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(57) Abstract: A beamsplitter that in-
cludes a first prism including an input
face, an output face and an oblique face
and a second prism including an output
face and an oblique face, the oblique
face of the second prism being coupled
to the oblique face of the first prism. A
polarizing coating is sandwiched
between the oblique face of the first
prism and the oblique face of the second
prism, and a linear polarizer coupled to
at least one of the output face of the first
prism and the output face of the second
prism.
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WIDE-ANGLE WIDE BAND POLARIZING BEAM SPLITTER

TECHNICAL FIELD

[0001] The present invention relates generally to beamsplitters and in particular,
but not exclusively, to a wide-angle wide band polarizing beam splitter made with low

index materials.

BACKGROUND

[0002] A beamsplitter is an optical component found in many types of optical
device. As its name implies, a beamsplitter splits an input light beam into two or more
output light beams. Polarization beam splitters (PBSs) are a particular type of beam
splitter that can split an input light beam into two or more output light beams based on
polarization, such that each output light beam has a different polarization. For example, a
PBS can receive an input beam having both p-polarized and s-polarized light and split it
into two separate output beams—one p-polarized, the other s-polarized. With an input
beam that is already either p-polarized or s-polarized, a PBS can also be used to
selectively pass or reflect the polarized input beam. In many existing PBSs, the output
beams have low contrast—that is, in each output beam the ratio of the undesired
polarization to the desired polarization is higher than desired. Put differently, low

contrast means that the output beams have too little of the desired polarization.

[0003] High-contrast PBSs exist, but they suffer from several shortcomings.
They must be made of optical materials having a very high refractive index (e.g., greater
than 1.7); in one example, SF11 glass with a refractive index of 1.78 can be used. But
high-index materials such as SF11 are expensive and heavy due to density being
proportional to index, meaning that the resulting beamsplitters, as well as optical devices
that use these beam splitters, are also expensive and heavy. Moreover, there are few
index-matching optical adhesives that can be used to join the high-index materials that
make up the PBS with good bond strength, meaning that rugged and durable high-
contrast PBSs are difficult to manufacture. Finally, existing high-contrast PBSs are
optimized for only a very narrow angle of incidence across a wavelength band. For
example, in some PBSs high-contrast output (less than 0.5% of undesired polarization,

for instance) is possible only for a narrow range of incidence angles (less than 1°) across
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a wavelength band from 450nm-650nm. Many high-contrast PBSs also exhibit angle-
dependent splitting, which leads to non-uniformity of color across the field of view of the

output.

BRIEF DESCRIPTION OF THE DRAWINGS

5 [0004] Non-limiting and non-exhaustive embodiments of the present invention
are described with reference to the following figures, wherein like reference numerals
refer to like parts throughout the various views unless otherwise specified. Figures are

not drawn to scale unless otherwise noted.
[0005] Fig. 1 is a cross-sectional view of an embodiment of a beam splitter.

10 [0006] Fig. 2A is a cross-sectional drawing of an embodiment of a polarization

coating that can be used in a beamsplitter such as the one shown in Fig. 1.

[0007] Figs. 2B is a table of details of an embodiment of a polarization coating

such as the one shown in Fig. 2A.

[0008] Figs. 3A-3B are cross-sectional drawings of an embodiment of the

15  operation of the embodiment of a beamsplitter shown in Fig. 1.

[0009] Fig. 3C is a graph illustrating an embodiment of the operation of the

beamsplitter shown in Fig. 1.
[0010] Fig. 4 is a cross-sectional view of another embodiment of a beamsplitter.
[0011] Fig. 5 is a cross-sectional view of another embodiment of a beamsplitter.
20 [0012] Fig. 6 is a cross-sectional view of another embodiment of a beamsplitter.

[0013] Figs. 7A-7F are cross-sectional views of an embodiment of process for

manufacturing the embodiment of a beamsplitter shown in Fig. 1.

[0014] Fig. 8 is a cross-sectional view of an embodiment of a heads-up display

using the beamsplitter embodiments of Figs. 1 and 4.

