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(57) Abstract: A filter to transmit incident radiation at a predetermined incidence angle includes a plurality of photonic crystal struc-
tures disposed substantially along a surface normal direction of the filter. The photonic crystal structure includes a multilayer cell
that comprises a first layer having a first dielectric permittivity, and a second layer having a second dielectric permittivity difterent
from the first dielectric permittivity. The first layer and the second layer define a Brewster angle substantially equal to the predeter -
mined incidence angle based on the first dielectric permittivity and the second permittivity. Each photonic crystal structure in the
plurality of photonic crystal structures defines a respective bandgap, and the respective bandgaps of the plurality of photonic crystal
structures, taken together, cover a continuous spectral region of about 50 nm to about 100 mm.
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Methods and Apparatus for Broadband Angular Selectivity of

Electromagnetic Waves
CROSS-REFERENCE TO RELATED PATENT APPLICATION

[0001] This application claims priority, under 35 U.S.C. § 119(¢), from U.S. Application No.
61/944,100, filed February 25, 2014, and entitled “Electromagnetic Wave Broadband Angular

Selectivity,” which application is hereby incorporated herein by reference in its entirety.
GOVERNMENT SUPPORT

[0002] This invention was made with government support under Grant Nos. DE-FG02-
09ER46577 and DE-SC0001299 awarded by the Department of Energy, and Contract No.
WI11NF-13-D-0001 awarded by the Army Research Office. The government has certain rights

in the invention.”
BACKGROUND

[0003] A monochromatic electromagnetic plane wave usually can be characterized by three
properties: frequency, polarization, and propagation direction. The ability to select light based
on one or more of these properties can find applications in a wide range of arcas. For example,
frequency selection can be used in optical metrology and interferometry, optical data storage,
high resolution spectroscopy, and optical fiber communication, among others. Selecting light
with a particular polarization can benefit, for example, photo clastic stress analysis, 3D viewing,
reflectometry, or microscopy. Angular selection, which transmits or reflects incident radiation
with a particular incident angle, can potentially facilitate the development of high-efficiency

solar energy conversion, privacy protection, and detectors with high signal-to-noise ratios.
SUMMARY

[0004] Embodiments of the present invention include methods and apparatus for broadband
angular sclectivity of electromagnetic waves. In one example, a filter transmits incident
radiation at a predetermined incidence angle and reflects incident radiation at other incidence

angles. This filter includes a plurality of photonic crystal structures disposed substantially along
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a surface normal direction of the filter. At least one of the photonic crystal structures includes a
multilayer cell aligned substantially along the surface normal direction of the filter, and the
multilayer cell comprises a first layer having a first dielectric permittivity and a second layer
having a second dielectric permittivity different from the first dielectric permittivity. The first
layer and the second layer define a Brewster angle substantially equal to the predetermined
incidence angle based on the first diclectric permittivity and the second permittivity. Each
photonic crystal structure in the plurality of photonic crystal structures defines a respective
bandgap, and the respective bandgaps of the plurality of photonic crystal structures, taken

together, cover a continuous spectral region of about 50 nm to about 100 mm.

[0005] In another example, a filter to transmit incident radiation at a predetermined incidence
angle and to reflect incident radiation at other incidence angles includes a plurality of multilayer
cells disposed substantially along a surface normal direction of the filter. The multilayer cell
includes an isotropic sheet and an anisotropic sheet arrayed with the isotropic sheet along the
surface normal direction of the filer. The anisotropic sheet comprises a first layer having a first
dielectric permittivity and a second layer, arrayed with the first layer along the surface normal
direction of the filter, having a second diclectric permittivity less than the first diclectric
permittivity. At least one of a first thickness of the first layer or a second thickness of the second
layer is less than a wavelength of the incident radiation such that incident radiation propagating

through the first layer and the second layer experiences an anisotropic diclectric permittivity.

[0006] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually inconsistent)
are contemplated as being part of the inventive subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end of this disclosure are contemplated
as being part of the inventive subject matter disclosed herein. It should also be appreciated that
terminology explicitly employed herein that also may appear in any disclosure incorporated by
reference should be accorded a meaning most consistent with the particular concepts disclosed

herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The skilled artisan will understand that the drawings primarily are for illustrative

purposes and are not intended to limit the scope of the inventive subject matter described herein.
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The drawings arc not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters

generally refer to like features (e.g., functionally similar and/or structurally similar eclements).

[0008] FIGS. 1A — 1C illustrate selection of electromagnetic waves based on frequency,

polarization, and incident angle of the waves via transmission.

[0009] FIG. 2A is a schematic view of a one-dimensional photonic crystal structure including

alternating layers of high and low index materials to achieve angular selectivity.

[0010] FIGS. 2B and 2C show energy band diagrams of the one-dimensional photonic crystal
structure of FIG. 2A.

[0011] FIGS. 3A — 3C are schematic views of one-dimensional photonic crystal structure

having enlarged bandgaps.

[0012] FIGS. 4A —4B show exemplary energy band diagrams of photonic crystal structures
like those shown in FIGS. 3A - 3C.

[0013] FIGS. 4C — 4F are simulated transmission spectra of filters like the one shown in FIG.

3A with respect to the wavelength and incidence angle of the incident radiation.

[0014] FIGS. 5A — 5B are simulated and experimental spectra of filters like the ones shown in
FIG. 3A.

[0015] FIGS. 6A — 6F demonstrate the experiments to measure angular selectivity of a filter
like the one shown in FIG. 3A.

[0016] FIGS. 7A — 7D are energy band diagrams and simulated transmission spectra of filters

like the one shown in FIG. 3A for s-polarized electromagnetic waves.

[0017] FIGS. 8A — 10B illustrate approaches to improve angular selectivity of filters like the
one shown in FIG. 3A.

[0018] FIGS. 11A — 11B illustrate angular selectivity of filters including anisotropic layers.

[0019] FIG. 12 is a schematic view of an angularly selective filter including anisotropic layers

made of metamaterials.
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[0020] FIGS. 13A — 13C are simulated transmission spectra of angularly selective filters
including metamaterial layers as a function of the number of photonic crystal structures in the

filter.

[0021] FIGS. 14A — 14D show energy band diagrams of angularly sclective filters with respect
to the thickness ratio of the high-index layer to the low-index layer.

[0022] FIGS. 15 shows the Brewster angle of angularly selective filters with respect to the
thickness ratio of the high-index layer to the low-index layer.

[0023] FIGS. 16A — 16C are simulated transmission spectra of angularly selective filters with
respect to the thickness ratio of the high-index layer to the low-index layer.

[0024] FIGS. 17A — 17B show experimental setup to measure the angular selectivity of filters
like the one shown in FIG. 12.

[0025] FIGS. 18A — 18B are simulated and experimental transmission spectra of the filter
shown in FIGS. 17A — 17B.

[0026] FIGS. 19A — 19B are schematic views of angularly selective filters with external fields

to adjust the transmission angle.

[0027] FIGS. 20 is a schematic view of an angularly selective filter with low-index layers to

achieve air compatible operation.

[0028] FIGS. 21 is a schematic view of an angularly sclective filter with prism couplers to

achieve air compatible operation.
[0029] FIGS. 22A — 22E illustrate experiments that measure angular sclectivity of filters in air.

[0030] FIGS. 23A —23C illustrate different designs of prism couples for angularly selective

filters to operate in air.

[0031] FIGS. 24A - 24E illustrate angularly selective filters with two-dimensional photonic

crystal structures.

[0032] FIG. 25 is a schematic view of an angularly selective filter used for changing wave

forms from spherical waves to plane waves.

[0033] FIG. 26 is a schematic view of an angularly selective filter used as reflective polarizer.
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[0034] FIG. 27 is a schematic view of an angularly selective filter used for light trapping.

[0035] FIGS. 28A — 28D illustrate the application of angularly selective filters in solar

systems.

[0036] FIGS. 29A — 29B illustrate the application of angularly selective filters in emitters and

detectors.
[0037] FIG. 30 illustrates the application of an angularly selective filter in privacy protection.

[0038] FIG. 31 illustrates the application of an angularly sclective filter in radiative cooling.
DETAILED DESCRIPTION

[0039] The ability to control the propagation of clectromagnetic waves or radiation (e.g.,
optical light, radio frequency, or microwave) has long been pursued in both scientific and
technological communities. In clectromagnetic theory, a monochromatic electromagnetic plane
wave can be characterized (apart from its phase and amplitude) by three properties: frequency,
polarization, and propagation direction. The ability to sclect clectromagnetic waves based on a
single wave property regardless of other propertiecs would be beneficial to achieve complete

control over the propagation of clectromagnetic waves.

[0040] Sclection of electromagnetic waves can be generally defined as separating a portion of
clectromagnetic waves with a desired property from other portions. The selection can be
achieved by, for example, transmitting, reflecting, refracting, deflecting, or trapping the desired
portion of waves. FIGS. 1A — 1C illustrate the selection of electromagnetic waves based on cach

property of the waves via transmission, or filtering.

[0041] InFIG. 1A, electromagnetic waves are selected based on their frequencies. In this
frequency selection system 110, an clectromagnetic wave 111 containing several frequency or
wavelength components A;, 4, and A3 is delivered to a filter 112, which only transmits waves at
(or near) wavelength 4, while reflecting waves at other wavelengths. The filter 112 can be, for
example, a photonic crystal with bandgaps that cover the propagation modes of the components

at wavelengths 4; and 43,

[0042] FIG. 1B shows a polarization selection system 120, in which electromagnetic waves are

selected based on the polarization. In this system, an electromagnetic wave 121 containing both
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s-polarization (perpendicular to the plane of incidence) components and p-polarization (parallel
to the plane of incident) components is delivered to a filter 122, which transmits only waves at p-
polarization while reflecting waves at s-polarization. The filter 122 can be, for example, a “wire

grid” polarizer, or plates comprising birefringent materials.

[0043] FIG. 1C shows a system to select electromagnetic waves based on the propagation
direction, also referred to as angular selection. In the system 130, electromagnetic waves 131
containing beams propagating at several different directions are irradiating a filter 132, which
only transmits radiation at or near certain incidence angles. Moreover, it can be helpful to have
this angular sclection over both polarizations and a broad spectral range. In other words, the

angular sclection of radiation is purely based on the propagation direction.

[0044] Some progress has been made toward achieving broadband angular selectivity via, for
example, metallic extraordinary transmission, anisotropic metamaterials, combined use of
polarizers and birefringent films, and geometrical optics at micrometer scale. However, the first
two methods can be difficult to realize in the optical regime, which can find applications in solar
energy conversion, privacy protection and high sensitivity detectors. The other two methods

normally can only work as angularly selective absorbers.

[0045] Without being bound by any particular theory, it appears that broadband angular
selectivity of electromagnetic waves can benefit from three principles. First, polarized waves
can transmit through materials at the Brewster angle with substantially no reflection. Second,
clectromagnetic waves at frequencies within a bandgap of a photonic crystal typically cannot
transmit through the photonic crystal. Third, a bandgap of a photonic crystal can be broadened
or widened through heterostructure, i.e. coupling photonic crystal structures of different

properties (e.g., periodicity, material, feature size, dimension, configuration, ctc.).
[0046] Illustration of Brewster angle and photonic bandgap

[0047] The principles regarding Brewster angles and bandgap in a photonic crystal can be
illustrated by a one-dimensional photonic crystal structure 200 as shown in FIG. 2A. The
photonic crystal structure 200 includes a plurality of first layers 212(1) to 212(N), collectively
referred to as first layers 212, and a plurality of second layers 214(1) to 214(N), collectively
referred to as second layers 214. The first layers 212 and the second layers 214 are stacked

together in an alternate manner, i.c. one first layer 212 is sandwiched by two second layers 214,

6
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and vice versa, except the beginning and end layer. One first layer 212 and one second layer 214
form a basic cell 210 of the photonic crystal structure 200, with the cell thickness (sum thickness
of one first layer and one second layer) defined as the period of the photonic crystal structure

200.

[0048] Electromagnetic properties of the first layers 212 and the second layers 214 can be
characterized by two parameters: the relative permittivity ¢ and the relative permeability u, also
referred to as permittivity and permeability, respectively, as readily understood in the art. The
first layers have a first permittivity ¢; and a first permeability u;, and the second layers 214 have
a second permittivity ¢, and a second permeability ;. The first layers 212 and the second layers
214 can be non-magnetic materials, in which case the first permeability «; and the second
permeability u; are both unity, i.e., 41 = u2 = 1. For illustrative purposes only, the first
permittivity &; can be approximately 1 (e.g., air) and the second permittivity &, can be
approximately 2 (e.g., Teflon, aluminum fluoride, Polyethylene, or Benzene). Moreover, the
thickness of cach layer in the first layers 212 and the second layers 214 can be a quarter of a
predetermined wavelength in the materials constituting the first layers and the second layers

(e.g., 300 nm to 800 nm) such that the photonic crystal structure 200 can be a quarterwave stack.

[0049] Electromagnetic waves propagating in the photonic crystal structure 200 can be subject
to both reflection and transmission at each interface between a first layer 212 and a second layer
214. The reflected components and the transmitted components can be subject to another
reflection and transmission upon arriving at another interface. Therefore, at any given point
inside the photonic crystal structure 200, the clectromagnetic ficld can include contributions
from multiple components, which may interfere with cach other. As readily understood in the
art, destructive interference can lead to a suppressed or even canceled electromagnetic field,
thereby preventing transmission of electromagnetic waves. The type of interference
(constructive, destructive, or something in between) can depend on the frequency and incidence
angle of the incident radiation. For a monochromatic plane wave at a frequency w, only certain
direction is allowed for propagation. Propagation in other directions is not allowed due to

destructive interference.

