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WIDE-ACCEPTANCE-ANGLE CIRCULAR 
POLARIZERS 

FIELD OF THE INVENTION 

0001. This invention relates to circular polarizers, and 
more specifically, to the structure of circular polarizer with 
combinations of multi-layer phase retardation films to pro 
vide left-hand or right-hand circularly polarized light at 
wide-range of incident angle and at all azimuth of incident 
plane for a single wavelength or broadband light source for 
applications including liquid crystal displays, fiber optics, 
and optical remote sensors. 

BACKGROUND AND PRIOR ART 

0002 Circular polarizers are an important optical com 
ponent in many applications, such as fiber optics, imaging 
lenses, and liquid crystal displays, especially in the appli 
cations when the state of polarization is desired to be 
independent of the azimuthal angle of the incident light, or 
to be independent of the azimuthal angle of the slow axis of 
anisotropic media. Circular polarizer can be used in the 
studies of the properties of thin films, as described in to U.S. 
Pat. No. 6,219,139 issued to Lesniak on Apr. 17, 2001. 
Circular polarizers are also used in Liquid crystal displays 
(LCDs), as described in U.S. Pat. No. 6,549,335 B1 issued 
to Trapani et al. on Apr. 15, 2003, U.S. Pat. No. 6,583,833 
B1 issued to Kashima on Jun. 24, 2003, U.S. Pat. No. 
5,796,454 issued to Ma on Aug. 18, 1998, and U.S. Pat. No. 
6,628,369 B2 issued to Kamagal on September, 2003. 
0003 Circularly polarized light is a polarized plane light 
with equal magnitude in its orthogonal components and the 
phase difference between the orthogonal components is 
+JL/2. Circularly polarized light can be generated by choles 
teric liquid crystal, according to U.S. Pat. No. 5,796.454, or 
can be converted from linearly polarized light with a linear 
polarizer and a quarter-wave plate, of which the principal 
optical axes is 45 degrees with respect to the transmission 
axis of the linear polarizer, according to U.S. Pat. No. 
6,788,462 B2 issued to Lesniak on Sep. 7, 2004. According 
to U.S. Pub. No. 2004/0109114A1 filed on Jun. 10, 2004, a 
circularly polarized light can also be converted from a 
linearly polarized light with a substrate having a longitudinal 
direction and the combination of a half-wave plate and a 
quarter-wave plate, where the principal optical axes of the 
half-wave plate and the quarter-wave plate are +30 and -30 
degrees with respect to the longitudinal direction of the 
Substrate, respectively. A quarter-wave plate is an optical 
anisotropic element which induces JL/2 phase difference 
between the orthogonal components of the light passing 
through. A half-wave plate is an optical anisotropic element 
which induces at phase difference between the orthogonal 
components of the light passing through. 

0004. However, when cholesteric liquid crystal is used, 
the induced circularly polarized light sustains blue shift at 
oblique incident angle. Furthermore, the fabrication of cho 
lesteric liquid crystal cell is difficult. When the combination 
of a linear polarizer and a quarter-wave plate or using the 
combination of special Substrates having a longitudinal 
direction and a half-wave plate together with a quarter-wave 
plate, the quarter-wave plate or half-wave plate only induces 
JL/2 or at phase change at normal incident angle. At oblique 
incident angles, the phase change is varied with both inci 
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dent angle and the azimuth of incident plane, which results 
in elliptically polarized light instead of the desired circularly 
polarized light. 

0005 FIG. 1 shows the structure of a conventional 
right-hand circular polarizer comprising one linear polarizer 
and one quarter-wave plate. Along the propagation direction 
of the incident light, the structure comprises one linear 
polarizer 101, and one quarter-wave phase retardation film 
102. As shown in FIG. 2, at 85° incident angle and 45° 
azimuth of incident plane, the S of the state of polarization 
emerging from Such a conventional circular polarizer is 
–0.829. However, the S of the desired right-hand circular 
state of polarization is -1. Therefore, the difference between 
the S of the desired circular state of polarization and the S. 
of the state of polarization emerging from the conventional 
circular polarizer is 0.171 at 85° incident angle and at 45° 
azimuth of the incident plane. As a result, the optical 
performance for those applications having a wide range of 
incident angles is greatly deteriorated. For example, in a 
liquid crystal display, the non-ideal circular state of polar 
ization emerging from conventional circular polarizer 
reduces the contrast ratio of the LCD at wide incident 
angles. Therefore, a need exists for a wide-acceptance-angle 
circular polarize for use in these applications. 

SUMMARY OF THE INVENTION 

0006 A primary objective of this invention is to provide 
a new method, system, apparatus and device for a circular 
polarizer capable of inducing left-hand or right-hand circu 
larly polarized light over wide ranges of incident angle and 
over all azimuths of incident plane. 
0007. A secondary objective of this invention is to pro 
vide a new method, system, apparatus and device for a 
wide-acceptance-angle circular polarizer that inducing left 
hand or right-hand circularly polarized light either on the 
output surface of the circular polarizer or inside arbitrary 
media including air. 
0008. A third objective of this invention is to provide a 
new method, system, apparatus and device for a wide 
acceptance-angle circular polarizer with achromatic behav 
ior. 