25 [0015] Fig. 9 is a top-view cross-sectional drawing of an embodiment of a

heads-up display.
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DETAILED DESCRIPTION OF THE ILILUSTRATED EMBODIMENTS

[0016] Embodiments of an apparatus, system and method for a wide-angle wide
band beamsplitter made with low index glass are described. Numerous specific details
are described to provide a thorough understanding of the embodiments, but one skilled in
the relevant art will recognize that the invention can be practiced without one or more of
the specific details, or with other methods, components, materials, etc. In some
instances, well-known structures, materials, or operations are not shown or described in

detail but are nonetheless encompassed within the scope of the invention.

[0017] Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one described embodiment. Thus,
appearances of the phrases “in one embodiment” or “in an embodiment” in this
specification do not necessarily all refer to the same embodiment. Furthermore, the
particular features, structures, or characteristics may be combined in any suitable manner

in one or more embodiments.

[0018] Fig. 1 illustrates an embodiment of a polarizing beam splitter (PBS) 100.
PBS 100 is a volumetric shape with a square cross-section and includes a first prism 102
coupled to a second prism 110. First prism 102 has an input face 104, an output face 106,
and an oblique face 108, while second prism 110 has a face 112, an output face 114, and
an oblique face 116. A polarizing coating 118 is sandwiched between oblique face 108
of first prism 102 and oblique face 116 of second prism 110. A linear polarizer 120 is
coupled to output face 106 of first prism 102, and a polarizing coating 122 is coupled to

output face 114 of second prism 110.

[0019] In the illustrated embodiment, first prism 102 and second prism 110 have
cross sections in the shape of a 90/45/45 isosceles right triangle in which the prism faces
that subtend the right angle are equal in length and the three angles of the triangle are
substantially 90 degrees, 45 degrees and 45 degrees, but in other embodiments other right
triangle configurations such as 90/60/30 can be used. Other embodiments can also use
triangles that are not right triangles, and still other embodiments can use cross-sectional

shapes besides triangles.
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[0020] In one embodiment, first prism 102 and second prism 110 can be made
of a low-index glass such as BK7, which has a refractive index of 1.52 at a wavelength of
550nm, but in other glass embodiments other types of glass can be used. In another
embodiment, first prism 102 and second prism 110 can be made of a plastic material.
Examples of plastic materials that can be used include polycarbonate, optical-grade
acrylic, Zeonex-E48R, and poly-methyl-methacrylate (PMMA). In the illustrated
embodiment, first prism 102 and second prism 110 are made of the same material, but in
other embodiments they need not be, provided their refractive indices can be matched in
the wavelength range of interest. First prism 102 is coupled to second prism 110 using an
index-matched optical adhesive placed between polarizing coating 118 and oblique face
116, such that polarizing coating 118 is sandwiched between oblique face 108 and
oblique face 116. The exact optical adhesive used in a particular embodiment will

depend on the material from which the prisms are made in that embodiment.

[0021] Polarizing coating 118 is formed on oblique face 108 of first prism 102.
In one embodiment, polarizing layer 118 is a multi-layer coating designed to produce
high contrast polarization separation over a wide waveband (i.e., a band of wavelengths,
for example 450-650nm in one embodiment, although other embodiments can use
different wavelength ranges) and over a wider range of angles of incidence 0 than
currently available (45° +/- 8° in one embodiment, although other embodiments can have
different angular ranges). In other embodiments other types of polarizers can be used
instead of polarizing coating 118, such as a wire grid polarizer or commercially available
linear polarizers based on layers of birefringent materials such as APF films available
from the 3M Corporation of Minneapolis, Minnesota. Details of embodiments of a multi-

layer polarizing coating 118 are discussed below in connection with Figs. 2A-2B.

[0022] Linear polarizer 120 is coupled to output face 106 of first prism 102, and
is oriented to pass the desired polarization while filtering out undesired polarization; in an
embodiment in which PBS 100 is a s-reflect, p-pass beam splitter, linear polarizer 120
will be oriented to pass s-polarized light while filtering out p-polarized light. Linear
polarizer 122 is similarly coupled to output face 114 of second prism 110 and is oriented
to pass the desired polarization while filtering out undesired polarization; in a s-reflect, p-
pass beam splitter, linear polarizer 122 will be oriented to pass p-polarized light while

filtering out s-polarized light. In one embodiment, linear polarizer 120 and linear
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polarizer 122 can be linear polarizers of the same material, but can be oriented differently
to filter out different polarizations. For example, in one embodiment first linear polarizer
120 and second linear polarizer 122 can be a linear polarizing coating such as one made
by the Sanritz Corporation of Japan. In other embodiments, however, linear polarizer
120 can be of a different material than linear polarizer 122. Linear polarizers 120 and

122 can be coupled to their respective output faces using an optical adhesive.