[0050] Another way to illustrate the angular selection of incident electromagnetic waves in the

photonic crystal structure 200 can be via the photonic band diagrams, also referred to dispersion
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relationships or dispersion diagrams, as shown in FIGS. 2B — 2C. A band diagram of a photonic
crystal depicts the relationship between the frequency w and the wave vector £ of modes that can
exist in the photonic crystal. The wave vector can include both real values and imaginary values.
Accordingly, a band diagram can illustrate both propagating modes and evanescent modes.
Calculation of band diagrams of photonic crystal can be carried out by numerical tools such as
MIT Photonic-Bands (MPB). Some photonic crystals have band diagrams made of discrete
curves, while some other photonic crystals can support more modes and the corresponding band
diagrams include continuous regions such as in FIG. 2B and FIG. 2C. Modes that are allowed to
propagate (also referred to as extended modes) exist in the shaded region, while the white

regions (also referred to as band gaps) indicate modes that are forbidden in the photonic crystal.

[0051] In the photonic band diagrams FIG. 2B and FIG. 2C, modes with a propagation
direction forming an angle 8; with respect to the z axis as shown in FIG. 2A (in the layers with

diclectric constant &;) lie on a straight line represented by:

w = kyc/(\/s_isinei) (1)

where £, is the y component (as defined in FIG. 2A) of the wave vector & and c is the speed of
light. Normally, most straight lines starting from the origin of the band diagrams extend through
both the extended mode region as well as the band gap regions. In other words, incident
radiation at most incidence angles cannot propagate through the photonic crystal, at least for

certain frequencies.

[0052] However, for p-polarized waves, there is a special propagation angle, known as the
Brewster angle 85, for which extended modes exist regardless of @ (dashed line in FIG. 2B and
FIG. 2C). Without being bound by any theory, the Brewster angle 05 in non-magnetic materials

can be defined as:

0z = tan™! /‘Ez/g1 )

where 5 is the Brewster angle in the layers with dielectric constant 1. At 85, p-polarized light is
fully transmitted for all frequencies at both interfaces (from ¢; to ¢; layers and from & to &;

layers).
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[0053] FIG. 2B shows the band diagram of the photonic crystal structure 200 with ¢;=1 and &,
=2, and u; = up = 1. The shaded region indicates modes with clectric fields polarized in the yz
incidence plane, i.c. p-polarized. The dashed black line corresponds to the Brewster angle 85 in
both first layers 212 and second layers 214. For s-polarized light, as there is no Brewster angle,
the photonic crystal structure can behave as a dielectric mirror that reflects over a wide

frequency range and over all incident angles.

[0054] The photonic crystal structure 200 with ¢;=1, £,=2, and x;=u,=1 can provide
clectromagnetic wave sclection based on both propagation direction and polarization, and can be
uscful in many applications. For example, in optically pumped lasers, the pumping light is
typically delivered with a specific polarization and at one specific incidence angle. A cavity
built with both angularly selective and polarization-selective mirrors such as the photonic crystal
structure 200 can allow the pumping light to propagate through, while at the same time trapping

light (c.g., laser light) with other propagation directions and polarizations inside the cavity.
[0055] Impedance Matching in Photonic Crystal Structures

[0056] The dependence of transmission on the polarization state of the incident
clectromagnetic waves can be lifted by relaxing the conventional requirement that u1=u,=1,
thereby achieving wave sclection based purely on the incidence angle. For example, if the first
layers have the first permittivity substantially equal to the first permeability (i.c., £1= u1) and the
second layers have the second permittivity substantially equal to the second permeability (i.c.,
&= Uy), no reflection can occur at the interface between the first layers and the second layers at

normal incidence because the two layer are impedance-matched.

[0057] Without being bound by any theory or mode of operation, an impedance of a material
can be defined as Z = (u) “. The off-axis reflectivity can be calculated from the generalized

Fresnel equation:

3)

4)



WO 2015/178982 PCT/US2015/017303

where the subscripts 7 and 7 denotes incident light and reflected light, respectively, and the
subscripts L and || indicate the direction of the electric field £ with respect to the plane of
incidence. When Z; = Z,, the reflectivity for s-polarized and p-polarized light become identical.

Moreover, the Brewster angle is zero degree (normal incidence) for both polarization states.

[0058] FIG. 2C shows a band diagram of a photonic crystal structure 200 with &1=1, &=2, u;=1
and u,=2 such that both the first layers 212 and the second layers 214 arec impedance-matched.
In this case, s-polarized light and p-polarized light have the same band diagram, thercby
climinating the dependence of transmission on the polarization state of the incident light.
Moreover, the Brewster angle of the stack with impedance matching is 90°, i.¢. normal

incidence.

[0059] Impedance matching of materials (i.c. ¢ = u # 1) can be realized through using
composite materials or metamaterials. For example, ceramic ferrite/ferroclectric composite
materials may be tuned to display substantially equal permittivity and permeability by doping
Ba;,Sr, TiOs3 or Ba;,Sr, TiO3/MgO into magnesium ferrites, wherein x is greater than zero but

smaller than 0.75.

[0060] Impedance matching can also be realized through metamaterials, which can be
assemblies of multiple individual elements made from conventional materials such as metals or
plastics. However, the conventional materials are usually constructed into repeating patterns,
often with microscopic structures, thereby inducing unconventional optical, mechanical, or
clectromagnetic propertics that are not readily available naturally occurring materials.
Metamaterials derive their properties not from the compositional propertics of the base materials,
but from the repeating patterns, such as the shape, geometry, size, orientation and/or arrangement
of the pattern. Metamaterials can achieve desired effects by incorporating structural elements of
sub-wavelength sizes, i.c. features that are actually smaller than the wavelength of the waves

they affect.

[0061] Without being bound by any particular theory, naturally occurring materials acquire the
mechanical, optical and/or electromagnetic properties through the atoms or molecules that
constitute the materials. In contrast, for metamaterial, the sum of the parts, not the parts

themselves, determines how the material behaves. In other words, a metamaterial's behavior

10
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depends not only on the properties of the materials that make it up, but also on the way the

materials are put together.
[0062] Broadening of Bandgaps in Photonic Crystal Structures

[0063] To improve the angular selectivity of the one-dimensional photonic crystal structure
200 shown in FIG. 2A and reduce the number of or even eliminate the extended modes shown in
FIGS. 2B — 2C, the bandgaps of the one-dimensional photonic crystal structure 200 can be
broadened by stacking basic cells 210 of different thicknesses. Typically, for a one-dimensional
photonic crystal structures with uniform periodicity as shown in FIG. 2A, the center location of
the bandgap can scale proportionally to the periodicity of the stack, which can be defined as the
thickness of the basic cell 210. Therefore, using various periodicities in the stack can effectively
create various bandgaps, cach of which has a center location and a finite width. These bandgaps,
when taken together, can form a continuous spectral region that may cover a wider range, for

example, from 50 nm to about 100 mm.

[0064] FIG. 3 shows an exemplary filter 300 that can transmit incident radiation at a
predetermined incidence angle and reflect incident radiation at other incidence angles, according
to principles described above. In general, the filter 300 comprises three levels of structures. On
the first level, the filter 300 includes a plurality of photonic crystal structures 310(1) to 310(m),
collectively referred to as photonic crystal structure 310, where m is the number of photonic
crystal structures 310 in the filter 300. The plurality of photonic crystal structures 310 is
disposed (ec.g., stacked, aligned, arrayed, or sequenced, etc.) substantially along a surface normal
direction of the filter 300. In other words, surfaces of the plurality of photonic crystal structures

310 are substantially parallel to each other.

[0065] On the second level, the photonic crystal structure 310 in the filter 300 includes one or
more multilayer cells 311(1) to 311(x), collectively referred to as multilayer cells 311, where # is
the number of multilayer cells in a photonic crystal structure 310. These multilayer cells 311 are
aligned substantially the same way as the photonic crystal structures 310, i.c., they are disposed
substantially along the surface normal direction of the filter 300. Note that different photonic

crystal structure 310 in the filter 300 can include different numbers of multilayer cells 311.

[0066] On the third level, each multilayer cell 311 includes at least a first layer 312(#) and a

second layer 314(n), where integer n designates the nth multilayer cell 311 in a certain photonic

11
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crystal structure 310 in the filter 300. Together, the multilayer cells 311(1) to 311(n) in a
photonic crystal structure 310 includes a plurality of first layers 312(1) to 312 (n), which are
collectively referred to as the first layer 312. Similarly, the multilayer cells 311(1) to 311(n) in a
photonic crystal structure 310 together include a plurality of second layers 314(1) to 314 (n),

which are collectively referred to as the second layer 314.

[0067] To specify a particular layer in the filter 300, a two-dimensional vector (m, #) can be
used, where m designates the mth photonic crystal and » designates the nth multilayer cell in the
photonic crystal structure. For example, 312(m, n) can be referred to as the first layer in the nth
multilayer cell 311 of the mth photonic crystal structure 310 in the filter 300. Moreover, from
this designation convention, 312(m, ) can be readily found out to be the (m*n)th layer in the

filter 300.

[0068] The first layer 312 has a first permittivity &;, and the second layer 314 has a second
permittivity &, different from the first permittivity. Due to the difference in the permittivity, the
first layer 312 and the second layer 314 defines a Brewster angle #g, which can be expressed as
Og= (81/82)1/2 for non-magnetic materials. For magnetic materials, the expression can be
modified as 05 = (uoe1/u162) "%, where u1 and u1; are the magnetic permeabilities of the first layer

312 and the second layer 314, respectively.

[0069] Each photonic crystal structure 310 in the filter 300 defines a respective bandgap, which
can be dependent on, for example, the periodicity of the photonic crystal structure 310 and/or the
permittivity of the first layers 312 and the second layers 314. Each respective band gap defines a
spectral region, and radiation within this spectral region can be reflected by the photonic crystal
structure 310 due to, for example, destructive interference. However, radiation at the Brewster
angle defined by the permittivities of the first and second layers is not affected by the band gap,
i.c., the filter transmits radiation at the Brewster angle regardless of the band gap. Each band gap
also has a respective center frequency, which can be different from the other due to the different
periodicities in the respective photonic crystal structure 310. These band gaps, taken together,
can form a wide range, also referred to as the overall band gap of the filter 300. The overall band

gap can be, for example, from a about 50 nm to about 100 mm.

[0070] The lower edge and the upper edge of the overall band gap of the filter 300 can depend

on several factors. For example, the frequencies of the lower and upper edge can be determined

12
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by the absorption of the incident radiation in the materials that constitute the filter. A given
material typically has different absorption at different frequencies. The lower and upper edges of
the filter can be the frequencies at which the absorption becomes significant (¢.g., the overall

transmission through the filter drops to less than 50%).

[0071] Another factor that may affect the lower and upper edges of the overall band gap of the
filter 300 can be the related to the fabrication of the filter 300. Without being bound by any
particular theory, the thickness of cach layer in the filter 300 is typically greater than 1/5 of a
given wavelength in order for radiation at the given wavelength to experience the difference of
permittivity between the first layers 312 and the second layers 314. Otherwise, if the layers are
too thin (e.g., less than 1/10 of the wavelength), the radiation may not distinguish two sets of
layers 312 and 314, and take the filter as an anisotropic medium according to effective medium
theory. On the other hand, the thickness variation of each layer is typically less than the given
wavelength for radiation at the given wavelength to experience interference in the filter, thereby
allowing the establishment of bandgaps. Therefore, in a filter 300 for broadband angular
selectivity, it can be desirable to have the thickness of each layer greater than 1/5 of the
wavelength of the upper edge of the overall band gap, while confining the layer thickness
variation (or surface roughness) within the wavelength of the lower edge of the overall bandgap.
For example, for a filter to achieve angular sclectivity between 50 nm and 100 mm, the thickness
of cach layer can be greater than 20 mm in order for radiation at 100 mm to experience different
permittivity in the filter, and the surface roughness can be smaller than 50 nm in order for
radiation at 50 nm to have interference. In practice, fabricating a millimeter-thick layer with
nanometer scale surface roughness can be challenging and therefore can limit the lower and

upper edge of the overall bandgap of the filter 300.

[0072] A third factor that may influence the lower and upper edge of the overall bandgap of the
filter 300 relates to the temporal coherence of incident light. Temporal coherence of a
monochromatic wave can be defined as the distance through which the monochromatic wave
remains coherent. Therefore, it can be helpful to set the total thickness of the angular selective

filter 300 not larger than the coherence length of the incident light.

[0073] The band gap of each photonic crystal structure 310 in the filter 300 can be varied by
the periodicity of the photonic crystal structure 310, or the thickness of cach basic cell 311, so as
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to form the wide range overall bandgap and achieve broadband angular selectivity. As shown in
FIG. 3A, each photonic crystal structure 310(1) to 310(m) has a respective periodicity a; to a,

which can form a sequence, such as a geometric sequence or an arithmetic sequence.