0009. A fourth objective of this invention is to provide a 
new method, system, apparatus and device for a wide 
acceptance-angle circular polarizer with a large error toler 
ance in the phase retardation of the phase retardation films. 
0010. A fifth objective of this invention is to provide a 
new method, system, apparatus and device for a wide 
acceptance-angle circular polarizer with a large error toler 
ance in the angles between the absorption axis of the linear 
polarizer and the slow axes of the phase retardation films. 
0011) A sixth objective of this invention is to provide a 
wide-acceptance-angle circular polarizer at a low cost. 
0012. A first preferred embodiment of the invention is to 
provide a structure of a wide-acceptance angle left-hand or 
right-hand circular polarizer comprising a single linear 
polarizer producing a linear state of polarization and at least 
one phase retardation film layered with the single linear 
polarizer. In a first embodiment, the at least one phase 
retardation film includes at least one uniaxial A-plate phase 
retardation film and at least one uniaxial C-plate phase 
retardation film. 
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0013 In a second embodiment of the invention, the 
left-hand or right-hand circular polarizer includes a linear 
polarizer and at least one biaxial phase retardation film layer 
with the linear polarizer. In another example of the circular 
polarize of the second embodiment, at least one phase 
retardation is layer with the linear polarize and the biaxial 
phase retardation film. 
0014 Further objectives, features, and advantages of this 
invention will be apparent from the following detailed 
descriptions of the presently preferred embodiments that are 
illustrated schematically in the accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

0.015 FIG. 1 is a schematic diagram showing an example 
of conventional prior art circular polarizer. 
0016 FIG. 2 is a schematic diagram showing the state of 
polarization emerging from the circular polarizer illustrated 
in FIG. 1. 

0017 FIG. 3 shows an example of the circular polarizer 
structure according to a first embodiment of the present 
invention. 

0018 FIG. 4a shows the state of polarization emerging 
from the right-handed circular polarizer illustrated in FIG. 
3. 

0.019 FIG. 4b shows the state of polarization emerging 
from the left-handed circular polarizer illustrated in FIG. 3 
0020 FIG. 5 shows another example of the circular 
polarizer structure according to the first embodiment of the 
present invention. 
0021 FIG. 6a shows the state of polarization emerging 
from the right-handed circular polarizer illustrated in FIG. 
5. 

0022 FIG. 6b shows the state of polarization emerging 
from the left-handed circular polarizer illustrated in FIG. 5. 
0023 FIG. 7 shows another example of the circular 
polarizer structure according to the first embodiment of the 
present invention. 
0024 FIG. 8a shows the state of polarization emerging 
from the right-handed circular polarizer illustrated in FIG. 
7. 

0.025 FIG. 8b shows the state of polarization emerging 
from the left-handed circular polarizer illustrated in FIG. 7. 
0026 FIG. 9 shows another example of the circular 
polarizer structure according to the first embodiment of the 
present invention. 
0027 FIG. 10a shows the state of polarization emerging 
from the right-handed circular polarizer illustrated in FIG. 
9. 

0028 FIG. 10b shows the state of polarization emerging 
from the left-handed circular polarizer illustrated in FIG. 9. 
0029 FIG. 11 shows an example of the circular polarizer 
structure according to a second embodiment of the present 
invention. 

0030 FIG. 12 shows another example of the circular 
polarizer structure of the second embodiment of the present 
invention. 
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0031 FIG. 13 shows another example of the circular 
polarizer structure of the second embodiment of the present 
invention. 

0032 FIG. 14 shows another example of the circular 
polarizer structure of the second embodiment of the present 
invention. 

0033 FIG. 15 shows another example of the circular 
polarizer structure of the second embodiment of the present 
invention. 

0034 FIG. 16 shows yet another example of the circular 
polarizer structure of the second embodiment of the present 
invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0035. Before explaining the disclosed embodiments of 
the present invention in detail it is to be understood that the 
invention is not limited in its application to the details of the 
particular arrangements shown since the invention is capable 
of other embodiments. Also, the terminology used herein is 
for the purpose of description and not of limitation. 
0036) The following is a list of the reference numbers 
used in the drawings and the detailed specification to iden 
tify components: 
0037) 101 linear polarizer 703b C-plate phase retardation 
film 

OO38 102 quarter-wave phase retardation film 901 linear C p 
polarizer 

0.039 301 linear polarizer 902a A-plate phase retardation 
film 

0040. 302 A-plate phase retardation film 902b A-plate 
phase retardation film 

0041). 303 C-plate phase retardation film 902c A-plate 
phase retardation film 

0042 501 linear polarizer 902d A-plate phase retardation 
film 

0.043 502a A-plate phase retardation film 902e A-plate 
phase retardation film 

0044) 502b A-plate phase retardation film 903a C-plate 
phase retardation film 

0045 503 C-plate phase retardation film 903b C-plate 
phase retardation film 

0046 701 linear polarizer 903c C-plate phase retardation 
film 

0047 702a A-plate phase retardation film 1101 linear p p 
polarizer 

0.048 702b A-plate phase retardation film 1102 biaxial 
phase retardation film 

OO49 702c A-plate phase retardation film 1201 linear p p 
polarizer 

0050 703a C-plate phase retardation film 1202a biaxial 
phase retardation film 

0051 1202b biaxial phase retardation film 1503 C-plate 
phase retardation film 



US 2006/0290853 A1 

0052) 1301 linear polarizer 1504 biaxial phase retarda 
tion film 

0053) 1302 A-plate phase retardation film 1601 linear 
polarizer 

0054) 1303 biaxial phase retardation film 1602a A-plate 
phase retardation film 

0055 1401 linear polarizer 1602b A-plate phase retarda 
tion film 

0056) 1402 C-plate phase retardation film 151603a 
C-plate phase retardation film 

