication 
processes. This is due to light attenuation caused by the 
materials used to make the CLC mixture layer. Apart from 
the above, either the liquid crystal material or the CLC 
material may be in the liquid state in the ?nally formed 
polariZers. 

[0049] After mixing at a temperature Which keeps the 
materials in a liquid state and before polymeriZation, the 
nematic liquid crystal material is Weakly bound to the 
polymeriZable CLC material. In response to actinic radiation 
exposure, polymeriZation causes the Weakly bound liquid 
crystals to segregate from the polymeriZable CLC material 
and begin to diffuse. The nematic liquid crystal material 
diffuses to sWollen regions of the polymeriZed CLC material 
forming liquid crystal-rich sites. The departure of liquid 
crystal from other regions of the polymeriZed CLC material 
leaves liquid crystal-depleted sites. Because the radiation 
intensity is non-linear (more speci?cally, an exponential) in 
character throughout the medium and the higher intensity 
regions of CLC material are more sWollen than loWer 
intensity regions, the nematic liquid crystal material diffuses 
preferentially to sites of higher radiation intensity and 
assumes a non-linear distribution in the polymeriZed CLC 
material. 

[0050] Advantageously, the super broad-band polariZers 
of the present invention can be made using commercially 
available materials provided the segregation rate of the 
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liquid crystal is greater than the polymeriZation rate of the 
CLC material being polymeriZed. 

[0051] Super Broad-band Re?ecting Characteristics of the 
CLC Circularly Polarizing Film of the Present Invention 

[0052] It is appropriate at this juncture to brie?y re?ect on 
hoW the non-linear pitch distribution across the CLC polar 
iZing material hereof contributes to its super broad-band 
characteristics, as Well as revieW some empirically gathered 
data to support its bandWidth superiority over prior art 
polariZing technology. With regard to this discussion, refer 
ence shall be made to the FIGS. 1-5 of the DraWings. 

[0053] In FIG. 1, a comparison is made betWeen a linear 
pitch distribution P1(y‘) and an exponential pitch distribution 
Pe(y‘) expressed as a function of reduced distance, y‘. The 
linear distribution is de?ned as: 

[0054] Whereas the exponential distribution is expressed 
as: 

[0055] respectively, Where d is the ?lm thickness. From 
this characteristic plot, it is clearly seen that the rate of 
change of pitch in the exponential function is much steeper 
than the rate of change of pitch in the linear function. For the 
same thickness, the band Width of the polariZer in Which the 
pitch folloWs an exponential distribution Would be much 
broader than that of a polariZer having a pitch Which is 
linearly distributed. In FIG. 2, this fact is shoWn by com 
paring the typical bandWidth of a polariZer of an illustrative 
embodiment of the present invention, With the bandWidth of 
prior art CLC polariZer technology. 

[0056] In FIG. 2, the re?ection spectrum of a prior art 
polariZer (represented by dashed line) Was obtained using a 
circularly polariZed light beam having a handedness that ?ts 
the helical sense of the polariZer. HoWever, the spectrum of 
the circular polariZer of the present invention (represented 
by the solid line) Was measured by using un-polariZed light 
beam. An observation of FIG. 2 clearly shoWs that the 
bandWidth of the circular polariZer fabricated in accordance 
With the teachings of the present invention is over tWice the 
extent of the bandWidth of the prior art circular polariZer, 
even though their overall thickness is same. 

[0057] In FIGS. 3 through 5, further support is provided 
for the fact that the non-linear pitch distribution across the 
CLC polariZing material hereof contributes to its super 
broad-band characteristics. In FIG. 3, a cross-sectional vieW 
of a layer or ?lm of polymeriZable CLC material is shoWn, 
on Which electromagnetic radiation like actinic or ultraviolet 
light, I0, is incident. PolymeriZable CLC material ?lm 1 also 
includes a nematic liquid crystal and a photoinitiator. Radia 
tion, indicated by 2, in the form of ultraviolet light has an 
intensity, I(x), at some position “x” inside CLC layer 1. 
Assuming an ultraviolet absorbent coef?cient, the folloWing 
equation (2) can be derived in a Well knoWn manner: 

[0058] Where the absorbent coef?cient 0t includes all light 
loss sources, such as absorption, scattering, etc. The solution 
to equation (2) shoWs an exponential decay in intensity from 
the front surface to the back surface of the polymeriZable 
CLC material layer or ?lm 1. 
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[0059] In FIG. 4, there is shown a drawing of an Atomic 
Force Microscope (AFM) image Which measures the pitch 
distribution in a polymerized CLC layer or ?lm like layer 1 
of FIG. 3. In FIG. 4, the front of CLC ?lm or layer 1 is 
disposed on the right hand side of the drawing. The pitch 
variation is shoWn over an arbitrary range of 0-10 m to 
indicate the scale of the values involved. Using a cross 
section of the polymeriZable CLC material layer 1, a probe 
is scanned across the thickness of the sample and current 
variations are produced in the probe in response to the pitch 
variation Which is related to the amounts of the liquid crystal 
Which have segregated and diffused during exposure of ?lm 
1 to actinic or ultraviolet light. Because the intensity of 
radiation is the greatest of the right-hand side of ?lm 1, one 
Would expect greater sWelling of the CLC material at 
regions of higher intensity thereby providing sites for the 
greater accumulation of diffusing liquid crystal material at 
these sites. As a result, a longer pitch is formed. Of course, 
at regions of loWer and loWer intensity, less and less sWelling 
occurs and less and less accumulation of diffusing liquid 
crystal occurs, resulting in a shorter pitch. When polymer 
iZation has gone to completion, ?lm 1 exhibits a non-linear 
variation in pitch Which, in turn, permits the total re?ection 
of incident light over a very large bandWidth. The regions of 
greater pitch, of course, re?ect loWer frequencies than the 
regions of smaller pitch Which re?ect higher frequencies. 
The difference betWeen the highest frequency re?ected and 
the loWest frequency is the bandWidth of the polariZer. 