[0074] In one example, the periodicities a; to a, form a geometric sequence, in which the ith
periodicity satisfies a= a1q"", where i is an integer and g is the geometric factor in the sequence.
The resulting bandgap can be determined by the first periodicity a;, the total number of
periodicities m in the filter 300, and the geometric factor g. The first periodicity a; can be, for
example, about 100 nm to about 150 nm. The total number of periodicities m in the sequence
can be greater than 200, greater than 1000, or greater than 2000, depending on, for example, the
fabrication methods. The geometric factor ¢ can determine the speed at which the periodicities
approach a large value that can be challenging to realize in fabrication. The geometric factor ¢
can be greater than 1, greater than 1.05, or greater than 1.1 so as to increase the periodicity with
respect to the index 7. Alternatively, the geometric factor ¢ can be smaller than 1, in which case
the first periodicity a; can be, for example, about 40 mm so as to cover a broadband region for
the resulting bandgap. The geometric factor ¢ can also determine the spacing of periodicities
between adjacent photonic crystal structures, thereby determining the degree of overlapping
between the resulting bandgaps of the adjacent photonic crystal structures. In practice, it can be
helpful to form a continuous overall bandgap so as to achieve broadband angular selectivity.
Accordingly, it can be helpful in practice to choose the geometric factor ¢ such that bandgaps of

adjacent photonic crystal structures are at least partially overlapping.

[0075] It is worth noting that photonic crystal structures, including the filter 300 shown in FIG.
3A, are typically scalable. To be more specific, if a first photonic crystal structure having a
pattern with a feature size a (c.g., the periodicity) displays certain properties (¢.g., angular
selectivity, total transmission, etc.) for radiation at a wavelength 4. Then a second photonic
crystal structure having the same pattern but with an enlarged feature size 2a would display the

same properties for radiation at a wavelength 24.

[0076] Based on this scalability, it can be convenient to form a continuous overall bandgap by
using a geometric sequence of periodicities with appropriate geometric factor g. For example, if
the bandgap of the first photonic crystal structure with a periodicity of a; has a first bandgap

from 4, to 4, then the geometric factor ¢ can be chosen as g = 4,/41, such that the second
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bandgap of the second photonic crystal structure having a periodicity a,=ga; can be from g4, to
g2, 1.e., A2 to g/,, thereby forming a continuous spectral region with the first bandgap. By
repeating the above process, a filter 300 covering a wide range in the electromagnetic spectrum
can be constructed. In practice, the geometric factor ¢ can also be smaller than 4,/4; such that
adjacent bandgaps can have certain overlapping. Alternatively, the gecometric factor g can also
be substantially equal to greater than 4,/4,, in which case the periodicity can start from the largest

value in the sequence.

[0077] In another example, the periodicities a; to a,, can form an arithmetic sequence, in which
the ith periodicity satisfies a;= a1+(i-1)ay, where i is an integer between 1 and 2000 and aq is the
difference between adjacent photonic crystal structures. The difference ag can be cither positive

or negative, corresponding to an increasing sequence and a decreasing sequence, respectively.

[0078] The overall bandgap of the filter 300 can be cither broadband or narrowband depending
on the specific application. In one example, the filter 300 can be used in privacy protection, in
which the overall bandgap of the filter 300 can be limited in the optical region (¢.g., 300 nm — 70
nm). In another example, the filter 300 can be used in solar cells to trap more sunlight in the cell
so as to improve light-to-clectricity conversion efficiency. In this case, the overall bandgap of
the filter 300 can be limited to the visible and near infrared region of the clectromagnetic
spectrum (e.g., 300 nm — 3 ym). In a third example, when the filter 300 is used in radars, the
overall bandgap can be limited to radio frequencies (e.g., 20 mm — 200 mm). Focusing the
overall bandgap within a particular spectral region can, in practice, reduce the number of layers

in the filter and therefore reduce manufacturing costs and complexities.

[0079] Each photonic crystal structure 310 in the filter 300 includes one or more multilayer
cells 311. In one example, cach photonic crystal structure 310 can include only one multilayer
cell 311. In another example, cach photonic crystal structure 310 can include multiple multilayer
cells 311. The number of multilayer cells 311 in the photonic crystal structure can be, for
example, greater than 5, greater than 15, or greater than 30. Typically, a larger number of
multilayer cells 311 in the photonic crystal structure 310 may define a clearer bandgap, i.c. the
edge of the resulting bandgap is sharper.

[0080] Each multilayer cell 311 includes at least a first layer 312 and a second layer 314, with

a first permittivity ¢; and a second permittivity ¢;, respectively. The first permittivity and the
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second permittivity define a Brewster angle at the interfaces of the two layers. In general, the
permittivity of the first layers 312 and the second layers 314 can be in a broad range, for
example, from about 1 to about 5. In practice, it may be desirable to have a large contrast
between the permittivity of the two sets of layers 312 and 314 so as to achieve a nontrivial
Brewster angle. Accordingly, the smaller permittivity can be from about 1 to about 3, while the
larger permittivity can be from about 3 to about 5. The larger permittivity can be further
increased provided that radiation in the materials with large permittivity is still substantially free

of loss.

[0081] In one example, as shown in FIG. 3A, the first layers 312 comprise the same material in
all of the photonic crystal structures 310. Similarly, the second layers 314 also comprise the
same material in all of the photonic crystal structures 310. In another example, first or second
layers 312 in different photonic crystal structures 310 may comprise different materials. For
example, in a first photonic crystal structure 310(1) in the filter 300, the first layers 312 and
second layers 314 can have permittivity ¢; and &, respectively. In a second photonic crystal
structure 310(2) in the same filter 300, the first layers 312 and second layers 314 can have
permittivity &3 and &4, respectively, provided that the ratio of the two permittivities maintains
substantially the same so as to have a uniform Brewster angle throughout different photonic
crystal structures. One or more couplers may be used to couple radiation from one photonic

crystal structure to another.

[0082] FIG. 3B shows a schematic view of another exemplary filter 300, in which a plurality of
multilayer cells 311 of different thickness is stacked in an alternating manner. To designate cach
multilayer cell 311, the two-dimensional vector as described before can be used. For example,
the multilayer cell 311(1, 2) can refer to the second multilayer cell in the first photonic crystal
structure 310(1) of the filter 300. From this designation system, it can be scen that the plurality
of multilayer cells 311(1, 1) to 311(1, #) can form a first photonic crystal structure 310(1),
although those multilayer cells are not in physical contact with cach other. Similarly, the
plurality of multilayer cells 311(m, 1) to 311(mm, n) can form the mth photonic crystal structure
310(m). The total number of multilayer cells 311 can be the same as the filter shown in FIG. 3A,
but the stacking can be achieved in a different way. In the filter 300 shown in FIG. 3B, the
plurality of multilayer cells 311(1, 1) to 311(m, 1) forms a stack 301(1), in which each multilayer
cell has a different thickness. Similarly, the plurality of multilayer cells 311(1, n) to 311(m, n)

16



WO 2015/178982 PCT/US2015/017303

forms another stack 301(»). In practice, it may be helpful to pre-form cach stack 301, which can
determine the overall bandgap of the filter comprising these stacks. Then the angular width of
the incidence angles at which radiation can be transmitted can be tuned to a desired value by
adjusting the number of stacks # in the filter 300. Typically, larger number of stacks can result

in narrower angular width (e.g. as shown in FIGS. 4A — 4F).

[0083] FIG. 3C shows a schematic view of another exemplary filter 300, in which the surface
of the photonic crystal structures 310 is tilted. In other words, the surface normal direction 1 of
the filter 300 has a non-zero angle with respect to a longitudinal axis 2 of the filter 300. In
practice, this configuration may be helpful in coupling incident radiation into the filter 300

without rotating the entire filter 300.
[0084] Angularly Selective Filters with Isotropic Layers

[0085] FIG. 4A shows a photonic band diagram of a filter like the one shown in FIG. 3A for p-
polarized radiation, where the permittivity of the first layers 312 is 1 and the permittivity of the
second layers 314 is 2. The magnetic permeability of the two sets of layers 312 and 314 are both
1, i.e., non-magnetic materials. The number of multilayer cells in the filter is approaching
infinity for illustrative purposes. It can be seen that the all extended modes are eliminated. Only
those modes along the solid line that indicates the Brewster angle can propagate through the
filter. In other words, only radiation at the Brewster angle can propagate through the filter, while

radiation at other incidence angles is blocked.

[0086] FIG. 4B shows a photonic band diagram of a filter like the one shown in FIG. 3A for
both p-polarized and s-polarized radiation, where the first layers 312 and the second layers 314
arc impedance-matched (¢; =1 = 1, and &, = u» = 2). In this case, the filter displays the same
band diagram for the p-polarized radiation and the s-polarized radiation, thereby eliminating
polarization dependence of the transmission. It can be seen from FIG. 4B that only modes with
an incidence angle at the Brewster angle (normal incidence in this example as indicated by the

vertical line in the graph) can propagate through the filter.

[0087] FIGS. 4C — 4E show simulated transmission spectrum of a filter like the one shown in
FIG. 3A with respect to the wavelength and incidence angle of the incident radiation. The first
permittivity and the second permittivity are set to be 1 and 2, respectively. These three spectra

also illustrate the effect induced by varying the number of layers in the filter. FIG. 4C shows a
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simulated transmission spectrum for a filter with only one photonic crystal structure, which
further includes 10 multilayer cells and has a periodicity of ;=340 nm. This simple stack shows
certain degree of angular selectivity. For example, radiation at wavelengths around 650 nm
(0.65 um) may only propagate through the filter when the incidence angle is between 50 degrees
and 80 degrees.

[0088] FIG. 4D shows simulated transmission spectrum when the number of photonic crystal
structures is increased to 3. The periodicities of the photonic crystal structures are 280 nm, 335
nm, and 400 nm, respectively. Each of the three photonic crystal structure includes 10 multilayer
cells. It can be scen that the angular selectively of this filter is noticeably improved. For
example, radiation at wavelengths around 600 nm can only propagate through the filter when the

incidence angle is between about 50 degrees and 60 degrees.

[0089] In FIG. 4E, the number of photonic crystal structures is increased to 50, with each
photonic crystal structure containing 10 multilayer cells. The periodicities of these photonic
crystal structures form a geometric series a; = aog’ ' with ag =200 nm and ¢ = 1.0212, where a; is
the periodicity of ith photonic crystal structure. Radiation in a broadband region, from 400 nm to
700 nm, can only propagate through the filter when the incidence angle is around 55 degrees.
Moreover, the angular width of the transmission spectrum is less than 2 degrees. And the
frequency bandwidth of the filter is greater than 54%, similar to the size of the visible region in
the electromagnetic spectrum. FIGS. 4C — 4 E, taken together, also show that increasing the
number of photonic crystal structures, or more precisely increasing the number of periodicities,

can improve the angular selectivity of the resulting filter.

[0090] FIG. 4F shows a simulated transmission spectrum of a filter like the one shown in FIG.
3A, when the first layers and second layers are impedance matched (e; = ;1 = 1, and &, = up = 2).
The periodicities of these photonic crystal structures form a geometric series a; = aog' ' with ag =
140 nm and ¢ = 1.0164, where a; is the periodicity of ith photonic crystal structure. As described
above, impedance-matched filters display identical optical properties to p-polarized and s-
polarized light, and the corresponding Brewster angle is 0 degree, i.e. normal incidence angle.
This can be confirmed in FIG. 4F, which shows that only radiation with incidence angle less than

20 degrees can propagate through the filter.
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[0091] FIGS. 5A — 5B show a comparison of transmission spectra from numerical simulation
and experiment. The experimental sample filter is fabricated via the Bias Target Deposition
(BTD) technique to deposit, alternatingly, SiO; (&; = 2.18, y; = 1) as the first layer and Ta,0s (&
~4.33, u1 = 1) as the second layer. A 2 cm x 4 cm fused silica wafer (UniversityWafer Inc.) is
used as the substrate for the deposition process. The resulting filter includes 6 photonic crystal
structures with the periodicities forming a geometric sequence a; = aog' ' with ao = 140 nm and ¢
=1.165. Each photonic crystal structure contains 7 multilayer cells, and each multilayer cell
includes a first layer and a second layer as described above. The p-polarization transmittance of
the sample filter in the visible spectrum was measured using an ultraviolet visible
spectrophotometer (Cary 5001). A p-polarizer is used to filter the source beam. A filter of the

same parameters is simulated using the rigorous coupled wave analysis (RCWA) for comparison.

[0092] FIG. 5A shows the simulated results, in which radiation between 400 nm and 700 nm
can only propagate through at incidence angle close to 55 degrees. The experimental results, as
shown in FIG. 5B, agree well with the simulated results. In the experimental measurements, the
peak transmittance of incident radiation at the Brewster angle decreases as the wavelength goes
shorter. This may be attributed to the fact that the shorter wavelength is getting closer to the

dimensional tolerance of fabrication.

[0093] FIGS. 6A — 6F illustrate an experiment that demonstrate the angular selectivity of the
sample filter described above in the visible light region. The schematic setup of the experiment
is shown in FIG. 6A. The sample filter 610 is placed between a rainbow picture 630 having
color strips and a camera 640. Rotating the sample 610 can adjust the incidence angle of light
reflected from the rainbow picture 630, thereby allowing investigation of the angular selectivity
of the sample 610 by monitoring what is recorded in the camera 640. A figurine 650 and two
cups 660 are placed at different angular positions with respect to the camera 640 to further
demonstrate the angular selectivity of the sample 610. For index-matching purposes, the whole
sample 610 is immersed into a colorless liquid 620 with dielectric permittivity around 2.18

(Cargille Labs), as shown in FIG. 6B.