[0023] Figs. 2A-2B illustrate embodiments of a polarizing coating 118.
Polarizing layer 118 is a multi-layer coating designed to produce wavelength independent
transmission of p-polarized light and wavelength independent reflection of s-polarized
light over wide a wider range of angles of incidence 0 than currently available. As a
result, the efficiency (product of reflectance of s-polarized light and the transmittance of
p-polarized light) of the polarization beam splitter is substantially flat across the
waveband for the desired angles of incidence 6. Such performance is achieved by trading
off high polarization contrast in the split beams and the polarizing beam splitter
efficiency. High contrast is recovered by using a high-extinction linear polarizer to pass
the predominant polarization in reflection or transmission. That is, polarizing coating
118 is designed to separate the incident light beam with adequate polarization contrast,
but in some embodiments, at higher angles of incidence 6 lower-than-optimum
polarization contrast at separation can be tolerated because a substantial amount of
contrast can be recovered when the separated (transmitted and reflected) beams pass
through their respective linear polarizers. The net effect of the tradeoff is that PBS 100
provides uniformly high contrast polarization beam splitting over a wide band of
wavelengths (450-650nm in one embodiment, although other embodiments can use
different wavelength ranges) and over a wider range of angles of incidence 0 than
currently available (up to 45° +/- 8° in one embodiment, although other embodiments can

have different angular ranges).

[0024] Polarizing coating 118 has an overall thickness A and includes N layers
202 of a first material and M layers 204 of a second material. Each layer 202 of first
material has a thickness d, while each layer 204 of second material has a thickness €;

thus, layer 202-1 has thickness 81 and layer 204-1 has thickness €1, layer 202-2 has

thickness 82 and layer 204-2 has thickness €2, and so forth. In one embodiment all layers
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202 of the first material can have the same thickness & and all layers 204 of the second
material can have the same thickness €, but in other embodiments different layers 202 can
have different thickness, as can different layers 204. Finally, the thicknesses d of the
layers of the first material 202 can be, but need not be, the same as the thicknesses € of

the layers of second material 204.

[0025] In the illustrated embodiment, the number of layers of each material is
equal (N=M) but in other embodiments the number of layers of each material need not be
equal, such that N need not equal M. Moreover, in the illustrated embodiment layers 202
and 204 alternate regularly, but in other embodiments other arrangement of layers is
possible, including arrangements in which the different material layers alternate
irregularly or arrangements in which the different material layers alternate, regularly or

irregularly, in only part of the polarizing coating.

[0026] In one embodiment, the first material can be silicon oxide (nominally
Si02), while the second material can be tantalum oxide (nominally Ta205), but in other
embodiments other materials can be used, for example zirconium oxide (nominally
ZrO2). Although the illustrated embodiment uses two different materials, other
embodiments can use a greater or lesser number of different materials, including

materials not listed here.

[0027] Fig. 2B is a table illustrating the construction of an embodiment of
polarizing layer 118 that includes alternating layers of silicon oxide and zirconium oxide.
The embodiment described in the table has 37 layers and an overall thickness A of
3513.04nm, or about 3.5 microns. The number of ZrO2 layers is larger than the number
of Si02 layers such that N#M, and the different layers of ZrO2 have different thicknesses

0 while different layers of SiO2 have different thicknesses €.