0057) 1403 biaxial phase retardation film 1603b C-plate 
phase retardation film 

0058) 1501 linear polarizer 1604a biaxial phase retarda 
tion film 

0059) 1502 A-plate phase retardation film 1604b biaxial 
phase retardation film 

0060. The method, system apparatus and device of the 
present invention provides a new device structure for pro 
ducing left-hand or right-hand circular state of polarization 
over wide-range of incident angle and all azimuth of inci 
dent plane using the combinations of linear polarizer and 
multi-layer phase retardation films. 
0061 The state of polarization can be represented by 
Stokes parameters and plotted on Poincare sphere. FIG. 2 is 
a plot showing the state of polarization emerging from the 
circular polarizer illustrated in FIG. 1. The incident angle is 
0°-85° and the azimuth of incident plane is 0°-360° with 
respect to the transmission axis of polarizer. Stokes param 
eters S. S. S. are defined as: 

where E and Eigs are the parallel and perpendicular com 
ponents of the incident electrical field, respectively. () is 
given by: 0=ZE-ZE, where ZE and Z.E.8s are the phases 
of the parallel and perpendicular components of the incident 
electrical field, respectively. 
0062) The circular polarizer of the present invention 
includes a linear polarizer and at least one phase retardation 
film layer with the linear polarizer for achieving a state of 
polarization that is closer to a left-hand (S. approximately 
equal to 1) or right-hand circular state of polarization (S. 
approximately equal to -1) than that of a convention prior 
art circular polarizer. 
First Embodiment: 

0063 FIG. 3 shows the structure of wide-acceptance 
angle circular polarizer consisting of one uniaxial A-plate 
phase retardation film and one uniaxial C-plate phase retar 
dation film according to the first preferred embodiment. A 
uniaxial A-plate phase retardation film is an optical compo 
nent that is made of uniaxial anisotropic media with its 
optical axis parallel to the polarizer-retarder Surface and a 
uniaxial C-plate phase retardation film is an optical compo 
nent that is made of uniaxial anisotropic media with its 
optical axis perpendicular to the polarizer-retarder Surface. 
0064. In an example of the first embodiment shown in 
FIG. 3, the structure comprises optical components along 
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the propagation direction of the incident light, beginning 
with a polarizing film 301 producing linear state of polar 
ization, followed by the combination of one uniaxial A-plate 
phase retardation film 302 and one uniaxial C-plate phase 
retardation film 303. 

0065. The displacements of the uniaxial A-plate phase 
retardation film 301 and the uniaxial C-plate phase retarda 
tion film 302 can be in any order along the propagation 
direction of the incident light. For the uniaxial A-plate phase 
retardation film 302, the slow axis is approximately-t(30 
°-60°) with respect to the transmission direction of the 
linear polarizer and the phase retardation satisfies condition 
d'An=t(0.2 -3.50), where w is the incident light wave 
length. For the uniaxial C-plate phase retardation film 303, 
the phase retardation satisfies condition d'An= 
+(0.05 -3.5W). In the normal incident case, the phase retar 
dation of the uniaxial C-plate phase retardation film is zero. 
0066. The emerging state of polarization depends on the 
phase retardation of the uniaxial A-plate phase retardation 
film and the angle between the slow axis of the uniaxial 
A-plate phase retardation film and the transmission axis of 
polarizer. In the oblique incident case, the phase retardation 
of the uniaxial C-plate phase retardation film is nonzero, 
which reduces the difference between the expected circular 
state of polarization and the state of polarization emerging 
from the uniaxial A-plate phase retardation film. 
0067. When the structure in FIG. 3 induces right-handed 
circular state of polarization, the state of polarization emerg 
ing from the structure is shown in FIG. 4a using Poincare 
sphere when the linear polarizer is modeled as uniaxial 
absorptive material, of which the refractive indices n=1.5+ 
ix3.251x10 and n=1.5+ix2.86x10. The structure in 
FIG. 3 may also be used to induce a left-handed state of 
polarization as shown in FIG. 4b. For the left-handed 
circular polarizer, the slow axis of the uniaxial A-plate films 
is negative of that of the A-plate films in the right-handed 
circular polarizer shown in FIG. 3. The incident angle is 
between 0°-85° and the azimuth of incident plane is 
between approximately 0° and approximately 360° with 
respect to the transmission axis of the polarizer. The differ 
ence between the S of the expected circular state of polar 
ization and the S of the state of polarization emerging from 
the structure is less than 0.05 over 0°-85 incident angle and 
0°-360° azimuth of incident plane. Compared with the state 
of polarization emerging from conventional circular polar 
izer as shown in FIG. 2, the difference between the expected 
circular state of polarization and the produced State of 
polarization emerging from the structure shown in FIG. 3 is 
greatly reduced. Furthermore, the structure has the advan 
tages of simple structure, easy fabrication and low cost. 
0068 FIG. 5 shows another example of the structure of 
the wide-acceptance-angle circular polarizer in which a 
second uniaxial A-plate retardation is included. In this 
example, the wide-acceptance-angle circular polarizer 
includes optical components along the propagation direction 
of the incident light, beginning with a polarizing film 
producing linear state of polarization 501, followed by two 
uniaxial A-plate phase retardation films 502a and 502b, and 
one uniaxial C-plate phase retardation film 503. 
0069. The displacements of the uniaxial A-plate phase 
retardation films and the uniaxial C-plate phase retardation 
film can be in any order along the propagation direction of 
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the incident light. For the uniaxial A-plate phase retardation 
film 502a, the slow axis is t(5-45) with respect to the 
transmission direction of the linear polarizer and the phase 
retardation satisfies condition d'An=t(0.05 -3.5W). For the 
uniaxial C-plate phase retardation film 503, the phase retar 
dation satisfies condition d'An=t(0.050-3.50). For the 
uniaxial A-plate phase retardation film 502b, the slow axis 
is +(45°-85) with respect to the transmission direction of 
the linear polarizer and the phase retardation satisfies con 
dition d'An=t(0.052-3.50). In the normal incident case, the 
phase retardation of the uniaxial C-plate phase retardation 
film is zero. 