[0094] FIGS. 6C — 6F show pictures recorded by the camera for different angles of the sample
filter. At 0 degree, when the filter is perpendicular to the axis connecting the rainbow picture

and the camera, the sample filter acts like a mirror and what is recorded in the camera is an
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image of the camera itself. At angles smaller than the Brewster angle, as shown in FIG. 6D, the
sample filter still acts like a mirror, generating an image of the two cups. Similarly, at angles
greater than the Brewster angle, as shown in FIG. 6F, images of the figurine are observed. Only
at the Brewster angle, as shown in FIG. 6E, can image of the rainbow picture be recorded in the
camera, demonstrating that visible light can only propagate through the sample filter at the
Brewster angle, which is around 55 degrees. Moreover, at the Brewster angle, the sample has a
transmission of up to 98% to p-polarized incident light. The angular window of transparency, or

the angular width, is about 8 degrees.

[0095] The above demonstration shows angular selectivity of the sample filter mostly for p-
polarized light, except for filters with impedance matching, in which case the filter can have
angular sclectivity for s-polarized light at normal incidence. For filters without impedance
matching, as there is no Brewster angle for s-polarized light, the filter can behave as a dielectric
mirror that reflects over a wide frequency range and over all incident angles, as shown in FIG.
7A —7D. FIG. 7A shows extended modes for on-axis propagation vectors (0; ky; k) ina
quarter-wave stack with two materials having diclectric permittivity ¢; = 1 and &, = 2,
respectively. In FIG. 7A, it can be difficult to draw a straight line starting from the origin
without encountering any bandgap (white region), indicating that no Brewster angle exists for s-
polarized light. FIG. 7B shows transmission spectrum of the filter used in FIG. 4E, but for s-
polarized light. The filter basically reflects all the incident radiation, effectively functioning as a
mirror. FIG. 7C and FIG. 7D show simulated and experimental transmission spectra,
respectively, of the filter used in FIG. 5A and FIG. 5B for s-polarized light. Again, almost no

angular sclectivity is observed.

[0096] Parameters (e.g., periodicity, thickness of each layer, etc.) of the filter can be adjusted
using the minimum of the total transmitted power over all the angles in the visible region as the
figure of merit (FOM) to further improve the angular selectivity. Given the dielectric constant of
the materials, incoming light at the Brewster's angle can have 100% transmission. Therefore, a
smaller total transmitted power can correspond to a narrower window of angular transparency,

i.c. better angular selectivity.

[0097] FIGS. 8 — 10 show the tuning of filter parameters to achicve angular sclectivity. For

cach sct of figures, the total number of layers is set to be 100, and the material properties are set
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tobee; =1,6=2,and u; = u, = 1. FIG. 8A shows a schematic view of a filter like the one
shown in FIG. 3A. The filter includes 5 photonic crystal structures, each of which has a different
periodicity (200, 259, 335, 433, and 560 nm, respectively). Each photonic crystal structure has
10 multilayer cells, and each multilayer cell has a first layer and a second layer. The
corresponding transmission spectrum is shown in FIG. 8B. Using numerical tools, the
periodicity of each photonic crystal can be calculated such that the total transmission reaches a

minimum.

[0098] FIGS. 9A — 9B show the tuning of the thickness of each multilayer cell to achieve good
angular sclectivity. FIG. 9A shows a schematic view of the filter, in which each photonic crystal
structure has only one multilayer cell. The thickness of each multilayer cell (and
correspondingly the periodicity of each photonic crystal structure) forms a geometric series a; =
aqu with ap =200 nm and ¢ = 1.0212. The total number of multilayer cells is 50. FIG. 9B
shows the transmission spectrum of the filter. The calculated total transmitted power is about

3%higher than that shown in FIGS. 8A — §B.

[0099] FIG. 10A — 10B show the tuning of the thickness of cach layer in the multilayer cells to
achieve good angular selectivity. FIG. 10A shows a schematic view of the filter, in which the
thickness of cach layer d; (i from 1 to 100) is set as a free parameter for tuning. The tuning is
based on the Constrained Optimization BY Linear Approximations (COBYLA) algorithm. The
initial condition is set to the result obtained in FIG. 9B above. By tuning the thickness of ecach
layer, the total transmitted power shown in FIG. 10B is 10% higher than that shown in FIG. 8A —
8B.

[0100] Angularly Selective Filters with Anisotropic Layers

[0101] To further improve the flexibility of tuning the transmission angle (i.c., tunability) of
the filter described above, anisotropic materials can be used for the first layers and/or the second
layers. FIGS. 11A-11B illustrate a schematic view of an angularly sclectively filter 1100
including anisotropic materials. The filter 1100 includes a plurality of first layers 1112(1) to
1112(m), collectively referred to as first layers 1112, and a plurality of second layers 1114(1) to
1114(m), collectively referred to as second layers 1114. The first layers 1112 and second layers
114 are stacked together alternatingly. One or more pairs of first layers 1112(k) and second
layers 1114(k) form a photonic crystal structure 1110(k), where & is an integer from 1 and m.
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The second layers 1114 comprise anisotropic materials, i.c. they have different diclectric
permittivities along different directions. In the filters 1100 shown in FIGS. 11A-11B, the
dielectric permittivity of the second layers 1114 has a first value along the direction substantially
perpendicular to the plane of the filter (z direction) and a second value along the direction

substantially parallel to the plane of the filter (y direction).

[0102] The filter 1100 can transmit p-polarized light at an “cffective” Brewster angle on the
isotropic-anisotropic interface. To illustrate this property quantitatively, a transfer matrix
method can be employed. Without being bound by any theory or mode of operation, the
reflectivity R, of p-polarized light with a propagating angle 0; (defined in the isotropic materials,

or first layers 1112) on an isotropic-anisotropic interface can be expressed as:

()

where n, = n, and n. are the refractive indices of the anisotropic materials constituting the second
layers 1114 at the ordinary (y direction in FIGS. 11A-11B) and extraordinary (z direction in
FIGS. 11A-11B) axes, respectively, and #;, is the refractive index of the isotropic material
constituting the first layers 1112. The Brewster angle, 0; = 0g, can be calculated by setting R, =
0, giving:

WL S !
ity = | { i B B ~ 1.
\\§ ~ ’ . i
(6)

[0103] For illustrative purposes only, the Brewster angle 03 can be set as zero, in which case
broadband angular selectivity can be achieved at normal incidence. From Equation (6), in order
to have 6 = 0, the permittivity of the isotropic material can be selected to be equal to the

permittivity of the anisotropic material in the xy plane, that is:
Ecotrmie: —w e T o
RSO X Ty 7

In an anisotropic material, the analytical expressions for the effective refractive index are given

by:
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where 6 is the angle between the z axis and the propagation direction in the material. #.(6) is the
effective refractive index experienced by extraordinary waves, n,(0) is the effective refractive
index experienced by ordinary waves, fi.’ = &.° /e is the refractive index experienced by the z
component of the electric field, and fig> = &> /so= syB /g9 1s the refractive index experienced by

the x and y components of the electric field.

[0104] FIG. 11A shows that at normal incidence, when the electrical field of incident light is
zero along the z direction, the effective diclectric constant of the anisotropic layers n.(0)* = 7ig* =
& matches the isotropic layer ¢, for p-polarized light. As a result, the incident light can
experience the same dielectric permittivity in the first layers 1112 and 1114. In other words, the
entire filter 1100 can be effectively taken as a single uniform layer. Therefore no photonic band
gap may exist, and incident light at the normal incidence angle can transmit through the filter

1100 (R, = 0 in Equation (5)).

[0105] On the other hand, when the incident light is no longer normal to the surface (at oblique
angle), the p-polarized light has a non-zero z component of its electrical field (E. # 0), as shown
in FIG. 11B. Note that the same structure 1100 1s shown in FIGS. 11A and 11B, but for incident
light at different incident angles, the structure 1100 displays different properties. In FIG. 11B,
the incident light can experience an index contrast rf (8) =(giso)~ # 1 (0) = n(0), where nf (0)
and n4 (0) are the refractive indices experienced by the incident light in the first layers 1112 and
second layers 1114, respectively. The index contrast can open a photonic band gap, therefore
prohibiting the transmission of incident light at certain wavelengths or incident angles, or both.
Furthermore, as the incidence angle @ increases, the 7ic term in Equation (8) becomes more
significant, indicating that the size (or width) of the resulting photonic band gap can increase as
the propagation angle deviates further away from the normal direction. In operation, the
photonic band gap can causes reflection of the p-polarized incident light, thereby realizing

selective transmission based, at least in part, on the incidence angle of the incident light.

23



WO 2015/178982 PCT/US2015/017303

[0106] As to s-polarized light, since the z component of the electric field is typically zero (E. =
0), so s-polarized light normally remains as an ordinary wave and experiences no index contrast
between in the first layers 1112 and the second layers 1114 (i.c. #n’4= n’g). Accordingly, s-
polarized light can be transmitted through the filter 1100 at nearly all angles.

[0107] Angularly Selective Filters with Metamaterials

[0108] The filter 1100 schematically shown in FIGS. 11A-11B can be constructed using either
naturally occurring materials or metamaterials. Due to the wide range of possible diclectric
permittivity that can be achieved in metamaterials, it can be beneficial to employ metamaterials

to fabricate the angularly selective filters.

[0109] FIG. 12 shows a schematic view of an angularly selective filter 1200 using
metamaterials. The filter 1200 includes several levels of multilayer structures. On a first level,
the filter 1200 comprises a plurality of photonic crystal structures 1210(1) to 1210(m),
collectively referred to as photonic crystal structure 1210 or multilayer stack 1210. On a second
level, at least one photonic crystal structure 1210 further comprises a plurality of multilayer cells
1211 that includes an isotropic sheet 1212 and an anisotropic sheet 1214. On a third level, at
least one anisotropic sheet 1214 comprises one or more first layers 1215 and one or more second
layers 1216. Although both the first layers 1215 and the second layer 1216s can be made of
isotropic materials, the combination of the first layer(s) 1215 and the second layer(s) 1216 can
create anisotropic diclectric permittivity of the anisotropic sheet 1214 via the tuning of the
thickness of cach layer. For example, at least one of the thickness of the first layer 1215 or the
thickness of the second layer 1216 can be less than a wavelength of the incident radiation such
that the incident radiation propagating through the first layer 1215 and the second layer 1216
experiences an anisotropic diclectric permittivity according to effective medium theorem. In
other words, the combination of first layer(s) 1215 and second layer(s) 1216 can form a
metamaterial that has an anisotropic dielectric permittivity. Therefore, the anisotropic sheet

1214 can also be referred to as the metamaterial layer 1214.

[0110] For illustrative purposes only, here below are non-limiting examples of angularly
selective filters 1200, as well as illustrations of possible mechanism underlying the operation of
the filters. The metamaterial layer 1214 can include at least two pairs of first layers 1215 and
second layers 1216. The first layers 1215 have a high diclectric permittivity, or high-index (&, =
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10), and the second layers 1216 have a low dielectric permittivity, or low-indeX (&; = €ajr = 1).
Without being bound by any theory or mode of operation, when the high-index layers are
sufficiently thin compared with the wavelength of the incident radiation, the incident radiation
normally cannot distinguish the first layers and the second layers, and the effective medium
theorem indicates that the combination of the first layers 1215 and the second layers 1216 can be

regarded as a single anisotropic medium with the effective dielectric permittivity tensor {e;, ¢,

&y
& perlit o} e
(10)
i = L LF ‘)
& P g\*fi } €3 (11)

where 7 is the ratio of the thickness of the first layers 1215 and second layers 1216: r = d»/d;, and
d; and d; are the thickness of the first layers 1215 and the second layers 1216, respectively. It
can be seen from Equation (10) and (11) that by tuning the thickness of cach layer, the resulting
metamaterial layer 1214 can display anisotropic diclectric permittivity, i.e. the components along

x and y directions are different from the component along z direction.

[0111] In one example, the angularly selective filter 1200 can be configured to transmit
incident radiation at normal incidence angle. In this case, the diclectric permittivity tensor of the
anisotropic material in the metamaterial layer 1214 satisfies Equation (7). The dielectric
permittivity &iso of the isotropic sheet, or the isotropic material layers 1212 can be between ¢; and
&2, the diclectric permittivity of the first layers 1215 and second layers 1216, respectively. For
example, common polymers, which have a dielectric permittivity around 2.25, can be used in the
isotropic sheet 1212. According to Equations (10) and (11), with material properties &; = 10 and

& =1, and the constraint &, = ¢, = &iso = 2.25, the thickness ratio » can be obtained as r = 6.5.

[0112] Using the parameters calculated above and with a 30-bilayer structure (i.c., 30 pairs of
first layers 1215 and second layers 1216 in the anisotropic sheet 1214), the transmission
spectrum of p-polarized light at various incident angles can be calculated using the transfer
matrix method. The result is plotted in FIG. 13A, in which the wavelength is plotted with
respect to the periodicity of the photonic crystal structure 1210, or the thickness of each

multilayer cell 1211. In practice, the operation range of the filter 1200 can be much larger than
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the thickness d; of the first layers 1215. Within this operation range, the light interacts with the
metamaterial layer 1214 as if it is a homogencous medium, and experiences an effective

anisotropic dielectric permittivity.