[0028] Figs. 3A-3B illustrate an embodiment of the operation of PBS 100. In
one embodiment, PBS 100 can be an s-reflect, p-pass beam splitter, meaning that it
reflects s-polarized light but transmits (passes) p-polarized light. In another embodiment
PBS 100 can be an s-pass, p-reflect beam splitter, meaning that it transmits (passes) s-
polarized light but reflects p-polarized light. The illustrated optical paths are for an s-
reflect, p-pass PBS, but the optical paths in an s-pass, p-reflect PBS would be similar,

with the p-polarized and s-polarized beams swapped.
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[0029] In operation, light beam 302 that has both p- polarization and s-
polarization is incident upon input face 104 of PBS 100 at an angle of incidence ©
relative to a normal of input face 104. Upon encountering input face 104, light ray 302 is
refracted according to Snell’s law and directed through first prism 102 toward polarizing
coating 118, on which it will be incident at an angle of incidence . Upon encountering
polarizing coating 118, beam 302 is split into two separate beams: s-polarized beam 304
and p-polarized beam 306. In some embodiments, at higher angles of incidence 0, lower-
than-optimum polarization contrast in s-polarized beam 304 and p-polarized beam 306
can be tolerated because a substantial amount of contrast can be recovered when these

beams pass through their respective linear polarizers.

[0030] The s-polarized beam 304 is reflected by polarizing coating 118 through
first prism 102 toward output face 106. Upon encountering output face 106, s-polarized
beam 304 is refracted such that it exits output face 106 at an angle 0 that makes it
substantially parallel to input beam 302. Upon exiting output face 106, s-polarized beam
304 is filtered by linear polarizer 120 to remove p-polarization from the beam, meaning
that the beam emerges from PBS 100 with substantially higher contrast. The tradeoff of
lower-than-optimum polarization contrast in s-polarized beam 304 after separation at
polarizing coating 118 for high angles of incidence 8 over a waveband can be tolerated
because a substantial amount of contrast can be recovered at linear polarizer 120. The
net result is that after exiting linear polarizer 120, s-polarized beam 304 has high contrast
over a wide band of wavelengths (450-650nm in one embodiment, although other
embodiments can use different wavelength ranges) and over a wider range of angles of
incidence 0 (up to 45° +/- 8° about the optical axis in one embodiment, although other

embodiments can have different angular ranges).

[0031] After being split off from incident beam 302 at polarizing coating 118, p-
polarized beam 306 is transmitted through polarizing coating 118 and second prism 110
until it reaches output face 114, where the beam is refracted such that it exits from output
face 114 at an angle 6 that makes it substantially parallel to input beam 302. After
exiting output face 114, p-polarized beam 306 is filtered by linear polarizer 122 to
remove s-polarization, meaning that p-polarized beam 306 emerges from PBS 100 with

substantially higher contrast. The tradeoff of lower-than-optimum polarization contrast
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in p-polarized beam 306 after separation at polarizing coating 118 for high angles of
incidence 8 over a waveband can be tolerated because a substantial amount of contrast
can be recovered at linear polarizer 122. The net result is that after exiting linear
polarizer 122, p-polarized beam 306 has high contrast over a wide band of wavelengths
(450-650nm in one embodiment, although other embodiments can use different
wavelength ranges) and over a wider range of angles of incidence 0 (up to 45° +/- 8°in
one embodiment, although other embodiments can have different angular ranges). Fig.
3B illustrates the optical paths of the beams for the special case where the angle of

incidence 6 is substantially zero.

[0032] Fig. 3C shows the efficiency (product of reflectance of s-polarized light
and the transmittance of p-polarized light) of polarization beam splitter 100. The
efficiency is substantially flat over the desired waveband (450-650 nm in this
embodiment, although other embodiments can use a different waveband) for angles of
incidence 9 in the range of 37°-53°. To increase the angular range of the performance
(high contrast with substantially flat efficiency over the waveband), the polarization
beam efficiency can be further traded off while maintaining the polarization contrast

trade off and recovering the polarization contrast with the use of linear polarizers.

[0033] Because of its operation, PBS 100 provides color-independent high-
contrast output in both transmission and reflection at a substantially larger range of
angles of incidence 0 and over a range of wavelengths. For example, in one embodiment
PBS 100 can provide color-independent output contrast of less than 0.1% of undesired
polarization over a wavelength range of 450nm-650nm at incidence angles 6 up to 45°
+/- 8°in one embodiment, although other embodiments can have different angular ranges
and/or different wavelength ranges. Because PBS 100 is manufactured with low-index
materials, such as BK7 in one glass embodiment, many index-matching optical adhesives
are available and a rugged, durable PBS 100 can be manufactured cheaply and easily.
Moreover, low-index glass and plastic materials are several times lighter than a high-
index materials like SF11, meaning that they produce a lighter PBS, as well as lightening
whatever device the PBS is used in. PBS 100 also does not suffer from the color