0070 The emerging state of polarization depends on the 
phase retardations of the uniaxial A-plate phase retardation 
films and the angles between the slow axes of the uniaxial 
A-plate phase retardation films and the transmission axis of 
polarizer. In the oblique incident case, the difference 
between the expected circular state of polarization and the 
state of polarization emerging from the structure is reduced 
by the phase retardations of the uniaxial C-plate phase 
retardation film and the two uniaxial A-plate phase retarda 
tion films. 

0071. The structure in FIG. 5 can induce right-handed 
circular state of polarization, FIG. 6a shows the state of 
polarization emerging from the structure using Poincare 
sphere when the linear polarizer is modeled as a uniaxial 
absorptive material, of which the refractive indices n=1.5+ 
ix.3.251x10 and n=1.5+ix2.86x10. The structure in 
FIG. 5 is applicable to left-hand circular polarizer as FIG. 
6b shows. For the left-handed circular polarizer, the slow 
axis of the uniaxial A-plate films is negative of that of the 
A-plate films in the right-handed circular polarizer in FIG. 
5. The incident angle is between approximately 0° and 
approximately 85° and the azimuth of incident plane is 
approximately 0° and approximately 360° with respect to the 
transmission axis of polarizer. The difference between the S. 
of the expected circular state of polarization and the S of the 
state of polarization emerging from the structure is less than 
0.008 over the 0° to approximately 85 incident angle and 0° 
to approximately 360° azimuth of incident plane. Compar 
ing with the proposed wide-incident-angel circular polarizer 
shown in FIG. 3, the difference between the expected 
circular state of polarization and the produced State of 
polarization emerging from the structure shown in FIG. 5 is 
further reduced. 

0072. In another example of the first embodiment shown 
in FIG. 7, the structure of the wide-acceptance-angle cir 
cular polarizer includes a third uniaxial A-plate phase retar 
dation films and a second uniaxial C-plate phase retardation 
films. The structure comprises optical components along the 
propagation direction of the incident light, beginning with a 
polarizing film 701 producing linear state of polarization, 
followed by three uniaxial A-plate phase retardation films 
702a, 702b and 702c, and two uniaxial C-plate phase 
retardation films 703a and 703b. 

0073. The displacements of the uniaxial A-plate phase 
retardation films and the uniaxial C-plate phase retardation 
films can be in any order along the propagation direction of 
the incident light. For the uniaxial A-plate phase retardation 
film 702a, the slow axis is approximately +(0°-85) with 
respect to the transmission direction of the linear polarizer 
and the phase retardation satisfies condition d'An= 
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+(0.05 -3.5W). For the uniaxial C-plate phase retardation 
film 703a, the phase retardation satisfies condition d'An= 
+(0.05 -3.5W). For the uniaxial A-plate phase retardation 
film 702b, the slow axis is approximately +(15°-90°) with 
respect to the transmission direction of the linear polarizer 
and the phase retardation satisfies condition d'An= 
+(0.05 -3.5W). For the uniaxial C-plate phase retardation 
film 703b, the phase retardation satisfies condition d'An= 
+(0.05 -3.5W). For the uniaxial A-plate phase retardation 
film 702c, the slow axis is approximately +(5°-85) with 
respect to the transmission direction of the linear polarizer 
and the phase retardation satisfies condition d'An= 
+(0.05 -3.5W). In the normal incident case, the phase retar 
dations of the uniaxial C-plate phase retardation films are 
ZO. 

0074 The emerging state of polarization depends on the 
phase retardations of the uniaxial A-plate phase retardation 
films and the angles between the slow axes of the uniaxial 
A-plate phase retardation films and the transmission axis of 
polarizer. In the oblique incident case, the difference 
between the expected circular state of polarization and the 
state of polarization emerging from the structure is reduced 
by the phase retardations of the uniaxial C-plate phase 
retardation film and those two uniaxial A-plate phase retar 
dation films. 

0075). If the structure in FIG. 7 induces right-hand cir 
cular state of polarization, FIG. 8a shows the state of 
polarization emerging from the structure using Poincare 
sphere when the linear polarizer is modeled as a uniaxial 
absorptive material, of which the refractive indices n=1.5+ 
ix3.251x10 and n=1.5+ix2.86x10. The structure in 
FIG. 7 is also applicable to left-hand circular polarizer as 
shown in FIG. 8b. The incident angle is between approxi 
mately 0° and approximately 85° and the azimuth of incident 
plane is between approximately 0° and approximately 360° 
with respect to the transmission axis of the polarizer. The 
difference between the S of the expected circular state of 
polarization and the S of the state of polarization emerging 
from the structure is less than 0.001 over the approximately 
0° and approximately 85 incident angle and approximately 
0° and approximately 360° azimuth of incident plane. Com 
pared with the proposed wide-acceptance-angel circular 
polarizers shown in FIG. 3 and FIG. 5, the difference 
between the expected circular state of polarization and the 
produced State of polarization emerging from the structure 
shown in FIG. 7 is further reduced. 

0076. In another example of the first embodiment shown 
in FIG. 9, the structure of the wide-acceptance-angle cir 
cular polarizer includes five uniaxial A-plate phase retarda 
tion films and three uniaxial C-plate phase retardation films. 
The structure comprises optical components along the 
propagation direction of the incident light, beginning with a 
polarizing film 901 producing linear state of polarization, 
followed by five uniaxial A-plate phase retardation films 
902a, 902b,902c,902d and 902e, and three uniaxial C-plate 
phase retardation films 903a, 903b and 903c. 
0077. The displacements of the uniaxial A-plate phase 
retardation films and the uniaxial C-plate phase retardation 
films can be in any order along the propagation direction of 
the incident light. For the uniaxial A-plate phase retardation 
films 902a, 902b, 902c, 902c, and 902e, the slow axis is 
+(0°-89°) with respect to the transmission direction of the 
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linear polarizer and the phase retardation satisfies condition 
d'An=t(0.052-3.50). For the uniaxial C-plate phase retar 
dation films 903a, 903b and 903c, the phase retardation 
satisfies condition d'An=t(0.05 -3.50w). In the normal inci 
dent case, the phase retardations of the uniaxial C-plate 
phase retardation films are Zero. 
0078. The emerging state of polarization depends on the 
phase retardations of the uniaxial A-plate phase retardation 
films and the angles between the slow axes of the uniaxial 
A-plate phase retardation films and the transmission axis of 
polarizer. In the oblique incident case, the difference 
between the expected circular state of polarization and the 
state of polarization emerging from the structure is reduced 
by the phase retardations of the uniaxial C-plate phase 
retardation film and those two uniaxial A-plate phase retar 
dation films. 