[0060] As can be seen from a consideration of FIG. 5, the 
pitch variation Within the CLC polymeriZed ?lm structure is 
indeed non-linear (here, it is exponential). In this ?gure, 
there is shoWn a graphical representation of the ultraviolet 
light intensity decay of equation (1) versus the measured 
pitch variation of FIG. 4 across the ?lm or layer of FIG. 3. 
The solid curve in FIG. 5 is a plot of equation (2) using a 
UV absorbent coefficient Which Was measured in an inde 
pendent measurement of layer or ?lm 1. The scale of the 
curve has been arbitrarily normaliZed. The variation in pitch 
as determined from FIG. 4 is also plotted in FIG. 5. Half of 
the pitch in CLC ?lm 1, at any point, is determined by the 
distance betWeen any pair of black or White lines in FIG. 4. 
Pitch in nanometers (nm) is plotted versus position in 
micrometers and the square dots shoW the value of pitch 
at selected points in FIG. 5. 

[0061] From FIG. 5, it is seen that the non-linear CLC 
pitch variation across the polymeriZed CLC ?lm 1 folloWs 
the exponential decay of the solid line curve of the UV 
intensity caused by light loss therein during the polymer 
iZation process. This clearly shoWs that the pitch of poly 
meriZed CLC ?lm 1 at any point through the thickness of 
?lm 1 is directly proportional to the radiation intensity at that 
point and that the total pitch variation across layer 1 is 
exponential in character. 

EXAMPLE 1 

[0062] In this example, the red compound of CLC polysi 
loxane (CC4070L) mentioned above, is blended With E31 
nematic liquid crystal, also mentioned above. The red 
CC4070L has a left-handed tWist sense and re?ects at 690 
nm When cured at 70° C. The mixture contains E31/ 
CC4070L in a ratio of 1/2 by Weight With 0.6% IG184 
photoinitiator by Weight. Photoinitiator IG184 is commer 
cially available from Ciba Geigy, Hawthorne, NY. The 
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mixture is introduced into a 20 glass cell and cured at an 
ultraviolet intensity of 0.047 mW/cm2 at a temperature, 
provided by a hotplate, of 92° C. In this example, only the 
CLC polysiloxane material is polymeriZed While the nematic 
liquid crystal remains in the liquid state. After polymeriZa 
tion, spectral analysis of the resulting circularly polariZing 
?lm material Was carried out on a Perkin-Elmer, Lambda 19 
spectrophotometer. Both transmission and re?ection spectra 
Were taken With the left-hand, right-hand and unpolariZed 
light. The resulting polariZer covered a spectral band pass 
from 560 nm to 2160 nm providing a super bandWidth 
polariZer of 1600 nm. 

EXAMPLE 2 

[0063] In this example, the blue compound of CLC pol 
ysiloxane (CC 4039L) and nematic liquid crystal (E31) are 
mixed in a ratio of 2:1 by Weight along With photoinitiator 
(IG184) of 0.6% by Weight. A20 glass cell is used to provide 
a ?lm of that thickness. The CLC is cured by a UV lamp of 
0.047 mW/cm2 at 92° C. The resulting polariZing layer 
covered a spectral band pass from 370 nm to 1,200 nm 
providing a super bandWidth polariZer of 830 nm, covering 
the Whole visible and near IR spectral band. As With 
Example 1, the liquid crystal material (E31) remains in the 
liquid state after curing. After polymeriZation (i.e. curing), 
spectral analysis of the resulting circularly polariZing ?lm 
material Was carried out on a Perkin-Elmer, Lambda 19 
spectrophotometer. Both transmission and re?ection spectra 
Were taken With the left-hand, right-hand and unpolariZed 
light. 

EXAMPLE 3 

[0064] The tWo previous example utiliZed CLC polysilox 
anes Which had a left-handed tWist sense. In this third 
example, a CLC polysiloxane having a right-handed helical 
(tWist) sense is utiliZed. A blue compound (CC4070R) With 
such a tWist sense is commercially available from Wacker, 
GmbH, Germany and re?ects right-handed circular light at 
390 nm When cured at 70° C. A nematic liquid crystal 
material (M15) commercially available from EM Industries, 
Germany, is mixed With the CLC polysiloxane material (CC 
4039R) in a ratio of 1:2 by Weight With 1% IG184 photo 
initiator by Weight. The mixture is sandWiched betWeen the 
plates of a 20 glass cell and cured at a UV intensity of 0.047 
mW/cm2 at 122° C. The resulting circularly polariZing ?lm 
material re?ective of right-hand circularly polariZed light, 
covered a spectral band pass from 520 nm to 920 nm 
providing a super broad bandWidth polariZer of 400 nm. 
After curing (i.e. polymeriZation), the non-polymeriZable 
liquid crystal (M-15) is in the solid state at room tempera 
ture. After polymeriZation, spectral analysis of the resulting 
samples Was carried out on a Perkin-Elmer, Lambda 19 
spectrophotometer. Both transmission and re?ection spectra 
Were taken With the left-hand, right-hand and unpolariZed 
light 