[0113] In another example, the bandwidth of the angular photonic band gap can be enlarged by
stacking more bilayers with different periodicities. FIGS. 13B-13C present the stacking effect
on the transmission spectrum for p-polarized light. More specifically, FIG. 13B shows the
transmission spectrum of p-polarized radiation through three stacks of 30-bilayer structures
described above. The periodicities of these stacks form a geometric series a; = aig’ ' with ¢ =
1.26, where a; is the periodicity of the ith stack. FIG. 13C shows the transmission spectrum of p-
polarized radiation through 30 stacks of 30-bilayer structures described above. The periodicities
of these stacks form a geometric series a; = aig’ * with ¢ = 1.0234, where a; is the periodicity of
the ith stack. FIGS. 13A-13C, taken together, show that increasing the number of stacks in the
filter 1200 can help achieve angular selectivity (bandwidth >30%) at normal incidence within a

broader wavelength range.
[0114] Adjustment of Transmission Angles via Thickness Tuning

[0115] In general, the Brewster angle for isotropic-anisotropic photonic crystals depends on &,
&., and &5, according to Equation (6). Therefore, the Brewster angle, and accordingly the
transmission angle of the filter can be adjusted by using materials with different dielectric
permittivity. In the angularly selective filters with metamaterial shown in FIG. 12, the thickness

ratio » can also influence the Brewster angle.

[0116] To illustrate the adjustment of Brewster angle, or the transmission angle of the filter,

Equations (10) and (11) can be substituted into Equation (6), obtaining:

(12)

where &1 = e1/6iso and &, = £x/6iso. From Equation (6) it can be seen that in order to have a

nontrivial Brewster angle, &is, is typically larger than max{¢,,&.} or smaller than min{g,é.}.

[0117] The result in Equation (12) shows that it is possible to adjust the Brewster angle by
changing the ratio r = d,/d,, or by changing the spacing distance d» when everything else is fixed.

FIGS. 14A-14D show photonic band diagrams of an anisotropic-isotropic quarter-wave stack.
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The band diagrams are calculated with preconditioned conjugate-gradient minimization of the
block Rayleigh quotient in a plane-wave basis, using a freely available software package. The
dielectric tensor of the anisotropic material in cach band diagram is calculated by Equations (10)

and (11) with r=6.5, =9, r =11, and r = 30, respectively.

[0118] In FIGS. 14A-14D, modes with propagation direction forming an angle §; with respect
to the z axis in FIG. 11 (in the isotropic layers) lic on a straight line represented by w =

ky/1(6is0) "*sin 0]. Generally, this line may extend through both the regions of the extended
modes, as well as the band-gap regions. However, for p-polarized light, at the Brewster angle

Og, extended modes exist regardless of @ (dashed line in FIGS. 14A-14D). It can be seen that the
Brewster angle increases as a function of 7. In particular, when » —, the Brewster angle

(defined in the isotropic layer) approaches 0 = arctan (£2/giso) "~

[0119] In some examples, the second layers 1216 cam include soft elastic materials, such as
poly(dimethyl siloxane) (PDMS) or air, in which case, the thickness ratio  can be varied by
changing the distance d; in real time, and accordingly varying the Brewster angle. This real-time
tuning of Brewster angle (and the transmission angle of the filter 1200) can be helpful in certain

applications when incident radiation changes its angle during the operation of the filter 1200.

[0120] FIG. 15 shows a plot illustrating the dependence of the Brewster angle on ». At small 7,
there is either no Brewster angle or the light may not be coupled into the Brewster angle from
air. As r gets larger, the Brewster angle first increases rapidly and then plateaus, approaching an
isotropic-isotropic limit, 5 = arctan (ex/¢iso)"’>. It is worth mentioning that this unability of the
Brewster angle with respect to layer thickness does not exist in conventional (i.c. non-
metamaterial) isotropic-isotropic or isotropic-anisotropic photonic crystals, in which the

Brewster angle depends on the materials’ dielectric properties.

[0121] Angularly sclective filters 1200 including metamaterial layers shown in FIG. 12 can
also comprise photonic crystal structures 1210 of different periodicities so as to broaden the
overall band gap of the filters 1200. For example, FIGS. 16 A-16C show the transmission spectra
of angularly selective filters, which include 30 stacks of 30-bilayer structures described above.
The periodicities of these stacks form a geometric series a; = aig’ * with ¢ = 1.0234, where a; is
the periodicity of the ith stack. Moreover, metamaterial layers 1214 of different thickness ratio

are used to further demonstrate the effect of 7 on the performance of the resulting filter. The
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calculation can be carried out using the transfer matrix method. It can be seen that the filters
display a broadband angular selectivity within the wavelength range of 4a; to 8a;, where al is
the periodicity of the first photonic crystal structure in the filter. Note that metamaterials are
scalable to wavelength, which means different filters can be fabricated for applications involving
different wavelengths by proportionally tuning the dimensions of the filter, or more specifically

the dimensions of the repeating patterns of the filter.

[0122] As one exemplary embodiment, an experimental realization can be performed in the
microwave regime, for purposes of illustration only. The schematic of the experimental setup is
shown in FIG. 17A, in which an angularly sclectively filter 1720 is disposed between a pair of
lens antennas 1710a and 1710b. The angularly selectively filter 1720 can have a structure
substantially like the one shown in FIG. 12. The high-index material layer can include Rogers
R3010 material with &; = 10, and the low-index material layer can include air with &, = 1. The
isotropic sheet can include polypropylene ¢iso = 2.25, Interstate Plastics). The thickness of cach
layer is chosen to be {diso,d1,d2,d3} = {3.9,0.5,1.6,3.9} mm. A simple 12- period structure [m =
12, n =1 case in FIG. 13A] is employed. FIG. 17B shows a photograph of the resulting filter.
One of the antennas 1710a is employed as the radiation source to deliver radiation in the
microwave region, and the other antenna 1720 functions as a detector to monitor the radiation

transmitted through the filter 1720.

[0123] With the experimental setup shown in FIGS. 17A-17B, the transmission spectrum for p-
polarized light can be measured in the wavelength range from 26 to 35 mm. FIG. 18A and 18B
show the simulated and experimental results, respectively, of transmission spectra of the filter.
For incident angles less than 60°, the experimental result shown in FIG. 18B agrees well with the
simulation (analytical) result calculated from the transfer matrix method and shown in FIG. 18A.
At larger incident angles, the finite-sized microwave beam spot may pick up the edge of the
sample, which can cause the transmission to deviate from the theoretical simulation. Such

deviation may be alleviated or climinated by using larger filters.

[0124] Although the above demonstration shown in FIGS. 17-18 is in the microwave region of
the electromagnetic spectrum, the filter shown in FIG. 12 can be extended to other frequency
regions (such as infrared or visible spectra) depending, at least in part, on the applications. For

example, a material system comprising SiO, (g1 = 2), poly(methylmethacrylate) (giso = 2.25), and
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Ta,Os (&2 = 4.33) can be fabricated using sputtering techniques as readily known in the art to
realize the angular selective filter at arbitrary angle in the optical regime. Specifically, with the
above three materials, using the geometry design in FIG. 12 with m = n = 50, and the
periodicities of these stacks forming a geometric series a; = aig’ ' with ¢ = 1.0148, a; = 120 nm,
and » = 1.8, normal incidence angular selectivity (with angular window less than 20°) in the

entire visible spectrum (400—700 nm) can be achieved.
[0125] Adjustment of Transmission Angles via Permittivity Tuning

[0126] The transmission angle of filters including metamaterial layers shown in FIG. 12 can
also be adjusted by tuning the permittivity of the constituting materials, but without changing the
materials. This can be achieved by applying an external field, such as an electric field, magnetic
field, thermal field, or pressure field, to the filter, as shown in FIGS. 19A-19B. FIG. 19A shows
a side view of a filter 1900 including a plurality of photonic crystal structures 1910(1) to
1910(m), collectively referred to as photonic crystal structures 1910, which can be substantially
like the one shown in FIG. 12. A pair of ficld applicators 1920a and 1920b is disposed on two
exterior surfaces of the photonic crystal structures 1910. A power source 1930 is electrically
coupled to the pair of field applicators 1920a and 1920b so as to drive the field applicators 1920a
and 1920b. FIG. 19B shows a top (or bottom) view of the filter 1900, in which the field
applicator 1920a or 1920b is substantially conforming to the surface shape of the filter 1900 so

as to apply a uniform field.

[0127] In onec example, the ficld applicators 1920a and 1920b can be clectrodes that apply an
clectrical field across the depth of the filter 1900. As readily understood in the art, an clectric
field can induce a change in the diclectric permittivity above certain threshold, thereby adjusting
the transmission angle of the filter 1900. In another example, the field applicators 1920a and
1920b can be heaters, in thermal communication with the filter 1900, so as to vary the
temperature of the filter 1900. In yet another example, the ficld applicators 1920a and 1920b can
be configured to apply a mechanical pressure over the filter 1900 so as to vary the permittivity of
the materials constituting the filter 1900. For example, the applicators 1920a and 1920b can be

piczoelectric actuators that can convert clectricity into mechanical force.

[0128] In some examples, the field applicators 1920a and 1902b can be only coupled to the

anisotropic sheet, or the metamaterial sheet (1214 in FIG. 12), without influencing the isotropic
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sheet. In some other examples, the ficld applicators 1920a and 1920b can be coupled to the
entire filer 1900, but the materials response from the isotropic portion and the anisotropic portion
of the filter 1900 can be different, thereby creating a change of the permittivity ratio and the

Brewster angle.
[0129] Air Compatible Operations of Angularly Selective Filters

[0130] Brewster angles described above are defined at the interface of two materials, or two
sheets, that constitute the angularly sclective filters. In practice, radiation is typically coupled
into the filter from air, which, in certain case, can be challenging. For example, conventional
lossless diclectric materials have refractive index # ranging between 1.4 and 2.3 in the visible
spectrum. Following the design principle illustrated above, if two conventional materials with
index #; and n; are from the above category, assuming #; < ny, the Brewster angle (defined in

material with index #;) can be:

By ey = tan™ -
£y (13)
[0131] Note that this angle is defined in the first material with refractive index #;. In order to
couple into the Brewster mode in this material system from air, the incident angle (defined in air)

typically should be:

B e = st (g sin Oy )

(14)

Given that 6g 1 > 45°, and n; is normally greater than 1.4, the term in the parenthesis in the right
hand side of Equation (14) can be greater than 1, in which case it can be challenging to couple

radiation from air.

[0132] FIG. 20 shows one way to allow air-compatible operation of the angularly selectively
filers that are described above. The filter 2000 in FIG. 20 comprises two sets of layers: the first
layers 2012 and the second layers 2014. The first layers 2012 can be substantially similar to the
first layers 312 shown in FIG. 3 or the isotropic sheets 1212 shown in FIG. 12. Similarly, the
second layers 2014 can be substantially similar to the first layers 314 shown in FIG. 3 or the
anisotropic sheets 1214 shown in FIG. 12. In some examples, as shown in FIG. 20, the first
layers 2012 can include materials with a refractive index close to the refractive index of air (1 ~

1) such that radiation experiences little refraction upon entering the filter 2000. In some other
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examples, the low-index materials can be employed to fabricate the second layers 2014. The
low-index materials can be, for example, porous glasses or porous silicon, which can have a

refractive index close to 1.05.

[0133] FIG. 21 shows another way to allow air-compatible operation of the angularly
selectively filers described above. In FIG. 21, macroscopic prisms are employed to couple
propagating radiation in the air into the Brewster modes in the filter. In FIG. 21, the angularly
selective filter 2100 includes a stack of photonic crystal structures 2110, which comprises first
layers 2112 and second layers 2114, disposed between two couplers 2140a and 2140b, with cach
coupler on each surface of the filter 2110. The two couplers 2140a and 2140b are diclectric

masks with periodic triangular patterns.

[0134] The refractive index of the couplers 2140a and 2140b can be close to the refractive
index of the first layers 2112 or the second layers 2114, in which case radiation can experience
little or no refraction when passing through the interface between the couplers 2140a/b and the
photonic crystal structures 2110. Also, the geometry of the prism can be configured to climinate
refraction from air into the low-index material at the transmission angle of the filter. Light
incident at Og_,1 can be normal to the prism/air interface, therefore being able to pass through the
whole system 2100. On the other hand, light incident from other directions (i.c. at other

incidence angles) can undergo different refractions, and can be reflected by the filter 2100.

[0135] 1In one example, the couplers 2140a and 2140b can be prisms fabricated with acrylic (n
= 1.44), and the surface of the prism can be mechanically and/or chemically polished to enhance
optical quality. The periodicity of the triangular pattern is @ = 2 mm and g = 55°. The photonic
crystal structure 2110 can be embedded in the prism. The two materials constituting the
photonic crystal structure 2110 can be SiO, (z = 1.45) and Ta,Os (n = 2.08). The overall
transparency of the system can be up to 68% to p-polarized incident light at 85 = 55° (e.g., see
FIG. 22C). The angular window of transparency can be about 8°.

[0136] FIGS. 22A-22E illustrate an experimental demonstration of an angularly selective filer
including prims couplers. The experimental setup is shown in FIG. 22A, in which a sample filter
2210 is disposed between a rainbow picture 2220 and a camera 2230. Rotating the sample filter
2210 and at the same time monitoring the image recorded on the camera 2230 can investigate the

transmission of light reflected from the rainbow picture 2220 at different incidence angles on the
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sample filter 2210. At the Brewster angle, the camera 2230 records the rainbow picture as
shown in FIG. 22C. At other angles (FIGS. 22B and 22D); however, the sample filter 2210 can
act as a reflector and prevent light transmission through it, in which case the rainbow picture can

be almost invisible to the camera 2230.

[0137] The p-polarized transmittance of the sample filter shown in FIG. 22A in the visible
spectrum can be measured using an ultraviolet-visible spectrophotometer (Cary 5001). FIG. 22E
shows the transmission spectrum. Although the sample filter no longer behaves like a mirror at
off-Brewster angles (possibly due to image distortion of the prism), the transmission spectrum
(and reflection spectrum) can still be very close to the spectrum of the sample immersed in
index-matched liquid (e.g., see FIG. 5B), thercfore confirming that the two couplers can allow

air-compatible operation of the filter.