distortion due to angularly variable separation.
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[0034] Fig. 4 illustrates another embodiment of a PBS 400. PBS 400 is similar
in most respects to PBS 100. The primary difference between PBS 400 and PBS 100 is
that PBS 400 omits linear polarizer 120 and only has linear polarizer 122. In an
embodiment in which PBS 500 is a p-pass, s-reflect PBS, PBS 400 can be useful in

applications where high contrast is needed only in the p-polarized output.

[0035] Fig. 5 illustrates another embodiment of a PBS 500. PBS 500 is similar
in most respects to PBS 100. The primary difference between PBS 500 and PBS 100 is
that PBS 500 omits linear polarizer 122 and only has linear polarizer 120. In an
embodiment in which PBS 500 is a p-pass, s-reflect PBS, PBS 500 can be useful in

applications where high contrast is needed only in the s-polarized output.

[0036] Fig. 6 illustrates another embodiment of a PBS 600. PBS 600 shares
many features with PBS 100. The primary difference between PBS 600 and PBS 100 is
that PBS 600 includes antireflective coatings on one or more of its faces. In the
illustrated embodiment, antireflective coating 602 is formed on input face 104,
antireflective coating 604 is formed on output face 106, antireflective coating 606 is
formed on face 112, and antireflective coating 608 is formed on output face 114. In the
particular case of antireflective coatings 604 and 608, the antireflective coating is
sandwiched between the respective output face and the linear polarizer. Although the
illustrated embodiment shows antireflective films on all faces, other embodiments can
include antireflective coating on less than all faces and still other embodiments can

include no antireflective coatings at all.

[0037] Figs. 7A-7F illustrate an embodiment of a process for assembling PBS
100, but the assembly process would be similar for the other disclosed PBSs. The
process begins at Fig. 7A with first prism 102 having oblique face 108. In Fig. 7B,
polarizing coating 118 is formed on oblique face 108, and in Fig. 7C second prism 110 is
coupled to first prism 102 by coupling oblique face 116 to polarizing coating 118 using
an index-matched optical adhesive, such that polarizing coating 118 is sandwiched
between oblique face 108 and oblique face 116. In Fig. 7D linear polarizer 120 is
attached to output face 106 using optical adhesives, and in Fig. 7E linear polarizer 122 is
attached to output face 114 also using optical adhesives. Fig. 7F illustrates the

conclusion of the process, which is a completed PBS 100.



10

15

20

25

30

WO 2013/142101 PCT/US2013/029937

[0038] Fig. 8 is a cross-sectional diagram illustrating a heads-up display 800
including an in-coupling PBS 805 and out-coupling PBS 810. In-coupling PBS 805 can
be implemented using embodiments of PBS 500 illustrated in Fig. 5 and out-coupling
PBS 810 can be implemented using embodiments of PBS 100 illustrated in Fig. 1. The
illustrated embodiment of heads-up display 800 includes in-coupling PBS 805, an
illumination source 8135, a display panel 820, and an eyepiece 825. The illustrated
embodiment of eyepiece 825 includes a waveguide 830, out-coupling PBS 810, a half-

wave plate retarder 835, a quarter-wave plate retarder 840, and end reflector 845.

[0039] IMlumination source 815 generates lamp light used to illuminate display
panel 820, which modules image data onto the lamp light to create image light or
computer-generated image light. The lamp light generated by illumination source 815 is
launched into in-coupling PBS 805. In one embodiment, in-coupling PBS 805 is a p-
pass, s-reflect PBS. The light emitted by illumination source 815 can be pre-polarized
(e.g., p-polarized) or unpolarized light. In either case, the p-polarized components pass
through in-coupling PBS 805 to illuminate display panel 820 while most of any

remaining s-polarized portions are reflected back (e.g., towards the left in Fig. 8).