EXAMPLE 4 

[0065] In this example, the CLC material utiliZed is non 
polymeriZable While the nematic liquid crystal is polymer 
iZable providing a super broad-band polariZing material in 
Which the CLC is in the liquid crystal state after curing. To 
create a suitable non-polymeriZable CLC material, the liquid 
crystal material E31 is mixed With another liquid crystal 
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material ZLI-2309 and a chiral additive S1011 all of Which 
are commercially available from EM Industries, Germany. 
The resulting non-polymeriZable CLC material is of loW 
molecular Weight and the chiral additive induces a left 
handed spiral structure in the mixture. E31/ZLI-2309/S1011 
are mixed together in a ratio of 1/1/02 by Weight. The CLC 
material is then mixed With a polymeriZable nematic liquid 
crystal polymer material CN 4000 in a ratio of 1:2 by Weight. 
CN 4000 is commercially available from Wacker GmbH, 
Germany. The mixture along With a photoinitiator IG184 of 
0.6% by Weight is introduced into a cell formed from tWo 
pieces of rubbed polyimide coated glass substrates 20 apart 
and cured at a UV intensity of 0.047 mW/cm2 at a tempera 
ture of 70° C. Here this nematic liquid crystal material 
CN4000, polymeriZes While the loW molecular Weight CLC 
material remains in the liquid state. As With all other 
examples, the segregation rate of the liquid crystal material 
is greater than its polymeriZation rate of the polymeriZable 
CLC material. The resulting circularly polariZing ?lm mate 
rial re?ects left-handed circularly polariZed radiation and 
covers a spectral band pass from 430 nm to 1050 nm 
providing a super broad bandWidth polariZer of 620 nm. 
After polymeriZation, spectral analysis of the resulting cir 
cularly polariZing ?lm material Was carried out on a Perkin 
Elmer, Lambda 19 spectrophotometer. Both transmission 
and re?ection spectra Were taken With the left-hand, right 
hand and unpolariZed light. 

EXAMPLE 5 

[0066] In this example, the mixture consists of cross 
linkable siloxane polymer in nematic order and chiral addi 
tive plus photoinitiator (IG184). Notably, no non-cross 
linkable nematic liquid crystals (such as E31) are added. The 
siloxane nematic polymer (CN 4000) is from Wacker (Ger 
man). The chiral additive consists of R1011, CB15, and CE1 
(all from Merck, EMI). The mixture is CN4000/R1011/ 
CB15/CE1/IG184=0.75:0.03:0.11:0.11:0.017, by Weight. 
The mixture Was then ?lled into a 20 glass cell With rubbed 
polyimide coating. After subjected to a UV exposure of 
around 0.2 mW/cm2 for a suf?cient time at a temperature of 
80° C., a broad-band re?ective polariZer Was obtained Which 
has a bandWidth from 360 to 750 nm. Since the chiral 
additive has a right-handed sense, this polariZer re?ects 
right-handed circular polariZation light. The importance of 
this example is that non-cross-linkable loW molecular 
Weight nematic liquid crystals are not necessarily needed to 
create super broadband circularly polariZing ?lm material, in 
accordance With the teachings of the present invention. A 
nematic liquid crystal polymer mixed simply With chiral 
additive Will create a similar super broad-band polariZer. The 
same mechanism, i.e., polymeriZation induced molecular 
re-distribution (PIMRD), is still valid in this example. Since 
all the components of the chiral additive (i.e., R1011, CB15, 
CE1) are non-cross-linkable, the chiral molecules experi 
ence a phase separation and segregation from the nematic 
polymer netWork during polymeriZation. The segregated 
chiral molecules start to diffuse along the UV propagation 
direction, resulting in an accumulation and depletion of the 
chiral molecules in sites Where the CLC pitch get shorter and 
longer, respectively. Finally, a pitch gradient is formed. 
Notably. the chiral additive is in a plural compound format. 
As evidenced by a separate experiment, tWo of the chiral 
compounds, i.e., CB15 and CE1, are phase separated from 
the liquid crystal polymer netWork and diffuse along the UV 
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propagation direction during polymeriZation. HoWever, the 
third chiral compound, R1011, does not shoW obvious 
evidence of phase separation and diffusion. After polymer 
iZation, spectral analysis of the resulting circularly polariZ 
ing ?lm material Was carried out on a Perkin-Elmer, Lambda 
19 spectrophotometer. Both transmission and re?ection 
spectra Were taken With the left-hand, right-hand and unpo 
lariZed light. 

