US 20220308264A1

a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2022/0308264 A1l

ElKabbash et al.

(54)

(71)

(72)

@
(22)

(60)

FANO RESONANT OPTICAL COATING

Applicants: University of Rochester, Rochester,
NY (US); Case Western Reserve
University, Cleveland, OH (US)

Inventors: Mohamed ElKabbash, Cambridge, MA
(US); Chunlei Guo, Rochester, NY
(US); Michael Hinczewski,
Beachwood, OH (US); Giuseppe
Strangi, Cleveland, OH (US)

Appl. No.: 17/703,618
Filed: Mar. 24, 2022

Related U.S. Application Data

Provisional application No. 63/165,881, filed on Mar.
25, 2021.

43) Pub. Date: Sep. 29, 2022
Publication Classification

(51) Inmt. Cl

GO2B 1/00 (2006.01)

GO2B 1/11 (2006.01)

GO2B 5/00 (2006.01)
(52) US. CL

CPC .o G02B 1/005 (2013.01); GO2B 1/11

(2013.01); G02B 5/003 (2013.01)

57 ABSTRACT

An optical coating includes a first resonator with a broad-
band light absorber. A second resonator includes a narrow-
band light absorber which is disposed adjacent to and
optically coupled to the broadband light absorber. The phase
of light reflected from the first resonator slowly varies as a
function of wavelength compared to the rapid phase change
of the second resonator which exhibits a phase jump within
the bandwidth of the broadband light absorber. A thin film
optical beam spitter filter coating is also described.
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FANO RESONANT OPTICAL COATING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and the benefit
of co-pending U.S. provisional patent application Ser. No.
63/165,881, FANO RESONANT OPTICAL COATING,
filed Mar. 25, 2021, which application is incorporated herein
by reference in its entirety.

STATEMENT REGARDING FEDERALLY
FUNDED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under 1IP-1701164 and I1P-1722169 awarded by National
Science Foundation and W911NF-20-1-0256 awarded by
ARMY Research Office. The government has certain rights
in the invention.

FIELD OF THE APPLICATION

[0003] The application relates to optical coatings, particu-
larly to optical coatings for optical filters or mirrors.

BACKGROUND

[0004] Optical coatings are typically thin films of material
deposited on an optical instrument or optical components,
e.g., anti-reflective coatings, color filters, and dielectric
mirrors.

SUMMARY

[0005] An optical coating includes a first resonator broad-
band light absorber. A second resonator includes a narrow-
band light absorber which is disposed adjacent to and
optically coupled to the broadband light absorber. The first
resonator exhibits a phase transition within a bandwidth of
the broadband light absorber which is slower relative to a
rapid phase change of the second resonator within the
bandwidth of the broadband light absorber.

[0006] A resonant destructive interference between spec-
trally overlapping cavities of the first resonator and the
second resonator yields an asymmetric Fano resonance
absorption and reflection line. The broadband light absorber
provides a continuum response. The narrowband light
absorber provides a discrete state response. The optical
coating is typically a thin film optical coating. A phase of
light reflected from the first resonator varies slowly as a
function of wavelength compared to a rapid phase change of
the second resonator which exhibits a phase jump within a
bandwidth of the broadband light absorber.

[0007] The first resonator can include a lossy material on
a metal. The first resonator can include a lossless dielectric
on a lossy metal. The first resonator can include a lossy
dielectric on a lossy metal. The first resonator can include a
dielectric on a lossy material on a metal. The first resonator
can include a lossy material on a dielectric on a metal.
[0008] The second resonator can include a metal dielectric
metal cavity. The second resonator can include a lossless
dielectric on a low loss metal. The second resonator can
include a dielectric mirror-dielectric-dielectric mirror cavity.

[0009] The optical coating can be configured as a beam
splitter filter.
[0010] A thin film optical coating beam spitter filter

includes a first resonator broadband light absorber. A second

Sep. 29, 2022

resonator is a narrowband light absorber disposed adjacent
to and optically coupled to the broadband light absorber. The
thin film optical beam spitter filter coating can be configured
as a multi-band spectrum splitter and a thermal receiver.
[0011] The thin film optical beam spitter filter coating can
be a Fano resonant optical coating (FROC) which behaves
simultaneously as a multi-band spectrum splitter and a
thermal receiver. The thin film optical beam spitter filter
coating can be a component of a hybrid solar thermal-
electric energy generation system.

[0012] The optical coating can include a first metal layer.
A lossless dielectric layer can be disposed adjacent to and
optically coupled to the first metal layer. A second metal
layer can be disposed adjacent to and optically coupled to
the lossless dielectric layer. A lossy material layer can be
disposed adjacent to and optically coupled to the second
metal layer.

[0013] A lossy material layer and the second metal layer
can provide the first resonator including the broadband light
absorber. The second metal layer, the lossless dielectric
layer, and the first metal layer can provide the second
resonator including the narrowband light absorber.