[0040] Display panel 820 (e.g., liquid crystal on silicon panel, digital micro-
mirror display, etc.) imparts image data onto the lamp light via selective reflection by an
array of reflective pixels. In an embodiment using an LCOS panel, reflection by display
panel 820 rotates the polarization of the incident lamp light by 90 degrees. Upon
reflection of the incident lamp light, the image light (which has been rotated in
polarization by 90 degrees to be, for example, s- polarized) is directed back into in-
coupling PBS 805 through an imaging surface 855. The now s-polarized image light is
reflected by in-coupling PBS 805 and enters into waveguide 830.

[0041] The image light propagates down waveguide 830 along a forward
propagation path towards out-coupling PBS 810. The length of waveguide 830 can be
selected based upon the temple-eye separation of the average adult and such that the focal
plane of end reflector 845 substantially coincides with imaging surface 855, which
corresponds with the emission aperture of display panel 820. To achieve focal plane
alignment with the emission aperture of display panel 820, both the length of waveguide
830 and the radius of curvature of end reflector 845 can be selected in connection with

each other.

-10 -
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[0042] In the illustrated embodiment, waveguide 830 includes a half-wave plate
retarder 835 within the forward propagation path of the image light. Half-wave plate
retarder 835 rotates the polarization of image light by 90 degrees (e.g., it converts the s-

polarized light back to p- polarized light).

[0043] In the illustrated embodiment, out-coupling PBS 810 passes the image
light propagating along the forward propagation path to quarter-wave plate retarder 840.
After passing through quarter-wave plate retarder 840, the image light is reflected back
along a reverse propagation path back towards the out-coupling PBS 810. Thus, the
image light is rotated a total of 90 degree in polarization during its double pass through
quarter-wave plate retarder 840 and is s-polarized by the time it strikes the multi-layer

polarizing coating within out-coupling PBS 810 on the reverse propagation path.

[0044] In one embodiment, end reflector 845 both reflects and collimates the
image light such that the image light traveling along the reverse propagation path is
substantially collimated. Collimating (or nearly collimating) the image light helps brings
the image into focus for near-to-eye configurations (e.g., eyepiece 825 placed within 10
cm of an eye and typically less than 5 cm of an eye). The image light is directed out eye-

ward side 880 towards the user's eye §90.

[0045] Out-coupling PBS 810 is partially transparent to external light received
through external scene side 885, since it passes one linear polarization component. In
one embodiment, heads-up display 800 facilitates an augmented reality (AR) where the
image light is superimposed over external scene light. In another embodiment, eyepiece
825 can be substantially opaque or selectively opaque, which facilitates a virtual reality
(VR) that immerses the user in the virtual environment displayed by the image light or

provides greater image contrast.

[0046] Fig. 9 illustrates an embodiment of a heads-up display 900 implemented
as a pair of eyeglasses in which the eyeglass lens functions as the light guide. Heads-up
display 900 includes a pair of eyepieces 901, each of which can be heads-up display such
as heads-up display 700. Eyepieces 901 are mounted to a frame assembly, which
includes a nose bridge 905, a left ear arm 910, and a right ear arm 915. Although the
figure illustrates a binocular embodiment (two eyepieces), heads-up display 900 can also

be implemented as a monocular (one eyepiece) embodiment.

-11 -
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[0047] Eyepieces 901 are secured into an eyeglass arrangement that can be worn
on a user’s head. Left and right ear arms 910 and 915 rest over the user’s ears while nose
assembly 905 rests over the user’s nose. The frame assembly is shaped and sized to
position the out-coupling PBS in front of a corresponding eye 920 of the user. Of course,
other frame assemblies having other shapes may be used (e.g., a visor with ear arms and a
nose bridge support, a single contiguous headset member, a headband, or goggles type

gyewear, etc.).

[0048] The above description of illustrated embodiments of the invention,
including what is described in the abstract, is not intended to be exhaustive or to limit the
invention to the precise forms disclosed. While specific embodiments of, and examples
for, the invention are described herein for illustrative purposes, various equivalent
modifications are possible within the scope of the invention, as those skilled in the
relevant art will recognize. These modifications can be made to the invention in light of

the above detailed description.