EXAMPLE 6 

[0067] In this example, a method is described for fabri 
cating the super broad-band CLC circularity polariZing 
material on a plastic substrate, Which, possibly, has one 
surface free of substrate. The liquid crystal mixture used in 
this example can be any one mentioned throughout this 
application. The typical plastic substrate used is PET. The 
PET surface may or may not be necessarily treated With a 
rubbed polyimide coating. If no polyimide coating is 
required, the Whole manufacture process becomes much 
simpler. The only treatment required of the PET substrate is 
mechanical rubbing its bare surface. The CLC mixture is 
applied onto one of the plastic substrate, then covered With 
a second PET sheet. Thereafter, the Whole package is fed 
into a laminator at a suitable temperature. After lamination, 
a uniform CLC ?lm is obtained betWeen of the tWo pieces 
of plastic sheet material. The ?lm is then subjected to a UV 
exposure With a suitable intensity for a suf?ciently long time 
at a temperature of 80° C. Asuper broad-band CLC polariZer 
is obtained betWeen plastic sheets. The optical property, 
including the extinction ratio, is similar to that betWeen tWo 
glass substrates With rubbed polyimide. Finally, one of the 
plastic substrates can be pealed off so that one surface is free 
of substrate. The above-described method has the folloWing 
advantages: (1) the overall polariZer thickness is dramati 
cally reduced to 0.25 mm due to the very thin plastic sheets; 
(2) the polariZer is mechanically ?exible; (3) the manufac 
ture procedure is simple; (4) larger siZe polariZer can be 
made; and (5) cost is substantially reduced. After polymer 
iZation, spectral analysis of the resulting circularly polariZ 
ing ?lm material Was carried out on a Perkin-Elmer, Lambda 
19 spectrophotometer. Both transmission and re?ection 
spectra Were taken With the left-hand, right-hand and unpo 
lariZed light. 

EXAMPLE 7 

[0068] In this example, broad-band CLC circularly polar 
iZing ?lm material is made using a neWly developed short 
pitch CLC liquid crystal polymer. This material (code name 
is CLM001CC, from Wacker, German) re?ects left-handed 
circular polariZation light at a selective re?ection Wave 
length 309 nm. Once mixed With suitable amount of pho 
toinitiator (such as IG184, Cyba Geigy), the CLC material 
can be UV polymeriZed. In order to make broad-band 
polariZing ?lm material, the short pitch polymeriZable CLC 
material is mixed With a loW molecular Weight non-cross 
linkable nematic material E7 (EMI). The material compo 
sition for broadband polariZer is CLM001CC/E7/IG184= 
0.157/0.065/0.0047 by Weight. The mixture is ?lled into a 20 
glass cell With a rubbed polyimide coating. After exposed to 
a suitable UV intensity for a suf?cient time at 70° C., a 
broad-band CLC polariZer has been obtained Which re?ects 
almost 50% of an un-polariZed light from 370 nm to 850 nm. 
Similar result has been obtained by mixing other non-cross 
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linkable nematic liquid crystals, such as M15 (Merck). After 
polymerization, spectral analysis of the resulting samples 
Was carried out on a Perkin-Elmer, Lambda 19 spectropho 
tometer. Both transmission and re?ection spectra Were taken 
With the left-hand, right-hand and unpolariZed light. 

EXAMPLE 8 

[0069] In this example, a method is described for fabri 
cating free standing broad-band CLC circularly polariZing 
?lm material. The material mixture contains CLM001CC/ 
M15/1G184=2/1/0.06 by Weight. The mixture Was ?lled into 
a 20 glass cell With a rubbed polyimide. The sample Was 
cured at 80° C. by a UV intensity of 0.011 mW/cm2. The 
resulted ?lm re?ects from 370 nm to 770 nm. After poly 
meriZation and While supported on the glass substrate, 
spectral analysis of the resulting circularly polariZing ?lm 
material Was carried out on a Perkin-Elmer, Lambda 19 
spectrophotometer. Both transmission and re?ection spectra 
Were taken With the left-hand, right-hand and unpolariZed 
light. Thereafter, one of the glass substrate Was mechanically 
removed. Next, the broad-band ?lm Was pealed aWay from 
the remaining glass substrate. A free standing broad-band 
polariZing ?lm has been obtained. The ?lm spectra before 
and after pealing demonstrates that the optical property of 
the free standing broad-band polariZing ?lm has not been 
changed. The produced broad-band circularly polariZing 
?lm is very ?exible and can be bent arbitrarily to any degree. 
In addition, it can be laminated onto any substrates. 

EXAMPLE 9 

[0070] In this example, a method is described for fabri 
cating a quasi-broadband linear polariZer based on the free 
standing CLC circularly polariZing ?lm. This linear polar 
iZer has been obtained by laminating the said produced free 
standing CLC polariZing ?lm directly onto a quarter Wave 
length plate or sheet, such as a stretched sheet of polyvinyl 
alcohol (PVA). The lamination is performed With the help 
from a laminator. Again, no degradation of the optical 
property has been obviously observed after the lamination 
operation. After lamination, spectral analysis of the resulting 
quasi-broadband linear polariZer Was carried out on a Per 
kin-Elmer, Lambda 19 spectrophotometer. Both transmis 
sion and re?ection spectra Were taken. 

[0071] Optionally, the free-standing CLC circularly polar 
iZing ?lm of the present invention can be laminated onto 
other types of phase-retardation plates to achieve either a 
circularly or linearly polariZing ?lm structure, as desired or 
required. In connection thereWith, reference is made to 
Applicant’s US. Pat. No. 5,221,982, incorporated herein by 
reference, for an excellent tutorial and overvieW on the 
principles of polariZation state conversion (i.e. linear-to 
circular, circular-to-linear, linear-to-linear, circular-to-circu 
lar, unpolariZed-to-linear, and unpolariZed-to-circular). 