[0014] The foregoing and other aspects, features, and
advantages of the application will become more apparent
from the following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The features of the application can be better under-
stood with reference to the drawings described below, and
the claims. The drawings are not necessarily to scale,
emphasis instead generally being placed upon illustrating
the principles described herein. In the drawings, like numer-
als are used to indicate like parts throughout the various
views.

[0016] FIG. 1A includes graphs showing (i-v) Schematics
of the structure and reflectance R and transmittance T of the
main types of optical coatings including (i) metallic coatings
used as mirrors and beam splitters, (ii) anti-reflective dielec-
tric coatings, (iii) dielectric (Bragg) mirrors, (iv) broadband
optical absorbers, and (v) narrowband absorbers, and (vi)
schematically the new fano resonant optical coating (FROC)
according to the Application;

[0017] FIG. 1B is a drawing showing an exemplary sche-
matic of a FROC having two weakly coupled resonators
where resonator 1 represent a broadband absorber and
resonator 2 represents a narrowband absorber;

[0018] FIG. 1C is a graph showing calculated oscillator
intensities for the structure of FIG. 1B;

[0019] FIG. 1D is a graph showing corresponding oscil-
lator phases ®,(w) for the structure of FIG. 1B;

[0020] FIG. 1E is a graph showing the reflectance from the
whole system of the two coupled resonators;

[0021] FIG. 2A is a graph showing a calculated reflection
and absorption of an exemplary thin-film broadband light
absorber.

[0022] FIG. 2B is a graph showing an exemplary narrow-
band light absorber;

[0023] FIG. 2C is a graph showing an exemplary a FROC
using the structures of FIG. 2A and FIG. 2B;

[0024] FIG. 2D is a graph showing a calculated power
dissipation density in a Ge—Ag structure highlighting the
resonant destructive interference between the broadband and
narrowband nanocavities;
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[0025] FIG. 2E is a graph showing a calculated power
dissipation density in a Ag—TiO,—Ag structure highlight-
ing the resonant destructive interference between the broad-
band and narrowband nanocavities;

[0026] FIG. 2F is a graph showing a calculated power
dissipation density in a Ge—Ag—TiO,—Ag structure high-
lighting the resonant destructive interference between the
broadband and narrowband nanocavities;

[0027] FIG. 2G is a graph showing a measured angular
reflection of a FROC with a high index dielectric (TiO,);
[0028] FIG. 2H is a graph showing a measured angular
reflection of a FROC with a low-index dielectric (MgF,);
[0029] FIG. 21 is a graph showing a low index-contrast
dielectric Bragg reflector vs. the selective reflection of a
FROC with an order of magnitude less thickness;

[0030] FIG. 2J is a graph showing absorbance for an
MDM cavity of the structure of FIG. 2I;

[0031] FIG. 2K is a graph showing absorbance for a
FROC of the structure of FIG. 2I;

[0032] FIG. 3A is a graph showing reflectance of exem-
plary MDM cavities;

[0033] FIG. 3B is a graph showing reflectance of exem-
plary FROCs by increasing a TiO, thickness;

[0034] FIG. 3C is a drawing showing a CIE 1931 color
space showing the colors corresponding to calculated reflec-
tion spectrum of MDM cavities (black dots) and FROC
(circles) with varying cavity thicknesses;

[0035] FIG. 3D is a drawing showing a CIE 1931 color
space showing the colors corresponding to the FIG. 3C
measured reflection spectrum of MDM cavities (black dots)
and FROCs (lighter dots);

[0036] FIG. 3E is a photograph showing a color saturation
of FROCs where the letters “U of R” and “CWRU” are
printed on an MDM cavity by depositing 15 nm Ge layer;
[0037] FIG. 3F shows a photograph of fabricated MDM
cavities and their corresponding FROCs with TiO, thickness
varying from 30 nm to 85 nm;

[0038] FIG. 3G shows a photograph of FROCs corre-
sponding to the fabricated MDM cavities of FIG. 3F with
TiO, thickness varying from 30 nm to 85 nm.

[0039] FIG. 4A is a graph showing the spectral response of
a transmission filter;

[0040] FIG. 4B is a graph showing the spectral response of
a notch filter;
[0041] FIG. 4C is a graph showing the spectral response of

a dielectric coating commonly used as a beam splitter for
pulsed lasers;

[0042] FIG. 4D is a graph showing the measured reflec-
tance and transmittance of a FROC-BSF;

[0043] FIG. 4E is a photograph of a conventional trans-
mission filter and a FROC;

[0044] FIG.5A is a drawing showing a schematic diagram
of'a conventional PV/solar-thermal energy conversion setup;
[0045] FIG. 5B is a drawing of a FROC;