[0138] The transmission angle of angularly selective filters with couplers can be adjusted by,
for example, tuning the configuration of the prisms. In one example, as shown in FIG. 23A,
transmission at normal incidence angle can be achieved in a filter or filter system 2300. In this
system 2300, the couplers 2340a and 2340b disposed over a photonic crystal structure 2310
comprise prisms that are made of materials having refractive index n3 ~ 2.1 (e.g., L-BBH2 glass),
and the three angles are 01 = 65°, 0, = 03 = 57.5°. With this configuration, the light propagation
direction inside the couplers 2340a and 2340b can be almost substantially parallel to one edge of

the prism, thereby reducing or climinating optical losses.

[0139] A detailed ray optics analysis of the above prism configuration is shown in FIG. 23B.
The couplers 2341a and 2341b shown in FIG. 23B can be made of L-BBH2 glass (#1.gpu2 ~ 2.1
in the visible spectrum) to couple the light from normal incidence into the Brewster mode. As
described above, the three angles of the prims are 0; = 65°, 6, = 03 = 57.5°. Without being bound

by any particular theory or mode of operation, from Snell’s law, the refractive angle can be

calculated by:

s ST gpe = H S BY e (15)
where:

By e s ST e (BT @) e By TS (16)
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Therefore:

(17)

[0140] Notice in this case the refracted ray can be almost parallel to the left edge of the prism
(it will be exactly parallel if 6, inc = 25°), hence most of the light coming in through the right
edge of the prism reaches the photonic crystal structures, instead of reaching the other edge of
the prism. The same applies to the light coming in through the left edge of the prism due to the

symmetry of the prisms.

[0141] Furthermore, from FIG. 23B:

X ine T 33N (18)

Therefore, the angle of the ray coupled into the photonic crystal structures (defined in SiO2) can
be calculated by:

o - e L
\; e 3 =3 ‘§‘ FUoag (‘3

ST

(19)

[0142] Equation (19) shows that the prism couples normally incident light (in air) into the
Brewster angle (in the filter) of propagation inside photonic crystal structures. As mentioned
before, light propagating at the Brewster angle inside the photonic crystal structures can transmit

through with almost no loss.

[0143] Since the photonic crystal structures 2310 can have a thickness (e.g., ~ 5 um) that is
much smaller than the prism scale (¢.g., ~mm), the photonic crystal structures 2310 can be
considered as a thin film angular selective filter in a prism system, which allows light

transmission only at the Brewster angle while reflecting at other angles.

[0144] After the light rays have passed through the photonic crystal structures, the light rays
can undergo the same refraction in the prism couplers coupled at the bottom surface of the
photonic crystal structure. Since the lower prism coupler 2341b can be identical to the upper
prism coupler 2341a, light rays can exit the filter 2300 at the same angle as the incident angle.
Notice that since the light propagation direction inside the prism can be substantially parallel to
one edge of the prism, light coming in through the left edge of the upper prism can typically
reach the right edge of the bottom prism, and light coming in through the right edge of the upper
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prism can typically reach the left edge of the bottom prism. Accordingly, optical loss in the

prisms can be reduced or climinated.

[0145] The prism couplers described above can allow air compatible operation of the angularly
selectively filters. However, the prisms couplers can also flip the orientation of the images after
the filters. FIG. 23C shows one way to restore the orientation of images. In this method, after
propagating through a first filter 2302 comprising first pair of couplers 2342a and 2342b, light
rays then enter and propagate through a second filter 2303 comprising a second pair of couplers
2342a and 2342b with substantially the same structures as those in the first filter 2302. As
shown in FIG. 23C, the flipped light rays can be flipped back after the second filter 2303. In this

case, the transmission image will be fully restored.
[0146] Angularly Selective Filters with Two-Dimensional Photonic Crystal Structures

[0147] FIGS. 24A-24E show angularly selective filters with two-dimensional photonic crystal
structures. FIG. 24A shows a top view of an angularly selective filter including a two-
dimensional photonic crystal structure. The filter 2400 comprises a substrate 2410 with a
plurality of cavities 2420. The side view of the filter 2400 is shown in FIG. 24B, in which the
cavities 2420 has a depth % and a diameter d. The cavities 2420 are defined by cavity walls
2430, which have a wall thickness d,,. The filter 2400 defines an optical axis 2440 that can be
substantially parallel to the cavity walls 2430.

[0148] Without being bound by any particular theory or mode of operation, the angularly
selective filers shown in FIGS. 24 A and 24B can be described from a geometric point of view.
As illustrated in FIG. 24B, light rays within a certain threshold angle with respect to the optical
axis 2440 (e.g., light rays 10 and 20) can transmit through the filter 2400. However, light rays
outside the threshold angle (c.g., light ray 30) are blocked by the cavity walls 2430. The
threshold angle can be dependent on the depth # and diameter d of the cavities 2440. In one
example, as shown in FIG. 24B, the threshold angle can be defined as tan™'(d/%). In another
example, the threshold angle can be either larger or smaller than tan’l(d/h), depending on the
relative angle between the optical axis 2440 and the cavity walls 2430.

[0149] The filter 2400 can have flexible shapes and dimensions to fit different applications. For

example, the filter 2400 can be rectangular, square, round, oval, or any other regular and/or
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irregular shape. The size of the filter 2400 can be, for example, on the order of microns,

millimeters, centimeters, decimeters, or meters, depending on the application needs.

[0150] The substrate 2410 can comprise various materials depending on, for example, the
wavelength of the light that is to be transmitted through the filter 2400. In one example, the
material of the substrate 2410 absorbs, at least partially, the incident light such that the cavity
walls 2430 can block light rays outside the threshold angle. In another example, the substrate
2410 can comprise a base material on which a second layer is conformally coated. The second
layer can be absorptive at the wavelength of light to be transmitted. In yet another example, the
substrate 2410 can be physically or chemically processed (e.g. oxidation of stainless steel) to
create an absorptive surface. In yet another example, the material that is used to make the filter
2400 can be flexible, so the filter can deform to fit irregular or uneven display screens or
surfaces, or other applications. In yet another example, the material can be reactive to external
conditions (such as clectric ficld, magnetic field, external force, ctc.) so that its thickness (or
other physical properties) can be tuned dynamically, thereby achieving tunable transmission

angles.

[0151] The cavities 2420 can also have various shapes. In one example, the cavities 2420 can
be round, in which case the transmission of incident light can be symmetric along the optical axis
2440. In another example, the cavities 2420 can have a shape that is rotationally symmetric
(e.g. oval, rectangular, polygonal, etc.). In yet another example, the cavities 2420 do not all have
the same shapes or sizes (e.g. on the same filter, one can have some holes being round, some
holes being rectangular, or triangular, cach hole of different size, etc.) In yet another example,
the cavities 2420 are clongated along one particular direction (e.g. ellipsoid shapes). For
example, they could be 2x, or 5x longer in one direction that the other. In that case, light rays
from different azimuthal directions can have different transmission angles, which might be of
interest for some applications. Moreover, if it is important to have angular selectivity only along
one direction, but not the other, one can use clongated holes to increase the overall transparency

of the screen at normal incidence.

[0152] The cavities 2420 can also have various dimensions. For example, the diameter d and

depth % of the cavities can be on the order of microns, millimeters, centimeters, decimeters, or
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meters, depending on the wavelength regime of operation, the practical requirement and

fabrication complexity.

[0153] For visible light, the size d of the cavities 2420 can range between 10 micrometers to
100 micrometers. The spacing between to neighboring holes w can range between 5 micrometers
to 50 micrometers. The depth % of the cavities 2420 can range between 20 micrometer to 500
micrometer, and d/& can be chosen to enable the desired transmission threshold-angle. In general,
it is beneficial that the size of each hole is substantially larger (e.g., >10x, or >20x, or >50x or
so) than the wavelength of the light of interest: otherwise, the filter would not be operating in the

geometric optics regime, and the image (as observed by the viewer) may appear distorted.

[0154] One the other hand, it can also be helpful that the size of each hole is not too large, so it
cannot be easily resolved by the detector that is used for the observation far away. Otherwise, the
structure of filter itself (c.g. the photonic crystal shape itself, if the shape is a photonic crystal)
can be visible to the observer. For example, in the case of human eyes, at practical observation
distances (few tens of centimeters away), the distance between cach hole w should not be much
larger than about 100microns or so, and preferably even smaller than that (e.g. <50microns, or

<20microns or so).

[0155] In case where it is desirable for the structure of the screen not to be apparent to the

observer even at non-perpendicular observation (say, up to angle #away from the normal), the
wall height (#*sin(0)) can be smaller than the smallest feature the observer can resolve, because
at non-perpendicular observation, the observer observes not only the thickness of the walls, but

also the walls along their height (at an angle).

[0156] To summarize, the characteristic features of the filter (hole sizes, hole depths, hole
spacings, etc.) are large enough (compared to the wavelength of interest) for the filter to operate
in the geometric optics regime, but not too large (compared to the resolution of the detector
which the observer is using to observe the filter (e.g. in case of human observer, the “detector” is
his/her eyes)), so the filters are not clearly resolved by the observer, avoiding possible

interference to the observation.

[0157] In onec example, the plurality of cavities 2420 in the filter 2400 is distributed

periodically. In another example, the cavities 2420 can be distributed in a more random manner.
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The cavities 2420 can be made through mechanical drilling, physical etching, chemical etching,

photolithography, direct laser writing, or any other means known in the art.

[0158] The filter 2400 can define a normal incidence transmission ratio, which can be the
percentage of light transmitted through the filter 2400 at normal incidence. The normal incidence
transmission ratio can depend on, for example, the ratio between the arca covered by the solid
part of the filter (e.g. related to the cavity wall thickness) and the area not covered by the solid
part of the filter (the hole arca or the void area, related to d). In one example, the normal
incidence transmission ratio can be over 90% so as to reduce optical loss. In other examples, the
normal incidence transmission ratio can be between 20% and 90%. The cavity wall thickness d,,
can be less than the wavelength of light to be transmitted so as to mitigate the shadows of the

transmitted light.

[0159] The wall of cach hole can be painted into different colors (instead of black color): e.g.,
red color, or green, or cyan, among others. The painting can be done by physical or chemical
process (such as vapor deposition or clectro-deposition). Once the wall of cach hole are painted,
when light is incident at front direction (normal direction), the privacy filter is substantially
transparent. However, when light is incident at off-normal direction, the viewer will see a
substantially opaque surface of whatever color the holes are painted with (instead of grey color).
Alternatively, or in addition, the viewer can see¢ a pattern of colors, or a picture (e.g. Smiley
Face, or Hello Kitty, or similar), depending on how the wall of each hole is painted. This feature
addresses a common issue in existing privacy-screen angularly selective filters. In practice, it is
normally desirable to have a filter that is transparent at normal incidence. However, in most
existing technologies, the painted screen looks redish at all angles, including the normal

incidence angle. In case the paint is an image, the image is also noticeable at normal incidence.

[0160] The material that is used to make the filter can be transparent and flexible polymers
(such as SU&, PDMS, PSPI, ctc.). In such case, one can paint the wall of each hole, without

painting the front and back surface so as to achieve sufficient transmission.

[0161] FIGS. 24C-24E show experimental demonstration of an exemplary angularly selective
filter having a two-dimensional photonic crystal structure like the one shown in FIGS. 24A and
24B. The filter in this example is made from stainless steel, and oxidized to make the surface

black. The slab is about 100 micrometers to 500 micrometers thick, with circular holes having a
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diameter around 100 micrometers and a periodicity around 150 micrometers. The holes are

drilled on the slab using laser cutting techniques.

[0162] When the light is coming in straight from above, about 40% (for both polarizations) of
the incident light passes through the slab, making the filter partially transparent, as shown in
FIG. 24D. When the light is coming in at oblique angles, as shown in FIG. 24C and FIG. 24E,

the filter blocks the transmission of the incident light and no image is observed through the filter.
[0163] Exemplary Applications of Angularly Selective Filters

[0164] Angularly selective files can find applications in a wide range of areas. Here below are

non-limiting examples of applications of angularly selective filters described above.

[0165] FIG. 25 shows a system 2500 in which an angularly selective filter 2510 that changes
the form of waves from point sources 2501a, 2501b, and 2501 ¢ (collectively referred to as point
sources 2501) to plane waves. The filter 2510 can increase the directionality of electromagnetic
radiations, such as optical, microwave, and radio waves. In FIG. 25, spherical waves 2502
radiated from multiple points sources 2501 propagates through the filter 2510 and output wave
2503 become more directional. Since many devices nowadays such as GPS and radar system
rely on the interactive signal propagation, implementing space wave filter on the source can

increase the resolution of those systems.

[0166] FIG. 26 shows a system 2600 in which an angularly selective filter 2610 is employed as
a reflective polarizer. Since the filter can be designed to have both angular selectivity and
polarization selectivity, the filter can thus reflect one polarization but reflect the other. In FIG.
26, incident waves contain both p-polarized components 2601 and s-polarized components 2602.

After propagating though the filter 2610, the waves contain only s-polarized components 2602.