[0072] EXAMPLE 10 

[0073] In this example, a method is described for fabri 
cating a special broad-band polariZing ink based on the 
super broad-band circularly polariZing material of the 
present invention. According to the method, free standing 
broad-band circularly polariZing ?lm is made as described 
above. The free standing ?lm is then mechanically fractured 
into micro-siZed ?akes using any of the techniques described 
in Applicant’s US. Pat. No. 5,364,557 entitled “Cholesteric 
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Liquid Crystal Inks”, incorporated herein by reference. 
Thereafter, the CLC ?akes are mixed With a carrier liquid 
such as lacquer (for example, PUL Varnish, Marabu, Ger 
man) Which is optically clear and thermally curable. To test 
the optical properties of the broadband CLC-based ink 
formed thereby, the CLC ink Was screen-printed onto a 
radiation absorbing substrate (i.e. providing a black back 
ground). It is understood, hoWever, that the CLC ink can be 
applied to virtually any radiation absorbing surface, having 
either 2-D or 3-D surface characteristics. The extinction 
ratio of the CLC ink Was checked With a pair of orthogonal 
circular polariZers. Since the CLC ?akes still preserve the 
left-handed polariZation property (i.e., re?ects left-handed 
circular polariZation light) a bright and White light is seen 
re?ected from the ink through a left-handed polariZer cov 
ering the painted ink. OtherWise, a black background is seen 
as if the ink is covered With a right-handed circular polariZer. 
Spectral analysis of the resulting CLC ink Was carried out on 
a Perkin-Elmer, Lambda 19 spectrophotometer. Both trans 
mission and re?ection spectra Were taken With the left-hand, 
right-hand and unpolariZed light. 

[0074] The super broad-band circularly polariZing mate 
rial of the present invention can be used to fabricate CLC 
paints using any of the techniques disclosed in Applicant’s 
US. Pat. No. 5,364,557. In order to impart color character 
istics to the CLC pigments (e.g. ink and/or paint) hereof, any 
of the techniques described herein beloW in the section 
entitled “Controlling The BandWidth And Spectral Position 
Of The Circularly PolariZing Material Of The Present Inven 
tion” can be used With excellent results. 

EXAMPLE 11 

[0075] In this example, the CLC material utiliZed is a 
left-handed polymeriZable polysiloxane CLC (CC4039L) 
commercially available from Wacker, GbmH, Germany 
mixed With a non-polymeriZable nematic E7 and a chiral 
additive R1011 both of Which are commercially available 
from EM Industries, Germany. The polymeriZable CLC 
material (CC4039L) has a left-handed tWist structure While 
the chiral additive (R1011) has a right-handed tWist struc 
ture. The materials E7/CC4039L/R1011/IG184 are present 
in a mixture in ratios of 1/2/0.1/0.012 by Weight. IG184 is 
a photoinitiator. The mixture Was introduced into a 20 thick 
glass cell With a rubbed polyimide coating and Was cured at 
a UV intensity of 0.047 mW/cm2 at 82° C. In this example, 
the cholesteric liquid crystal material (CC4039L) polymer 
iZes While the nematic (E7) remains in the liquid state after 
curing. As With the other examples, the segregation rate of 
the non-polymeriZable liquid crystal is greater than the 
polymeriZation rate of the polysiloxane. After polymeriZa 
tion, spectral analysis of the resulting samples Was carried 
out on a Perkin-Elmer, Lambda 19 spectrophotometer. Both 
transmission and re?ection spectra Were taken With the 
left-hand, right-hand and unpolariZed light. The resulting 
CLC circularly polariZing ?lm re?ects left-handed circularly 
polariZed radiation and covers a spectral band pass from 800 
nm to 1428 nm, providing a super broad bandWidth polariZer 
of over 600 nm in the near infrared (IR) region of the 
electromagnetic spectrum. In this example, the chiral addi 
tive is utiliZed to control the band position and different 
concentrations Will control the band passes available. 
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EXAMPLE 12 

[0076] In this example, a broad-band CLC polariZer is 
fabricated based on an acrylate liquid crystal compound in 
cholesteric order mixed With non-crosslinkable nematic liq 
uid crystals. TWo polymeriZable acrylate cholesteric liquid 
crystal compounds, CM 95 and CM 94 (BASF, Aktieng 
esellschaft, LudWigshafen, German), re?ecting right-handed 
circular polariZation at blue and red Wavelength, respec 
tively, are used in this example. The blue compound, CM95, 
is mixed With a non-cross-linkable nematic M15 (EMI) and 
photo initiator IG184 (Cyba Geigy) at a ratio of 
CM:M15:IG184=2:1:0.06 by Weight. The mixture is ?lled 
into a 20 glass cell With rubbed polyimide coating and cured 
at 35° C. With a suitable UV irradiation for a suf?ciently long 
time. The resulted broadband polariZer re?ects right-handed 
light from 590 nm to 900 nm, With a bandWidth about 310 
nm. Other nematic materials such as E7, etc., also can 
broaden the polariZing bandWidth When mixed With the 
acrylate CLC and exposed to UV light. 