0079 If the structure in FIG. 9 induces right-hand cir 
cular state of polarization, the FIG. 10a shows the maxi 
mum S of the state of polarization emerging from the 
structure over 0°-85 incident angles and 0°-365° azimuth 
of incident plane when the linear polarizer is modeled as 
uniaxial absorptive material, of which the refractive indices 
n=1.5+ix3.251x10 and n=1.5+ix2.86x10. The struc 
ture in FIG. 9 is applicable to left-hand circular polarizer as 
FIG. 10b shows. For the left-handed circular polarizer, the 
slow axis of the uniaxial A-plate films is negative of that of 
the A-plate films in the right-handed circular polarizer in 
FIG. 9. The incident angle is between approximately 0° and 
approximately 85° and the azimuth of incident plane is 
between approximately 0° and approximately 360° with 
respect to the transmission axis of the polarizer. The differ 
ence between the S of the expected circular state of polar 
ization and the S of the state of polarization emerging from 
the structure is less than 0.005 over the approximately 0° and 
approximately 85 incident angle and approximately 0' and 
approximately 360° azimuth of incident plane between the 
450 nm-650 nm spectrum of the incident light. The pro 
duced State of polarization emerging from the structure 
shown in FIG. 9 is achromatic. 

Second Embodiment: 

0080. The structure of the wide-acceptance-angle circular 
polarizer of the second embodiment is shown in FIG. 11 
with one biaxial phase retardation film. Biaxial phase retar 
dation film is an optical component that is made of biaxial 
anisotropic media with its optical axis either parallel to or 
perpendicular to the polarizer-retarder surface. The structure 
comprises optical components along the propagation direc 
tion of light, beginning with a polarizing film 1101 produc 
ing linear state of polarization, followed by one biaxial 
phase retardation film 1102, of which the slow axis on the 
plane parallel to the polarizer-retarder surface is +(30°-60°) 
with respect to the transmission direction of the linear 
polarizer. For the biaxial phase retardation film, the phase 
retardation on the plane parallel to the polarizer-retarder 
surface satisfies condition d'An=t(0.05 -3.5W), and the 
phase retardation perpendicular to the polarizer-retarder 
surface satisfies condition d'An=t(0.050-3.50w). In the nor 
mal incident case, for the biaxial phase retardation film, the 
phase retardation perpendicular to the polarizer-retarder 
Surface is Zero. 

0081. In this example, the emerging state of polarization 
depends on the phase retardation parallel to the polarizer 
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retarder surface and the angle between the slow axis of the 
biaxial phase retardation film and the transmission axis of 
polarizer. In this example, the emerging state of polarization 
is almost circular. In the oblique incident case, the difference 
between the expected circular state of polarization and the 
state of polarization emerging from the structure is reduced 
by the phase retardation of the biaxial phase retardation film. 
0082 Therefore, over wide-acceptance angles, the differ 
ence between the S of the expected circular state of polar 
ization and the S of the state of polarization emerging from 
the structure is much smaller than that of a conventional 
circular polarizer. At the same time, the structure shown in 
FIG. 11 has the advantages of simple structure, easy fabri 
cation and low cost. 

0083 FIG. 12 shows another example of the second 
embodiment, wherein the structure of the wide-acceptance 
angle circular polarizer includes more than one biaxial phase 
retardation film. As shown, the structure includes optical 
components along the propagation direction of light, begin 
ning with a polarizing film 1201 producing linear state of 
polarization, followed by two biaxial phase retardation films 
1202a and 1202b. 

0084. For the biaxial phase retardation film 1202a, the 
slow axis on the plane parallel to the polarizer-retarder 
surface is approximately +(5°-75°) with respect to the 
transmission direction of the linear polarizer, the phase 
retardation on the plane parallel to the polarizer-retarder 
surface satisfies condition d'An=t(0.05 -3.5M), and the 
phase retardation perpendicular to the polarizer-retarder 
surface satisfies condition d'An=t(0.05 -3.50). For the 
biaxial phase retardation film 1202b, the slow axis on the 
plane parallel to the polarizer-retarder Surface is approxi 
mately +(25°-85) with respect to the transmission direction 
of the linear polarizer, the phase retardation on the plane 
parallel to the polarizer-retarder surface satisfies condition 
d'An=t(0.052-3.5 ), and the phase retardation perpendicu 
lar to the polarizer-retarder surface satisfies condition d'An= 
+(0.05 -3.5W). In the normal incident case, for the biaxial 
phase retardation films, the phase retardations perpendicular 
to the polarizer-retarder surface are Zero. 
0085. The emerging state of polarization depends on the 
phase retardations parallel to the polarizer-retarder Surface 
and the angles between the slow axes of the biaxial phase 
retardation films and the transmission axis of polarizer. In 
this example, the emerging state of polarization is almost 
circular. In the oblique incident case, the difference between 
the expected circular state of polarization and the state of 
polarization emerging from the structure is reduced by the 
phase retardations of the biaxial phase retardation films. 
Therefore, over wide-incident angles, the difference 
between the S of the expected circular state of polarization 
and the S of the state of polarization emerging from the 
structure is much smaller than that of a conventional circular 
polarizer. 