[0167] FIG. 27 shows a system 2700 in which an angularly selective filter 2710 is employed in
a heat trap. The radiation 2701 from an energy source (¢.g., sun light, lasers, etc.) enters the heat
trap 2720 at one specific direction. Inside the trap, the light/heat 2702 can travel at various
directions and most of the thermal/stimulated radiation or reflected/scattered light is reflected
back towards the device, thereby confining the light/heat within the trap 2720. This can be
potentially useful for Thermal Electrics (TE), Thermal Photovoltaics (TPV), and conventional
Solar Cells (PV).
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[0168] FIGS. 28A-28C show energy harvesting systems that use angularly selective filters to
improve operation cfficiency. Current solar energy harvesting technologies can be categorized
into two conversion processes: direct conversion and indirect conversion. Direct conversion is
also known as photovoltaic conversion (solar cells). In an ideal photovoltaic conversion, cach
photon absorbed by a solar-active material (typically silicon) causes an clectron to jump from the
valence band to the conduction band and create a hole in the valence band, leading to an clectric
current pulse. On the other hand, indirect conversion, or solar thermal conversion, corresponds to
conversion of solar energy into heat by collection in a solar absorber and subsequent conversion
of this heat into work by means of a thermal engine, a thermal photovoltaic device, or a thermal

electrical device.

[0169] The total efficiency of solar cell / solar thermal system can be calculated by:
Heosar = My - ,i'i;fs’(',.”;"'ﬁf‘;{‘ (20)

where y; represent the efficiency of light trapping, which is the percentage of solar energy that is
trapped in the semiconductor layer (for solar cell) or absorber (for solar thermal systems); and
uscist represent the efficiency of the actual photo-clectric conversion in solar cell, or thermal-
electric conversion in solar thermal systems. Since uscsst can be mainly limited by the inherent
material properties, such as the so-called Shockley-Queisser limit (for solar cell), or Carnot
cfficiency (for solar thermal system), improvement of solar harvesting can be achieved by

improving z;.

[0170] The efficiency of light trapping u; can be related to the performance of absorber’s

emittance, and can be calculated by:

- \':? ;a* — (}!;.}

LTETE

where Papsorved 18 the total power trapped in the solar cell or solar thermal system, and Pjycome 18
the total power incident on the device. The quantity J; is the incoming energy flux from sunlight,
J. 1s the outgoing energy flux from photon emission, .J, is the energy flux of sunlight reflected
from the system, and .J, are other thermal losses due to conduction, convection and non-radiative

electron recombination. J; and .J, can be expressed as:
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A (22)

s
Jem 27 | dfed filenii )
Ja (23)

where the effective absorptance &,(f) and emittance £.(f) can be defined as:

-3 (24)

An 8 o8 5 L8 g Ag OB

(25)
Here Q.(N;) ~ Ny-7-107 rad is the solid angle spanned by the solar disk (at solar concentration of
N suns), & is the transmission of angular sclective filter at different incident angles (8, ¢) and
frequency f(e; = 1 if no angular selective filter is applied). &, is the angle of incidence,  is the
solar spectrum, and /.,,;; is the emission spectrum of solar cell / solar thermal system. Therefore,

J/J; and J,/J; can be decreased to improve the solar trapping efficiency y.

[0171] When conventional solar cells or solar thermal absorbers are put under direct sunlight,
they receive light only from the solid angles spanned by the solar disk (Qi, = 0(1) ~ 6.8x107

rad). On the other hand, they emit and reflect light isotropically (.. = 27 rad). The large ratio
between absorption and emission solid angles can result in an increase in photon entropy, hence

decreasing the efficiency of solar cells and solar thermal systems.

[0172] There are at lcast two ways to increase the absorption/emission ratio. The first way is
to increase ;. by applying a concentrator to the system. The second way is to decrease the
angle of emission by applying angular selective filters. The effect of this method can be similar
to using a concentrator, but the system can be made much thinner and can be easily incorporated

into traditional solar cell modules.

[0173] In solar cells, at least part of the emission loss can be attributed to radiative
recombination and incomplete absorption (especially in thin film solar cells). A broadband
angular sclective system can help mitigate losses from both of these two effects through photon-
recycling (for radiative recombination) and light trapping (for reflected sunlight). For solar cells
with high radiative efficiency, such as GaAs or other I1I-V material solar cells, radiative

recombination and emission can be a major loss mechanism. In these cases, photon recycling
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that reflects the radiated photons back into the solar cell can lead to enhancement in voltage and
efficiency. For solar cells with lower radiative efficiency, such as silicon solar cells, non-
radiative processes like Auger recombination can limit the voltage; hence light trapping effect
can be helpful. Enhanced light trapping effect allows for better absorption of sunlight in a thin
cell (reducing material usage), and an increase in current, voltage and efficiency of the solar cell

as well.

[0174] FIG. 28A shows a solar system 2801 that employs an angular selective filter 2811 to
trap the incident sunlight. In this system, the rugged back side reflector 2831 in the system can
reflect the incident sun light to various directions. Due to the angular selectivity of the filter
2811, most of the reflected sun light can be reflected back by the filter 2811, thereby trapping the

sun light inside the solar cell 2821 for conversion into electric energy.

[0175] FIG. 28B shows a schematic design of a solar thermal system 2802 using a broadband
angular sclective filter 2812. The broadband angular selective filters can increase the light
trapping cfficiency of solar thermal systems through at least two ways: First, the filter can reduce
the reflection loss from the absorber 2822 (i.c., reduce J,/J;). Typically, absorbers 2822
comprise metals with high thermal stability, such as tantalum or stecl. However, the surface
reflection from the absorber 2822 can be significant. Placing a filter 2812 on the path of the
reflected light can therefore reflect back the light back to the absorber 2822 for energy

conversion in the thermal-electric conversion system 2832, thereby reducing reflection loss.

[0176] Second, the filter can mitigate the photon emission loss from the absorber 2822 (i.c.
reduce J./Js). In the case of high temperature solar thermal systems (higher temperature helps to
achieve higher thermal-electric conversion), the overlap of /; and 7., in the frequency domain is
typically not negligible. Hence, in the overlapping frequency regime, it can be challenging to
separate the incident light from the emitted light with a frequency selective filter (typically used
for low temperature solar thermal systems). In this case, angular selection can be helpful. FIG.
28C and FIG. 28D show the calculated effective emittance &, and absorptance &, over the visible
spectrum. It can be seen that a factor of 25 enhancement of ¢,/¢, across the entire visible
spectrum is achieved with the filter (¢,/e. > 30) compared to the case without the angular
selective filter (e,/6. = 1). Increasing the number of layers in the filter would further enhance the

&4 €. ratio.
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[0177] Still further improvement can be achieved by employing a broadband quarter wave
plate and a mirror to convert the randomly polarized sun light into p-polarized light, as shown in
the insets of FIG. 28C and FIG. 28D. FIG. 28C shows a system 2803, in which the s-polarized
waves reflected by the filter 2812 propagate through a quarter wave plate 2833, after which a
mirror 2843 reflects the waves back through the quarter wave plate again, thereby converting the
s-polarized waves into p-polarized waves, which can then propagate through the filter 2813.
FIG. 28D shows a system 2804, in which two solar absorbers 2824a and 2824b are disposed
perpendicularly with each other, and a filter 2814 is disposed at 45 degree with respect to both
solar absorbers. P-polarized components of the incident light substantially parallel to one solar
absorber can propagate through the filter 2814 and be absorbed by one absorber 2824b for
energy conversion. The s-polarized components in the incident lights are first reflected by the
filter 2814 and then reflected by a mirror and quarter wave plate system 2834 for polarization
conversion. The converted light then can propagate through the filter 2814 and reach the other

absorber 2824a for energy conversion.

[0178] FIGS. 29A-29B show applications of angularly sclective filters in signal enhancement.
Among many detectors, such as telescopes, micro-scopes, cameras and radars, a useful indicator
to describe the detection quality is the signal-to-noise ratio (SNR). In many cases, detectors are
used in detecting an object that usually spans only a small solid angle, while unwanted signals
coming in from other directions can interfere with the desirable signal. Similar situations also
apply to emitters: in many signal transmission applications, such as Wi-Fi, radio station and
radar system, signals propagating in certain direction can be normally desired. Signals

propagating along other directions can be cither unwanted or a waste of energy.

[0179] In the system 2901 shown FIG. 29A, an angularly seclective filter 2911 is placed
between an object 2921 and a detector 2931. Due to the angularly selectivity of the filter 2911,
only radiation at certain incidence angles can propagate through the filter 2911, reach the
detector, and generate signals. Radiation at other incidence angles, including noises, is blocked
by the filter, thereby reducing the intensity level on the detector. The net effect is an increase of
the SNR. Similarly, an angularly selective filter 2912 can be placed between a target receiver
2922 and an emitter 2932 to improve the directionality of the radiation from the emitter, as in the

system 2902 shown FIG. 29B.
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[0180] FIGS. 29A and 29B are schematic designs of generalized systems, and they can be

adapted for applications in more specific systems as listed below:

[0181] Radar systems: Radar systems arc usually used to observe small, distant objects. Radio
signals broadcast from a single omnidirectional antenna can spread out in all directions, and
likewise a single omnidirectional antenna can receive signals equally from all directions. This
may leave the radar with the problem of determining the target object’s location. Early systems
tend to use omnidirectional broadcast antennas, with directional receiver antennas that are
pointing at various directions. One limitation of this solution can be that the broadcast is sent out
in all directions, so the amount of energy in the direction being examined can be small. To get a
reasonable amount of power on the target, both the transmitting and receiving acrial are desired
to be directional. More recently, popular radar systems use a steerable parabolic dish to create a
tight broadcast beam, typically using the same dish as the receiver. Such parabolic dish can be
much bigger than the antenna itself, can take up most of the space of the radar systems, and can

induce potential costs over millions of dollars.

[0182] The above problem can be addressed, at least partially, by the angularly selective
material described in this disclosure. As shown in FIGS. 29A and 29B, an angular selective
filter can be added in front of the transmitter/receiver antenna. The antenna can also be
sandwiched between two angular selective filters. The directionality and bandwidth of this radar
system can be made as good as the traditional radar systems (if not better), but the size can be

much smaller, which can be valuable for many defense applications.

[0183] Telescope system: A telescope is an instrument that aids the observation of remote

objects by collecting electromagnetic radiation. Since the target objects usually span extremely
small solid angles, and are normally surrounded by many other bright light sources, it can be
desirable to reduce lights coming in from other directions. For example, in optical refracting and
reflecting telescopes, the optical components (lens and mirrors) are typically placed a certain
distance away from cach other (proportional to the aperture size) to prevent light outside a small
viewing angle from reaching the detector. Radio telescopes use large parabolic disk reflector (as
in radars) to achieve the angular selectivity. In infrared telescopes, an array of long metallic
tubes is placed above the bolometric detector to block unwanted signals from other directions.

The size and cost of these systems can be formidable.
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[0184] Material-based angular selective filter can be installed in front of the detector to
address, at least partially, the above mentioned issues. Moreover, these filters can have a size
comparable to the operating wavelength. Compared to traditional telescopes, the size and the

cost of this proposed system can be lower.

[0185] Camera system: Traditional optical cameras operate according to similar principles of

refracting telescope. Accordingly, similar implementations of angularly selective filters in
cameras can increase the SNR of camera detectors, especially for night vision cameras. Another
type of camera that may take advantage of angularly selective filtering can be light field camera,
which uses a micro-lens array or angular sensitive pixels to capture 4D light field information of
an object or a scene. Such light field information can be utilized for range imaging and
producing 3D imaging, or for improving the solution of computer graphics and computer vision
related problems, and for producing digital plenoptic pictures that can be refocused after they are
taken. Since this new generation of cameras records the complete Fourier information of the
light field, the allowable eccentricity of incident light (relative to the normal to the device) can
be restricted by the number of light field detectors. Current light ficld cameras normally increase
the length of the camera to block light from large incident angles, but angularly selective filters

can be used here to improve the efficiency and reduce the size of the system.

[0186] FIG. 30 shows applications of an angularly selective filter 3010 in a privacy protection
system 3000. An angularly selective filter 3010 is be placed in front of a screen, monitor, or
other displays 3030, in which case only light going straight toward observer 3020a (in a specific
direction) can be seen, and no light comes out in other directions toward observers 3020b or

3020c.

[0187] FIG. 31 is a schematic view of angularly selective filters used in a radiative cooling
system 3100. In practice, cooling can be a significant end-use of energy globally and a major
driver of peak electricity demand. Air conditioning, for example, accounts for nearly fifteen per
cent of the primary energy used by buildings in the United States. A passive cooling strategy
that cools without any clectricity input could thercfore have a helpful impact on global energy
consumption. Peak cooling demand occurs during the daytime. However, daytime radiative
cooling to a temperature below the ambient temperature of a surface under direct sunlight has

always been a challenging problem, because sky access during the day results in heating of the

44



WO 2015/178982 PCT/US2015/017303

radiative cooler by the sun. Angular selective material could open a new area on passive day
time radiative cooling. As shown in FIG. 31, with an angular selective filter 3110 placed in front
of a radiative cooler 3120, incident energy from sunlight can be effectively blocked, while
radiated light carrying energy away from the radiative cooler 3120 can still escape away from the

radiative cooler 3120.

[0188] Conclusion

[0189] While various inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto; inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included within

the inventive scope of the present disclosure.

[0190] The above-described embodiments can be implemented in any of numerous ways. For
example, embodiments of designing and making the coupling structures and diffractive optical
clements disclosed herein may be implemented using hardware, software or a combination
therecof. When implemented in software, the software code can be executed on any suitable
processor or collection of processors, whether provided in a single computer or distributed

among multiple computers.
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[0191] Further, it should be appreciated that a computer may be embodied in any of a number
of forms, such as a rack-mounted computer, a desktop computer, a laptop computer, or a tablet
computer. Additionally, a computer may be embedded in a device not generally regarded as a
computer but with suitable processing capabilities, including a Personal Digital Assistant (PDA),

a smart phone or any other suitable portable or fixed electronic device.