[0077] Controlling The BandWidth And Spectral Position 
Of The CLC 

[0078] PolariZing Material Of The Present Invention 

[0079] BandWidth as Well as the spectral position (i.e. 
“tuning”) of the CLC circularly polariZing ?lm material of 
the present application can be controlled in a number of 
Ways, for a variety of purposes (e.g. imparting color char 
acteristics to the CLC pigments hereof, designing the ?lter 
ing characteristics of the polariZers hereof, etc.). BeloW, 
several techniques are described for carrying out such func 
tions using any of the embodiments of the CLC circularly 
polariZing material of the present invention. 

[0080] The ?rst approach controls the spectral bandWidth 
of the circularly polariZing ?lm material hereof by control 
ling the thickness thereof. For example, using the materials 
E31/CC4039L=1:2 by Weight With 0.6% IG184, the polar 
iZer bandWidth can be increased from 580 nm to 800 nm 
When the ?lm thickness is changed from 5 to 20. Thereafter, 
the polariZer ?lms are cured under a UV intensity of 0.047 
mW/cm2 at 92° C. 

[0081] The second approach controls the spectral band 
Width of the circularly polariZing ?lm material hereof by 
changing the concentration of the chiral additive. For 
example, using the material E31/CC4039L=1:2 by Weight 
With 0.6% IG184, With a ?lm thickness of 20, the polariZer 
?lm is cured under a UV intensity of 0.047 mW/cm2 at 70° 
C. When the S1011 chiral additive concentration is 
increased from 0 to 6.6%, the bandWidth is decreased from 
980 nm to 460 nm. In addition, With the increase in chiral 
concentration, the center Wavelength has a “blue” shift 
toWard to shorter Wavelength. 

[0082] The third approach controls the polariZer spectrum 
With changes in curing temperature. For example, using 
materials E31/CC4039L=1:2 by Weight With 0.6% IG184, 
With a ?lm thickness of 20, the samples are cured under a 
UV intensity of 0.047 mW/cm2. If the curing temperature is 
loWered from 92° C. to 70° C., the center Wavelength has a 
“red” shift toWard a longer Wavelength. 

[0083] The fourth approach controls the polariZer spec 
trum by changing the photoinitiator concentration. For 
example, using materials E31/CC4039L=1:2 by Weight, 
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With a ?lm thickness of 20, the samples are cured under a 
UV intensity of 0.047 mW/cm2 at 92° C. Generally, increas 
ing the photoinitiator (IG184) concentration decreases the 
bandWidth of the polariZer. 

[0084] The ?fth approach controls the polariZer spectrum 
by changing the concentration of nematic liquid crystals. For 
example, using a liquid crystal mixture consisting of E31 in 
CC4039L With a 0.6% IG184 photoinitiator With respect to 
the CC4039L compound, different mixtures are ?lled into 20 
glass cells With rubbed polyimide coatings. All the samples 
are cured at 92° C. by a UV intensity of 0.047 mW/cm2. As 
clearly shoWn in FIG. 6, the bandWidth can be increased by 
changing the concentration of nematic liquid crystals (E31) 
in the raW starting mixture. 

[0085] Most of the above described examples demonstrate 
that commercially available polymeriZable CLC material 
and liquid crystal materials may be utiliZed to fabricate 
super broadband polariZing ?lm structures hereof. HoWever, 
it should be appreciated that the fabrication techniques of the 
present invention can also be used With any cyclic liquid 
crystal siloxane, Wherein the mesogenic group is attached to 
a siloxane backbone by hydrosilylation, as Well as With any 
other liquid crystal polymers, such as acrylate, etc. 

[0086] Similarly, While the nematic liquid crystal material 
utiliZed in the above examples are all commercially avail 
able, it should also be appreciated that any loW molecular 
Weight, non-polymeriZable nematic liquid crystal material 
may be utiliZed in the practice of the present invention. Also, 
as shoWn in Example 4, polymeriZable nematics may be 
used so long as their relative diffusion rate is greater than 
their polymeriZation rate. 

[0087] The nematics utiliZed may be single compound 
liquid crystals like K15, K24 and M15 Which are commer 
cially available from EM Industries, Germany. Multiple 
compound mixtures of liquid crystal materials like E31 and 
E7 commercially available from EM Industries, Germany, 
and ZLI-2309 and ZLI-5800-100 commercially available 
from EM Industries, Germany, may also be utiliZed in the 
practice of the present invention. All of these liquid crystals 
are in nematic phase at room temperature except K24 Which 
is in the smectic phase at room temperature. These liquid 
crystals, When combined With a polymeriZable CLC material 
and a photoinitiator produce polariZers of super broad band 
Width of at least 700 nm. Finally, at loW concentrations of 
liquid crystal material in the polymeriZable CLC material, 
smaller than a ratio of 1/6 by Weight, the resulting bandWidth 
falls off sharply indicating that loW concentrations of nem 
atic material are a limiting factor. Also, it should be appre 
ciated that high concentrations of nematic to CLC, like a 
ratio of 2/3, results in a high re?ection if the mixture is 
polymeriZed at a suitably loWer temperature; otherWise light 
scattering is induced if the mixture is cured at a non-suitably 
high temperature. 