0.086 FIG. 13 shows another example of the wide 
acceptance-angle circular polarizer according to the second 
embodiment. In this example, the structures of the wide 
acceptance-angle circular polarizer consisting of one biaxial 
phase retardation film and one uniaxial A-plate phase retar 
dation film. The structure shown in FIG. 13 is comprises 
optical components along the propagation direction of light, 
beginning with a polarizing film 1301 producing linear State 
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of polarization, followed by one uniaxial A-plate phase 
retardation film 1302 and one biaxial phase retardation film 
1303. 

0087. The displacements of the uniaxial A-plate phase 
retardation film and the biaxial phase retardation film can be 
in any order along the propagation direction of the incident 
light. For the uniaxial A-plate phase retardation film 1302, 
the slow axis is approximately +(5°-85) with respect to the 
transmission direction of the linear polarizer and the phase 
retardation satisfies condition d'An=t(0.05 -3.5W). For the 
biaxial phase retardation film 1303, the slow axis on the 
plane parallel to the polarizer-retarder Surface isapproxi 
mately +(5°-85°) with respect to the transmission direction 
of the linear polarizer, the phase retardation on the plane 
parallel to the polarizer-retarder surface satisfies condition 
d'An=t(0.052-3.50), and the phase retardation perpendicu 
lar to the polarizer-retarder surface satisfies condition d'An= 
+(0.050-3.5W). In the normal incident case, for the biaxial 
phase retardation film, the phase retardation perpendicular to 
the polarizer-retarder surface is zero. 
0088. The emerging state of polarization is almost circu 

lar. In the oblique incident case, the difference between the 
expected circular state of polarization and the State of 
polarization emerging from the structure is reduced by the 
phase retardations of the uniaxial A-plate phase retardation 
film and the biaxial phase retardation film. Therefore, over 
wide-acceptance angles, the difference between the S of the 
expected circular state of polarization and the S of the state 
of polarization emerging from the structure is much smaller 
than that of a conventional circular polarizer. 
0089 FIG. 14 shows another example of the structures of 
the wide-acceptance-angle circular polarizer consisting of 
one biaxial phase retardation film and one uniaxial C-plate 
phase retardation film. The structure shown in FIG. 14 
comprise optical components along the propagation direc 
tion of light, beginning with a polarizing film 1401 produc 
ing linear state of polarization, followed by one uniaxial 
C-plate phase retardation film 1402 and one biaxial phase 
retardation film 1403. 

0090 The displacements of the uniaxial C-plate phase 
retardation film and the biaxial phase retardation film can be 
in any order along the propagation direction of the incident 
light. For the uniaxial C-plate phase retardation film 1402, 
the phase retardation satisfies condition d'An= 
+(0.05-3.5). For the biaxial phase retardation film 1403, 
the slow axis on the plane parallel to the polarizer-retarder 
surface is t(5°W-85). with respect to the transmission 
direction of the linear polarizer, the phase retardation on the 
plane parallel to the polarizer-retarder Surface satisfies con 
dition d'An=t(0.05 -3.5 ), and the phase retardation per 
pendicular to the polarizer-retarder Surface satisfies condi 
tion d'An=t(0.05 -3.50). In the normal incident case, for 
the biaxial phase retardation film and the uniaxial C-plate 
phase retardation film, the phase retardations perpendicular 
to the polarizer-retarder surface are Zero. 
0.091 The emerging state of polarization in this example 

is almost circular. In the oblique incident case, the difference 
between the expected circular state of polarization and the 
state of polarization emerging from the structure is reduced 
by the phase retardations of the uniaxial C-plate phase 
retardation film and the biaxial phase retardation film. 
Therefore, over wide-acceptance angles, the difference 
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between the S of the expected circular state of polarization 
and the S of the state of polarization emerging from the 
structure is much smaller than that of a conventional circular 
polarizer. 
0092 FIG. 15 shows the structures of the proposed 
wide-acceptance-angle circular polarizer includes of one 
biaxial phase retardation film, one uniaxial A-plate phase 
retardation film and one uniaxial C-plate phase retardation 
film. The structures shown in FIG. 15 consist of optical 
components along the propagation direction of light, begin 
ning with a polarizing film 1501 producing linear state of 
polarization, followed by one uniaxial A-plate phase retar 
dation film 1502, one uniaxial C-plate phase retardation film 
1503, and one biaxial phase retardation film 1504. 
0093. The displacements of the uniaxial A-plate phase 
retardation film, the uniaxial C-plate phase retardation film, 
and the biaxial phase retardation film can be in any order 
along the propagation direction of the incident light. For the 
uniaxial A-plate phase retardation film 1502, the slow axis 
is approximately +(5°-75°) with respect to the transmission 
direction of the linear polarizer and the phase retardation 
satisfies condition d'An=t(0.050-3.50). For the uniaxial 
C-plate phase retardation film 1503, the phase retardation 
satisfies condition d'An=t(0.05 -3.5W). For the biaxial 
phase retardation film 1504, the slow axis on the plane 
parallel to the polarizer-retarder Surface is approximately 
+(25°-85) with respect to the transmission direction of the 
linear polarizer, the phase retardation on the plane parallel to 
the polarizer-retarder surface satisfies condition d'An= 
+(0.05 -3.5W), and the phase retardation perpendicular to 
the polarizer-retarder surface satisfies condition d'An= 
+(0.05 -3.5W). In the normal incident case, for the biaxial 
phase retardation film and the uniaxial C-plate phase retar 
dation film, the phase retardations perpendicular to the 
polarizer-retarder Surface are Zero. 
0094. As in the previous example, the emerging state of 
polarization is almost circular. In the oblique incident case, 
the difference between the expected circular state of polar 
ization and the state of polarization emerging from the 
structure is reduced by the phase retardations of the uniaxial 
A-plate phase retardation film, the uniaxial C-plate phase 
retardation film, and the biaxial phase retardation film. 
Therefore, over wide-acceptance angles, the difference 
between the S of the expected circular state of polarization 
and the S of the state of polarization emerging from the 
structure is much smaller than that of a conventional circular 
polarizer. 
0.095 FIG. 16 shows the structure a yet another example 
of the wide-acceptance-angle circular polarizer according to 
the second embodiment. In this example, wide-acceptance 
angle circular polarizer includes a combination of more than 
one biaxial phase retardation films, more than one uniaxial 
A-plate phase retardation films and more than one uniaxial 
C-plate phase retardation films. The structure shown in FIG. 
16 consists of optical components along the propagation 
direction of light, beginning with a polarizing film 1601 
producing linear state of polarization, followed by two 
uniaxial A-plate phase retardation films 1602a and 1602b, 
two uniaxial C-plate phase retardation films 1603a and 
1603b, and two biaxial phase retardation films 1604a and 
1604b. 