[0192] Also, a computer may have one or more input and output devices. These devices can
be used, among other things, to present a user interface. Examples of output devices that can be
used to provide a user interface include printers or display screens for visual presentation of
output and speakers or other sound generating devices for audible presentation of output.
Examples of input devices that can be used for a user interface include keyboards, and pointing
devices, such as mice, touch pads, and digitizing tablets. As another example, a computer may

receive input information through speech recognition or in other audible format.

[0193] Such computers may be interconnected by one or more networks in any suitable form,
including a local area network or a wide area network, such as an enterprise network, and
intelligent network (IN) or the Internet. Such networks may be based on any suitable technology
and may operate according to any suitable protocol and may include wireless networks, wired

networks or fiber optic networks.

[0194] The various methods or processes (e.g., of designing and making the coupling
structures and diffractive optical elements disclosed above) outlined herein may be coded as
software that is executable on one or more processors that employ any one of a variety of
operating systems or platforms. Additionally, such software may be written using any of a
number of suitable programming languages and/or programming or scripting tools, and also may
be compiled as executable machine language code or intermediate code that is executed on a

framework or virtual machine.

[0195] In this respect, various inventive concepts may be embodied as a computer readable
storage medium (or multiple computer readable storage media) (¢.g., a computer memory, on¢ or
more floppy discs, compact discs, optical discs, magnetic tapes, flash memories, circuit
configurations in Ficld Programmable Gate Arrays or other semiconductor devices, or other non-
transitory medium or tangible computer storage medium) encoded with one or more programs

that, when executed on one or more computers or other processors, perform methods that
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implement the various embodiments of the invention discussed above. The computer readable
medium or media can be transportable, such that the program or programs stored thereon can be
loaded onto one or more different computers or other processors to implement various aspects of

the present invention as discussed above.

[0196] The terms “program” or “software” are used herein in a generic sense to refer to any
type of computer code or set of computer-executable instructions that can be employed to
program a computer or other processor to implement various aspects of embodiments as
discussed above. Additionally, it should be appreciated that according to one aspect, one or
more computer programs that when executed perform methods of the present invention need not
reside on a single computer or processor, but may be distributed in a modular fashion amongst a
number of different computers or processors to implement various aspects of the present

invention.

[0197] Computer-executable instructions may be in many forms, such as program modules,
executed by one or more computers or other devices. Generally, program modules include
routines, programs, objects, components, data structures, etc. that perform particular tasks or
implement particular abstract data types. Typically the functionality of the program modules may

be combined or distributed as desired in various embodiments.

[0198] Also, data structures may be stored in computer-readable media in any suitable form.
For simplicity of illustration, data structures may be shown to have fields that are related through
location in the data structure. Such relationships may likewise be achieved by assigning storage
for the fields with locations in a computer-readable medium that convey relationship between the
fields. However, any suitable mechanism may be used to establish a relationship between
information in fields of a data structure, including through the use of pointers, tags or other

mechanisms that establish relationship between data clements.

[0199] Also, various inventive concepts may be embodied as one or more methods, of which

an example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an
order different than illustrated, which may include performing some acts simultaneously, even

though shown as sequential acts in illustrative embodiments.
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[0200] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

[0201] The indefinite articles “a” and “an,” as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

[0202] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “cither or both” of the elements so conjoined, i.c., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with “and/or” should be construed in the same fashion, i.c., “one or more” of the elements
so conjoined. Other clements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including clements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); ctc.

[0203] Asused herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list,
“or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. “one or the other but not both™) when preceded by terms of

2% CC

exclusivity, such as “cither,” “one of,” “only one of,” or “exactly onc of.” “Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the ficld of

patent law.

[0204] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element

selected from any one or more of the clements in the list of elements, but not necessarily
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including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows
that clements may optionally be present other than the elements specifically identified within the
list of eclements to which the phrase “at least one” refers, whether related or unrelated to those
clements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
onc embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including clements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including clements other than A);
in yet another embodiment, to at least one, optionally including more than one, A, and at least

one, optionally including more than one, B (and optionally including other elements); ctc.

[0205] In the claims, as well as in the specification above, all transitional phrases such as

9% Cey

“comprising,” “including,

2% CC 2% CC 9% Cey

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.c., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. A filter to transmit incident radiation at a predetermined incidence angle and to reflect
incident radiation at other incidence angles, the filter comprising:

a plurality of photonic crystal structures disposed substantially along a surface normal
direction of the filter, at least one photonic crystal structure in the plurality of photonic crystal
structures comprising:

at least one multilayer cell aligned substantially along the surface normal
direction of the filter, the at least one multilayer cell comprising:

a first layer having a first dielectric permittivity; and

a second layer, aligned with the first layer substantially along the surface
normal direction of the filter, having a second dielectric permittivity different
from the first diclectric permittivity,

wherein the first layer and the second layer define a Brewster angle
substantially equal to the predetermined incidence angle based, at least in part, on
the first dielectric permittivity and the second permittivity, and

cach photonic crystal structure in the plurality of photonic crystal
structures defines a respective bandgap, the respective bandgaps of the plurality of
photonic crystal structures, taken together, covering a continuous spectral region

of about 50 nm to about 100 mm.

2. The filter of claim 1, wherein:
a first thickness of the at least one multilayer cell in a first photonic crystal structure is
different from a second thickness of the at least one multilayer cell in a second photonic crystal

structure.

3. The filter of claim 1, wherein:
an ith thickness a; of the at least one multilayer cell in an ith photonic crystal structure
satisfies a= a1g"", where i is an integer between 1 and 2000 and ¢ is a positive number greater

than one.

4, The filter of claim 3, wherein a; is about 100 nm to about 150 nm.
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5. The filter of claim 1, wherein:
an ith thickness a; of the at least one multilayer cell in an ith photonic crystal structure

satisfies a= a;+(i-1)ag where i is an integer between 1 and 2000 and ao is a positive number.

6. The filter of claim 1, wherein:
the first dielectric permittivity in a first photonic crystal structure in the plurality of
photonic crystal structures is different from the first dielectric permittivity in a second photonic

crystal structure in the plurality of photonic crystal structures.

7. The filter of claim 1, wherein at least one of the first diclectric permittivity or the second

dielectric permittivity is about 1 to about 5.

8. The filter of claim 1, wherein a smaller diclectric permittivity of the first diclectric

permittivity and the second diclectric permittivity is about 1 to about 3.

9. The filter of claim 1, wherein a larger dielectric permittivity of the first dielectric

permittivity and the second diclectric permittivity is about 3 to about 5.

10. The filter of claim 1, wherein at least one of a thickness of the first layer or a thickness of

the second layer is greater than one fifth of a wavelength of the incident radiation.

1. The filter of claim 1, wherein at least one of a thickness of the first layer or a thickness of

the second layer has a thickness variation less than a wavelength of the incident radiation.

12. The filter of claim 1, wherein at least one of a thickness of the first layer or a thickness of

the second layer is about 50 nm to about 150 nm.

13. The filter of claim 1, wherein a first ratio of the first dielectric permittivity to a first

permeability of the first layer is substantially equal to a second ratio of the second dielectric
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permittivity to a second permeability of the second layer so as to transmit the incident radiation

with a normal incidence angle and an arbitrary polarization state.

14. The filter of claim 1, wherein the first diclectric permittivity has a first value in a plane
parallel to the second layer and a second value different than the first value in a plane

perpendicular to the second layer.

15. The filter of claim 1, wherein the first value of the first diclectric permittivity is
substantially equal to the second dielectric permittivity so as to transmit the incident radiation at

a normal incidence angle.

16. The filter of claim 1, further comprising:

a first coupler, disposed on a front surface of the plurality of photonic crystal structures,
to couple the incident radiation onto the plurality of photonic crystal structures; and

a second coupler, disposed on a back surface of the plurality of photonic crystal

structures, to couple the incident radiation out of the plurality of photonic crystal structures.

17. The filter of claim 16, wherein at least one of the first coupler or the second coupler

comprises at least one of a prism, a triangular lens, or a conical lens.

18.  The filter of claim 16, wherein the first coupler and the second coupler have a same
dielectric permittivity substantially equal to or greater than the first diclectric permittivity of the

first layer.

19. The filter of claim 16, wherein:

at least one of the first coupler or the second coupler has a cross section of an isosceles
triangle with an apex angle selected such that incident radiation substantially normal to the front
surface of the plurality of photonic crystal structures propagates in the plurality of photonic
crystal structures at the Brewster angle defined by the first layer and the second layer.

20. The filter of claim 16, further comprising:
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a quarter wave plate disposed in a beam path of the incident radiation reflected by the
front surface of the plurality of photonic crystal structures; and

a reflective surface, in optical communication with the quarter wave plate and
substantially perpendicular to the incident radiation transmitted through the quarter wave plate,

to reflect the incident radiation back to the front surface with a rotated polarization state.

21. The filter of claim 1, wherein the first layer comprises a porous material and the first

dielectric permittivity is substantially equal to one so as to allow an air compatible operation.

22. The filter of claim 21, wherein the porous material comprises at least one of silicon or

silicon oxide.

23. The filter of claim 1, wherein a first thickness of the at least one multilayer cell in a first
photonic crystal structure in the plurality of photonic crystal structures is at least three time
greater than a second thickness of the at least one multilayer cell in a second photonic crystal
structure in the plurality of photonic crystal structures,

wherein a total number of multilayer cells in the plurality of photonic crystal structure is

greater than 300.

24. A filter to transmit incident radiation at a predetermined incidence angle and to reflect
incident radiation at other incidence angles, the filter comprising:
a plurality of multilayer cells disposed substantially along a surface normal direction of
the filter, at least one multilayer cell in the plurality of multilayer cells comprising:
an isotropic sheet; and
an anisotropic sheet arrayed with the isotropic sheet along the surface normal
direction of the filer, the anisotropic sheet comprising:
a first layer having a first dielectric permittivity; and
a second layer, arrayed with the first layer along the surface normal
direction of the filter, having a second diclectric permittivity less than the first

dielectric permittivity,
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wherein at least one of a first thickness of the first layer or a second
thickness of the second layer is less than a wavelength of the incident radiation
such that incident radiation propagating through the first layer and the second

layer experiences an anisotropic dielectric permittivity.

25. The filter of claim 24, wherein the wavelength of the incident radiation is about 50 nm to

about 100 mm.

26. The filter of claim 24, wherein the anisotropic dielectric permittivity has a first value in a
plane parallel to the isotropic sheet and a second value different than the first value in a plane
perpendicular to the isotropic sheet, and the first value is substantially equal to an isotropic
permittivity of the isotropic sheet so as to transmit the incident radiation at a normal incidence

angle.

27. The filter of claim 24, wherein the plurality of multilayer cells comprises:
a first multilayer cell having a first multilayer cell thickness; and
a second multilayer cell having a second multilayer cell thickness different from the first

multilayer cell thickness.

28. The filter of claim 24, wherein the plurality of multilayer cells comprises:

a stack of first multilayer cells, each first multilayer cell in the stack of first multilayer
cells having a first cell thickness; and

a stack of second multilayer cells disposed over the stack of first multilayer cells, each
second multilayer cell in the stack of second multilayer cells having a second cell thickness

different from the first cell thickness.
29. The filter of claim 24, wherein an ith multilayer cell in the plurality of multilayer cells
has a cell thickness of a; satisfying a,= a1g™", where i is an integer between 1 and 2000 and g is a

positive number greater than one.

30. The filter of claim 24, wherein the plurality of multilayer cells comprises:
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a plurality of stacks of multilayer cells, the ith stack in the plurality of stacks defining a
stack period satisfying: a= aig"", where i is an integer between 1 and 2000, a; is the period of the

i-th stack in the plurality of stacks, ¢ is a positive number greater than one.

31. The filter of claim 24, wherein the plurality of multilayer cells comprises:

a plurality of stacks of multilayer cells, cach stack of multilayer cells in the plurality of
stacks of multilayer cells defining a respective bandgap, the respective bandgaps of the plurality
of stacks of multilayer cells, taken together, forming a continuous bandgap having an upper

bandgap edge about 2.5 times higher than a lower bandgap edge.

32. The filter of claim 24, wherein the second thickness is about 2 to about 50 times greater
than the first thickness.

33. The filter of claim 24, wherein the first diclectric permittivity is about 1.5 to about 15 and

the second dielectric permittivity is about 1.0 to about 5.0.

34. The filter of claim 24, wherein the first dielectric permittivity is at least 5 times greater

than the second diclectric permittivity.

35.  The filter of claim 24, wherein the predetermined incidence angle is about 0 degrees to

about 60 degrees with respect to the optical axis of the filter.

36. The filter of claim 24, further comprising:
a heat source, in thermal communication with the anisotropic sheet, to vary a temperature
of the anisotropic sheet so as to change the anisotropic dielectric permittivity of the anisotropic

sheet.

37. The filter of claim 24, further comprising:
an electrical field source, in electrical communication with the anisotropic sheet, to vary
the anisotropic dielectric permittivity of the anisotropic sheet by applying an electric field over

the anisotropic sheet.
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38. The filter of claim 24, further comprising:
a pressure source, operably coupled to the anisotropic sheet, to vary the anisotropic
dielectric permittivity of the anisotropic sheet by applying a pressure force over the anisotropic

sheet.
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