[0088] In above examples, speci?c UV intensities Were 
prescribed to provide broad-band polariZers. To the extent 
that polymeriZation rate is linked to the intensity of incident 
UV radiation, When a nematic like E7 is used With a CLC 
material like CC4039L in a ratio of 1/2, the bandWidth of the 
resulting polariZer decreases as the UV intensity increases. 
At an intensity of 0.047 mW/cm2, for example, the resulting 
bandWidth is 980 nm. At an intensity of 0.97 mW/cm2, the 
resulting bandWidth is 700 nm if cured at 92° C. and, if cured 
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at 92° C. at 7.1 mW/cm2, the resulting bandwidth is 280 nm. 
This clearly indicates that bandWidth can be controlled by 
controlling the intensity of UV radiation. 

[0089] While the preferred embodiments have been char 
acteriZed as having an exponential distribution of CLC 
helical pitches, it should be appreciated that departures from 
an exact exponentially distribution can be tolerated Without 
departing from the spirit of the present invention. Thus, 
impurities in the materials, radiant energy variations and 
polymerization variations may cause a departure from an 
ideal exponential function providing liquid crystal distribu 
tions across the thickness of the resulting polariZers Which 
can only be described as being non-linear in character. 
Departures from the ideal exponential function do not 
appear to affect the enhancements in bandWidths obtained 
When the distribution is exponential. 

[0090] The single layer polariZers of the present applica 
tion can be fabricated to cover a broad portion of the 
electromagnetic spectrum including visible, infrared and 
ultraviolet ranges. From all the foregoing, it should be seen 
that super broad-band polariZers may be obtained using the 
technique of the present application Without the use of dyes 
or diffusion gradients in the polymeriZable CLC material 
material. 

[0091] The modi?cations described above are merely 
exemplary. It is understood that other modi?cations to the 
illustrative embodiments Will readily occur to persons With 
ordinary skill in the art. All such modi?cations and varia 
tions are deemed to be Within the scope and spirit of the 
present invention as de?ned by the accompanying claims to 
Invention. 

What is claimed: 
1. A broad-band polariZer comprising: 

a ?lm of at least one material having a cholesteric order 
and sites of non-linearly varying pitch across the thick 
ness of said ?lm and 

at least one liquid crystal material similarly non-linearly 
distributed across the thickness of said ?lm and dis 
posed at said sites. 

2. A broad band polariZer according to claim 1 Wherein 
said non linearly varying pitch is an exponentially varying 
pitch. 

3. A broad-band polariZer according to claim 1 Wherein 
said material having a cholesteric order is a polymer. 

4 A broad-band polariZer according to claim 1 Wherein 
said material having a cholesteric order is a monomer. 

5. A broad-band polariZer according to claim 1 Wherein 
said material having a cholesteric order is anoligomer. 

6. A broad-band polariZer according to claim 1 Wherein 
said at least one said liquid crystal material is a nematic 
liquid crystal. 

7. A broad-band polariZer according to claim 1 Wherein 
said at least one liquid crystal material is a smectic liquid 
crystal. 

8. A broad-band polariZer according to claim 1 Wherein 
said at least one material having a cholesteric order is 
photopolymeriZable. 

9. A broad-band polariZer according to claim 1 Wherein 
said at least one liquid crystal material is photopolymeriZ 
able. 
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10. Abroad-band polariZer according to claim 1 Wherein 
at least one of said at least one material having a cholesteric 
order and said at least one liquid crystal material Which is 
polymeriZable. 

11. A broad-band polariZer according to claim 1 Wherein 
the segregation rate of said at least one liquid crystal 
material is greater than the polymeriZation rate of Whichever 
of said materials is polymeriZed. 

12. Abroad-band polariZer according to claim 1 Wherein 
the segregation rate of said at least one liquid crystal 
material, is greater than the polymeriZation rate of said at 
least one material having a cholesteric order. 

13. Abroad-band polariZer according to claim 1 Wherein 
the segregation rate of said at least one liquid crystal 
material is greater than the polymeriZation rate of said 
material having a cholesteric order. 

14. Abroad-band polariZer according to claim 1 Wherein 
said at least one material having a cholesteric order is a 
cholesteric liquid crystal. 

15. Abroad-band polariZer according to claim 1 Wherein 
said at least one material having a cholesteric order is a 
cyclic liquid crystal siloxane. 

16. Abroad-band polariZer according to claim 1 Wherein 
said at least one material having a cholesteric order is a 
material Which is polymeriZed by cationic polymeriZation. 

17. Abroad-band polariZer according to claim 1 Wherein 
said at least one liquid crystal material is a material Which 
is polymeriZed by cationic polymeriZation. 

18. Abroad-band polariZer according to claim 1 Wherein 
said at least one liquid crystal material is a loW molecular 
Weight material. 

19. Abroad-band polariZer according to claim 1 Wherein 
said ?lm has a thickness suf?cient to totally re?ect incident 
circularly polariZed electromagnetic radiation. 

20. Abroad-band polariZer according to claim 1 Wherein 
said ?lm re?ects incident circularly polariZed electromag 
netic radiation in the visible spectrum. 

21. Abroad-band polariZer according to claim 1 Wherein 
said ?lm re?ects incident circularly polariZed electromag 
netic radiation in the infrared portion of the electromagnetic 
spectrum. 