[0049] The terms used in the following claims should not be construed to limit
the invention to the specific embodiments disclosed in the specification and the claims.
Rather, the scope of the invention is to be determined entirely by the following claims,
which are to be construed in accordance with established doctrines of claim

interpretation.
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CLAIMS

1. A process comprising:

receiving light through an input face of a polarizing beamsplitter (PBS),
wherein the light is in a selected waveband and is incident on the input face at an

angle of incidence;

splitting the received light into a first beam having substantially a first
polarization and a second beam having substantially a second polarization,
wherein splitting the received light comprises trading off high polarization
contrast in the first beam and the second beam and the polarizing beam splitter
efficiency against a substantially flat efficiency over the waveband for an

increased range of the angles of incidence;

directing the first beam to a first output face of the PBS and directing the

second beam to a second output face of the PBS; and

recovering polarization contrast traded off at splitting in at least one of the
two beams when it passes through a linear polarizer positioned on one or both of

the first output face and the second output face.

2. The process of claim 1 wherein filtering light having the second polarization from
the first beam comprises directing the first beam through a polarization film

coupled to the first output face and oriented to only pass the first polarization.

3. The process of claim 1, further comprising filtering light having the first

polarization from the second beam at the second output face.

4. The process of claim 3 wherein filtering light having the first polarization from the
second beam comprises directing the second beam through a polarization film
coupled to the second output face and oriented to only pass the second

polarization.

S. The process of claim 4 wherein the first polarization is s-polarization and the

second polarization is p-polarization.

6. The process of claim 4 wherein the polarizing beamsplitter comprises:
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10.

11.

a first prism including the input face, the first output face and an oblique

face;

a second prism including the second output face and an oblique face, the
oblique face of the second prism being coupled to the oblique face of the first
prism;

a polarizing coating sandwiched between the oblique face of the first prism

and the oblique face of the second prism; and

a linear polarizer coupled to at least one of the output face of the first prism

and the output face of the second prism.

The process of claim 1 wherein the polarizing coating is a multi-layer coating

comprising a plurality of layers.

The process of claim 7 wherein the plurality of coating layers includes layers of at

least two different coatings.

The process of claim 8 wherein the at least two different coatings comprise at least
two coatings selected from a group consisting of silicon oxide, tantalum oxide and

zirconium oxide.

The process of claim 1, further comprising reducing or eliminating reflection
using an anti-reflective coating on at least one of the input face, the first output

face and the second output face.
A beamsplitter comprising:
a first prism including an input face, an output face and an oblique face;

a second prism including an output face and an oblique face, the oblique

face of the second prism being coupled to the oblique face of the first prism;

a polarizing coating sandwiched between the oblique face of the first prism

and the oblique face of the second prism; and

a linear polarizer coupled to at least one of the output face of the first prism

and the output face of the second prism;

wherein light received through the input face in a selected waveband and

incident on the input face at an angle of incidence is split into two beams by the
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12.

13.

14.

15.

16.

17.

18.

19.

20.

polarizing coating, such that high polarization contrast in the two beams and the
polarizing beam splitter efficiency are traded off against a substantially flat
efficiency over the waveband for an increased range of the angles of incidence,
and such that contrast traded off at splitting is recovered in at least one of the two

beams when it passes through the linear polarizer.

The beamsplitter of claim 11 wherein the linear polarizer coupled to the output
face of the first prism is oriented to pass s-polarized light and the linear polarizer

coupled to the output face of the second prism is oriented to pass p-polarized light.

The beamsplitter of claim 11 wherein the linear polarizer coupled to the output
face of the first prism is of the same material as the linear polarizer coupled to the

output face of the second prism.

The beamsplitter of claim 11 wherein the polarizing coating is a multi-layer

coating comprising a plurality of coating layers.

The beamsplitter of claim 14 wherein the plurality of coating layers includes

layers of at least two different coatings.

The beamsplitter of claim 15 wherein the at least two different coatings comprise
at least two coatings selected from a group consisting of silicon oxide, tantalum

oxide and zirconium oxide.

The beamsplitter of claim 11 wherein the first prism and the second prism are

formed of glass.

The beamsplitter of claim 11 wherein the first prism and the second prism are

formed of plastic.