0096. The displacements of the uniaxial A-plate phase 
retardation films, the uniaxial C-plate phase retardation 
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films, and the biaxial phase retardation films can be in any 
order along the propagation direction of the incident light. 
For the uniaxial A-plate phase retardation film 1602a, the 
slow axis is +(0.1-89.9°) with respect to the transmission 
direction of the linear polarizer and the phase retardation 
satisfies condition d'An=t(0.050-3.50w). For the uniaxial 
C-plate phase 1603a, the phase retardation satisfies condi 
tion d'An=t(0.05 -3.5W). For the biaxial phase retardation 
film 1604a , the slow axis on the plane parallel to the 
polarizer-retarder surface is +(0.1-89.9°) with respect to 
the transmission direction of the linear polarizer, the phase 
retardation on the plane parallel to the polarizer-retarder 
surface satisfies condition d'An=t(0.05 -3.5W), and the 
phase retardation perpendicular to the polarizer-retarder 
surface satisfies condition d'An=t(0.05 -3.50). For the 
uniaxial A-plate phase retardation film 1602b, the slow axis 
is +(0.1-89.9°) with respect to the transmission direction of 
the linear polarizer and the phase retardation satisfies con 
dition d'An=+(0.05 -3.50w). For the uniaxial C-plate phase 
retardation film 1603b, the phase retardation satisfies con 
dition d'An=t(0.050-3.50). For the biaxial phase retardation 
film 1604b, the slow axis on the plane parallel to the 
polarizer-retarder surface is approximately +(0.1-89.9) 
with respect to the transmission direction of the linear 
polarizer, the phase retardation on the plane parallel to the 
polarizer-retarder Surface satisfies condition d'An= 
+(0.050-3.5W), and the phase retardation perpendicular to 
the polarizer-retarder surface satisfies condition d'An= 
+(0.050-3.5W). In the normal incident case, for the biaxial 
phase retardation films and the uniaxial C-plate phase retar 
dation films, the phase retardations perpendicular to the 
polarizer-retarder Surface are Zero. 
0097 Again, the emerging state of polarization is 
approximately circular. In the oblique incident case, the 
difference between the expected circular state of polarization 
and the state of polarization emerging from the structure is 
reduced by the phase retardations of the uniaxial A-plate 
phase retardation films, the uniaxial C-plate phase retarda 
tion films, and the biaxial phase retardation films. Therefore, 
over wide-acceptance angles, the difference between the S. 
of the expected circular state of polarization and the S of the 
state of polarization emerging from the structure is much 
Smaller than that of conventional circular polarizer. 
0098) While the invention has been described, disclosed, 
illustrated and shown in various terms of certain embodi 
ments or modifications which it has presumed in practice, 
the scope of the invention is not intended to be, nor should 
it be deemed to be, limited thereby and such other modifi 
cations or embodiments as may be suggested by the teach 
ings herein are particularly reserved especially as they fall 
within the breadth and scope of the claims here appended. 

We claim: 
1. A circular polarizer comprising: 
a single linear polarizer producing a linear state of polar 

ization; 

at least one uniaxial A-plate phase retardation film; and 
at least one uniaxial C-plate phase retardation film. 
2. The circular polarizer of claim 1, wherein said circular 

polarizer induces a right-hand circularly polarized light over 
a range of incident angles between approximately 0° and 
approximately 85° and over an azimuth of incident plane 
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between approximately 0° and approximately 360° with 
respect to a transmission axis of said linear polarizer at a 
single wavelength of incident light. 

3. The circular polarizer of claim 1, wherein said circular 
polarizer induces a left-hand circularly polarized light over 
a range of incident angles between approximately 0° and 
approximately 85° and over an azimuth of incident plane 
between approximately 0° and approximately 360° with 
respect to a transmission axis of said linear polarizer at a 
single wavelength of incident light. 

4. The circular polarizer of claim 1, wherein said circular 
polarizer induces a right-hand circularly polarized light over 
a range of incident angles between approximately 0° and 
approximately 85° and over an azimuth of incident plane 
between approximately 0° and approximately 360° with 
respect to a transmission axis of said linear polarizer in the 
450-650 nm spectral range of the incident light. 

5. The circular polarizer of claim 1, wherein said circular 
polarizer induces a left-hand circularly polarized light over 
a range of incident angles between approximately 0° and 
approximately 85° and over an azimuth of incident plane 
between approximately 0° and approximately 360° with 
respect to a transmission axis of said linear polarizer in the 
450-650 nm spectral range of the incident light. 