22. Abroad-band polariZer according to claim 1 Wherein 
said ?lm re?ects incident circularly polariZed electromag 
netic radiation in the ultraviolet portion of the electromag 
netic spectrum. 

23. Abroad-band polariZer according to claim 1 Wherein 
at least one of said at least one material having a cholesteric 
order and said at least one liquid crystal material is in the 
liquid state. 

24. Abroad-band polariZer according to claim 1 Wherein 
at least one of said at least one material having a cholesteric 
order and said at least one liquid crystal material is in the 
solid state. 

25. A method of fabricating abroad-band polariZer com 
prising the step of: 

forming a ?lm from at least one material having a 
cholesteric order and at least a given pitch and at least 
one liquid crystal material such that said at least one 
liquid crystal material is distributed non-linearly across 
the thickness of said ?lm in a plurality of similarly 
non-linearly distributed sites having pitches greater 
than said at least given pitch in said at least one material 
having a cholesteric order. 
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26. A method according to claim 25 wherein said at least 
one material having a cholesteric order is a polymer. 

27. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is a monomer. 

28. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is an oligomer. 

29. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is a loW molecular 
Weight material. 

30. A method according to claim 25 Wherein said at least 
one liquid crystal material is a nematic liquid crystal. 

31. A method according to claim 25 Wherein said at least 
one liquid crystal material is a smectic liquid crystal. 

32. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is photopolymeriZ 
able. 

33. A method according to claim 25 Wherein said at least 
one liquid crystal material is photopolymeriZable. 

34. A method according to claim 25 Wherein at least one 
of said at least one material having a cholesteric order and 
said at least one liquid crystal material is polymeriZable. 

35. A method according to claim 25 Wherein the segre 
gation rate of said at least one liquid crystal material is 
greater than the polymerization rate of Whichever of said 
materials is polymerized. 

36. A method according to claim 25 Wherein the segre 
gation rate of said at least one liquid crystal material is 
greater than the polymeriZation rate of said at least one 
material having a cholesteric order. 

37. A method according to claim 25 Wherein the segre 
gation rate of said at least one liquid crystal material is 
greater than its polymeriZation rate. 

38. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is a cholesteric liquid 
crystal. 

39. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is a cyclic liquid 
crystal. 

40. A method according to claim 25 Wherein said at least 
one material having a cholesteric order is a material Which 
is polymeriZed by cationic polymeriZation. 

41. A method according to claim 25 Wherein said at least 
one liquid crystal material is a material Which is polymer 
iZed by cationic polymeriZation. 

42. A method according to claim 25 Wherein said at least 
one liquid crystal material is a loW molecular Weight mate 
rial. 

43. Amethod according to claim 25 Wherein said ?lm has 
a thickness suf?cient to totally re?ect incident circularly 
polariZed electromagnetic radiation. 

44. A method according to claim 25 Wherein said ?lm 
re?ects incident circularly polariZed electromagnetic radia 
tion in the visible spectrum. 

45. A method according to claim 25 Wherein said ?lm 
re?ects incident circularly polariZed electromagnetic radia 
tion in the infrared portion of the electromagnetic spectrum. 
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46. A method according to claim 25 Wherein said ?lm 
re?ects incident circularly polariZed electromagnetic radia 
tion in the ultraviolet portion of the electromagnetic spec 
trum. 

47. A method according to claim 25 Wherein at least one 
of said at least one material having a cholesteric order and 
said at least one liquid crystal material is in the liquid state. 

48. A method according to claim 25 Wherein at least one 
of said at least one material having a cholesteric order and 
said at least one liquid crystal material is in the solid state. 

49. A method according to claim 25 Wherein the step of 
forming includes the step of: 

mixing said at least one material having a cholesteric 
order and said at least one liquid crystal material in a 
given ratio by Weight to form a mixture. 

50. A method according to claim 44 Wherein said given 
ratio by Weight is 2:1. 

51. A method according to claim 48 Wherein said given 
ratio by Weight of said at least one material having a 
cholesteric order and said at least one liquid crystal material 
is in a range of 1:3 to 6:1. 

52. A method according to claim 48 further including the 
step of adding a photoinitiator into said mixture. 

53. A method according to claim 48 further including the 
step of adding a chiral additive to said mixture. 

54. A method according to claim 51 further including the 
step of heating said mixture at a temperature suf?cient to 
maintain said mixture in a liquid state. 

55. A method according to claim 53 further including the 
step of irradiating said mixture With electromagnetic radia 
tion to polymeriZe at least one of said at least one material 
having a cholesteric order and said at least one liquid crystal 
material. 

56. A method according to claim 54 Wherein the step of 
irradiating said mixture includes the step of applying actinic 
radiation to said mixture. 

57. A method of forming a single layer polariZer com 
prising the steps of: 

forming a ?lm from a ?rst liquid crystal material and a 
second liquid crystal material, one of said materials 
having a non-linear distribution in said ?lm across the 
thickness of said ?lm at similarly non-linearly distrib 
uted sites disposed in the other of said materials. 

58. A method of forming a single layer polariZer com 
prising the steps of: 

forming a ?lm from a ?rst liquid crystal material and a 
second liquid crystal material, one of said materials 
having a non-linear distribution in said ?lm across the 
thickness of said ?lm at similarly non-linearly distrib 
uted sites disposed in the other of said materials. 