The beamsplitter of claim 11 wherein at least the input face of the first prism is

coated with an anti-reflective coating.
A heads-up display comprising:
a first polarizing beam splitter (PBS) including:

a first prism including an input face, an output face and an oblique

face,
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21.

a second prism including an output face and an oblique face, the
oblique face of the second prism being coupled to the oblique face of the

first prism,

a polarizing coating sandwiched between the oblique face of the first

prism and the oblique face of the second prism, and

a linear polarizer coupled to at least one of the output face of the first

prism and the output face of the second prism,

wherein light received through the input face in a selected waveband
and incident on the input face at an angle of incidence is split into two
beams by the polarizing coating, such that high polarization contrast in the
two beams and the polarizing beam splitter efficiency are traded off against
a substantially flat efficiency over the waveband for an increased range of
the angles of incidence, and such that contrast traded off at splitting is
recovered in at least one of the two beams when it passes through the linear

polarizer;

a display optically coupled to the first PBS, wherein the display can direct
image light to the first PBS; and

an eyepiece optically coupled to the first PBS to receive the image light and

to deliver the image light to an eye when the heads-up display is worn by a user.
The heads-up display of claim 20 wherein the eyepiece comprises:

a waveguide coupled to the first PBS to receive the image light from the
first PBS into the waveguide and to pass the image light along a forward optical

path within the waveguide;

an out-coupling beam splitter optically coupled to the first PBS and

positioned at an opposite end of the waveguide as the first PBS; and

an end reflector positioned to reflect the image light back towards the out-
coupling beam splitter along a reverse optical path, wherein at least a first portion
of the image light passes through the out-coupling beam splitter along the forward
optical path and at least a second portion is redirected out the eyepiece along the

reverse optical path.
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22.

23.

24.

25.

The heads-up display of claim 21 wherein the eyepiece further comprises:

a half-wave plate retarder positioned in the forward optical path between

the first PBS and the out-coupling beam splitter; and

a quarter-wave plate retarder positioned in the forward and reverse optical

paths between the out-coupling beam splitter and the end reflector.

The heads-up display of claim 22 the out-coupling beam splitter comprises a

second PBS including:
a first prism including an input face, an output face and an oblique face;

a second prism including an output face and an oblique face, the oblique

face of the second prism being coupled to the oblique face of the first prism;

a polarizing coating sandwiched between the oblique face of the first prism

and the oblique face of the second prism; and

a linear polarizer coupled to at least one of the output face of the first prism

and the output face of the second prism.

The heads-up display of claim 20 wherein the out-coupling beam splitter

comprises a non-polarizing beam splitter.
The heads-up display of claim 20 wherein the display comprises:
an illumination source to generate lamp light mounted to the first PBS; and

a display panel to modulate an image onto the lamp light to generate the

image light, the display panel mounted to the first PBS.
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2/9
) Physical
Layer Material Relfractlve Thigkness
ndex
(nm)
Prism BK 7 1.51854
1 ZrO2 2.05731 134.69
2 Si02 1.45992 150.27
3 ZrO2 2.05731 121.87
4 Si02 1.45992 138.37
5 ZrO2 2.05731 97.99
6 Si02 1.45992 170.99
7 ZrO2 2.05731 87.53
8 Si02 1.45992 134.83
9 Zr0O2 2.05731 89.30
10 Si02 1.45992 181.43
11 ZrO2 2.05731 73.89
12 Si02 1.45992 69.56
13 ZrO2 2.05731 51.92
14 Si02 1.45992 99.24
15 Zr0O2 2.05731 103.42
16 Si02 1.45992 179.42
17 ZrO2 2.05731 57.20
18 Si02 1.45992 79.43
19 ZrO2 2.05731 54.05
20 Si02 1.45992 101.71
21 ZrO2 2.05731 63.11
22 Si02 1.45992 97.31
23 ZrO2 2.05731 51.13
24 Si02 1.45992 86.31
25 Zr0O2 2.05731 56.60
26 Si02 1.45992 97.55
27 ZrO2 2.05731 49.88
28 Si02 1.45992 78.52
29 ZrO2 2.05731 53.55
30 Si02 1.45992 98.72
31 Zr0O2 2.05731 48.13
32 Si02 1.45992 61.36
33 ZrQ2 2.05731 56.42
34 Si02 1.45992 302.99
35 ZrQ2 2.05731 44 .96
36 Si02 1.45992 59.68
37 Zr0O2 2.05731 29.71
Prism BK7 1.51854
Total: 3513.04
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