6. The circular polarizer of claim 1, wherein said at least 
one uniaxial A-plate phase retardation film comprises: 

a slow axis between approximately between one of 
approximately +0.1° to approximately +89.9° and 
approximately -0.1° to approximately -89.9° with 
respect to the transmission direction of the said linear 
polarizer; and 

a phase retardation of d'An=t(0.05 -3.50w), where w is the 
wave length of incident light. 

7. The circular polarizer of claim 1, wherein the said at 
least one uniaxial C-plate phase retardation film comprises: 

a phase retardation of approximately d'An= 
+(0.05 -3.50w), where w is the wave length of incident 
light. 

8. The circular polarizer of claim 1 wherein said circular 
polarizer is right-hand circular polarized. 

9. The circular polarizer of claim 1 wherein said circular 
polarizer is left-hand circular polarized. 

10. A circular polarizer comprising: 
a single linear polarizer producing a linear state of polar 

ization; and 

at least one biaxial phase retardation film. 
11. The circular polarizer of claim 10, further comprising: 
at least one uniaxial A-plate phase retardation film layered 

with said linear polarizer and said biaxial retardation 
film. 

12. The circular polarizer of claim 11, further comprising: 
at least one uniaxial C-plate phase retardation film layered 

with said linear polarizer and said biaxial retardation 
film. 

13. The circular polarizer of claim 11, further comprising: 
at least one uniaxial C-plate phase retardation film layered 

with said linear polarizer, said biaxial retardation film, 
and said at least one uniaxial A-plate phase retardation 
film. 
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14. The circular polarizer of claim 11, wherein said at 
least one biaxial phase retardation film comprises: 

a slow axis on the plane parallel to a polarizer-retarder 
Surface of said at least one biaxial phase retardation 
film between one of approximately +0.1° to approxi 
mately +89.9° and approximately -0.1° to approxi 
mately 89.9° with respect to the transmission direction 
of the said linear polarizer; and 

a phase retardation on the plane parallel to the polarizer 
retarder surface of approximately d'An=t(0.052-3.50); 
and 

a phase retardation on the plane perpendicular to the 
polarizer-retarder Surface of approximately d'An= 
+(0.05 -3.5W) where w is the wave length of incident 
light. 

15. The circular polarizer of claim 12, wherein said at 
least one biaxial phase retardation film comprises: 

a slow axis on the plane parallel to a polarizer-retarder 
Surface of said at least one biaxial phase retardation 
film between one of approximately +0.1° to approxi 
mately +89° and approximately -0.1° to approximately 
-89 with respect to the transmission direction of the 
said linear polarizer, and 

a phase retardation on the plane parallel to the polarizer 
retarder surface of approximately d'An=+(0.22-3.50); 
and 

a phase retardation on the plane perpendicular to the 
polarizer-retarder Surface of approximately d'An= 
+(0.2 -3.50) where w is the wave length of incident 
light. 

16. The circular polarizer of claim 12, wherein said at 
least one uniaxial A-plate phase retardation film comprises: 

a slow axis on the plane parallel to a polarizer-retarder 
Surface of said at least one uniaxial A-plate phase 
retardation film between one of approximately +0.1° to 
approximately +89.9° and approximately -0.1° to 
approximately -89.9° with respect to the transmission 
direction of the said linear polarizer; and 

a phase retardation of approximately d. An=t(0.05 -3.5%) 
on the plane parallel to said polarizer-retarder Surface 
where w is the wavelength of incident light. 

17. The circular polarizer of claim 13, wherein said at 
least one biaxial phase retardation film comprises: 

a slow axis on the plane parallel to a polarizer-retarder 
Surface of said at least one biaxial phase retardation 
film between one of approximately +0.1° to approxi 
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mately +89° and approximately -0.1° to approximately 
-89 with respect to the transmission direction of the 
said linear polarizer, and 

a phase retardation on the plane parallel to the polarizer 
retarder surface of approximately d'An=+(0.22-3.50); 
and 

a phase retardation on the plane perpendicular to the 
polarizer-retarder Surface of approximately d'An= 
+(0.2 -3.5 ) where w is the wave length of incident 
light. 

18. The circular polarizer of claim 13, wherein the said at 
least one uniaxial C-plate phase retardation film comprises: 

a phase retardation of approximately d'An= 
+(0.05 -3.50w), where w is the wave length of incident 
light. 

19. The circular polarizer of claim 14, wherein said at 
least one biaxial phase retardation film comprises: 

a slow axis on the plane parallel to a polarizer-retarder 
Surface of said at least one biaxial phase retardation 
film between one of approximately +0.1° to approxi 
mately +89° and approximately -0.1° to approximately 
-89 with respect to the transmission direction of the 
said linear polarizer, and 

a phase retardation on the plane parallel to the polarizer 
retarder surface of approximately d'An=+(0.22-3.50); 
and 

a phase retardation on the plane perpendicular to the 
polarizer-retarder Surface of approximately d'An= 
+(0.2 -3.5 ) where w is the wave length of incident 
light. 

20. The circular polarizer of claim 14, wherein said at 
least one uniaxial A-plate phase retardation film comprises: 

a slow axis on the plane parallel to a polarizer-retarder 
Surface of said at least one uniaxial A-plate phase 
retardation film between one of approximately +0.1° to 
approximately +89.9° and approximately -0.1° to 
approximately -89.9° with respect to the transmission 
direction of the said linear polarizer; and 

a phase retardation of approximately d'An=t(0.05 -3.50) 
on the plane parallel to said polarizer-retarder Surface 
where w is the wavelength of incident light. 

21. The circular polarizer of claim 14, wherein the said at 
least one uniaxial C-plate phase retardation film comprises: 

a phase retardation of approximately d'An= 
+(0.05 -3.50w), where w is the wave length of incident 
light. 