[0046] FIG. 5C is a graph showing a measured absorption
of'a Ge(15 nm)-Ni(5 nm)-TiO,(85 nm)-Ag(120 nm) FROC;
[0047] FIG. 5C is a graph showing a measured absorption
of'a Ge(15 nm)-Ni(5 nm)-TiO,(85 nm)-Ag(120 nm) FROC;
[0048] FIG. 5D is a graph showing a measured reflection
from the same FROC which selectively reflects light within
the wavelength range corresponding to the absorption of an
a-Si PV cell (Amorphous Si absorption);
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[0049] FIG. SE is a graph showing a measured power
output from a PV cell receiving light reflected from an Ag
mirror and a FROC for different optical concentrations
(Cog,y);

[0050] FIG. 5F is a graph showing the temperature of the
PV cell operating with an Ag mirror and a FROC;

[0051] FIG. 5G is a graph showing the temperature of the
Ag mirror and the FROC.

[0052] FIG. 6 is a graph showing tuning the coupling
between the two oscillators by increasing the metal layer
thickness;

[0053] FIG. 7A is a graph showing a phase profile of
thin-film light absorbers, the calculated reflection phase for
a broadband absorber (15 nm Ge-100 nm Ag);

[0054] FIG. 7B is a graph showing a phase profile of
thin-film light absorbers, the calculated reflection phase for
a narrowband absorber (25 nm Ag-60 nm TiO,-100 nm Ag);
[0055] FIG. 8 is a contour plot showing a measured
reflection (p-polarized light, incident angle=15°) of a short
optical thickness FROC;

[0056] FIG. 9 is a contour plot showing how b Because the
Fano resonance bandwidth depends on the MDM cavity
bandwidth;

[0057] FIG. 10A (S5) is a graph showing line-shapes fit
with the Fano formula of eq. E1 for 15 nm Ge-20 nm
AG-190 nm MgF2-100 nm Ag;

[0058] FIG. 10B (S5) is a graph showing line-shapes fit
with the Fano formula of eq. E1 for 15 nm Ge-20 nm AG-45
nm Ti0,-100 nm Ag;

[0059] FIG. 10C (S5) is a graph showing line-shapes fit
with the Fano formula of eq. E1 for 15 nm Ge-20 nm
AG-150 nm TiO,-100 nm Ag;

[0060] FIG. 11 has contour graphs showing an angular
reflection for TE polarized light of a FROC with (Top) TiO,
and (bottom) MgF,, as a dielectric;

[0061] FIG. 12 is a drawings showing and experimental
setup to measure spectral splitting using an iridescent
FROC;

[0062] FIG. 13Ais a graph showing the calculated group
velocity normalized with the speed of light in vacuum (v, /c)
and absorption in an MDM cavity.

[0063] FIG. 13B is a graph showing the calculated group
velocity normalized with the speed of light in vacuum (v /c)
and absorption in a FROC that includes the MDM cavity of
FIG. 13A;

[0064] FIG. 14A is a graph that schematically shows the
spectral response of a transmission filter that retlects a broad
spectral range while transmits a narrow spectral range;
[0065] FIG. 14B is a graph showing a notch filter that
reflects a narrow wavelength range and transmits the
remainder;

[0066] FIG. 14C is a graph showing an incident broadband
light, where the color reflected and transmitted are not the
same;

[0067] FIG. 15Ais a drawing showing a metallic substrate
is semitransparent, the FROC color in reflection and trans-
mission;

[0068] FIG. 15B is another drawing showing a metallic
substrate is semitransparent, the FROC color in reflection
and transmission;

[0069] FIG. 15C is a drawing showing the reflected and
transmitted light from an MDM cavity which reflects yellow
and transmits purple;



US 2022/0308264 Al

[0070] FIG. 15D is a drawing showing how a FROC
transmits and reflects the same color (red);

[0071] FIG. 16 is a drawing showing a schematic of a CPV
system,
[0072] FIG. 17 is a drawing showing a schematic of a CSP

system with a parabolic trough;

[0073] FIG. 18 is a drawing showing a schematic of a solar
TPV system;

[0074] FIG. 19 is a graph showing FROC emissivity vs.
Temperature;

[0075] FIG. 20 is a contour graph showing the measured
Angular reflection of the Ge(15 nm)-Ni(5 nm)-TiO2(85
nm)-Ag(120 nm) FROC used for HTEP generation;

[0076] FIG. 21 is a drawing showing an exemplary hybrid
Solar thermal-electric energy generation setup showing a
solar simulator with two lenses that control the optical
concentration;

[0077] FIG. 22 is a graph showing a theoretical reflectance
R and transmittance T curves for the FROC in the beam
splitter configuration for material parameters;

[0078] FIG. 23 is a drawing showing an optical coating
according to the Application, as a broadband light absorber
(e.g. resonator 1, FIG. 1B) disposed adjacent to a narrow
band absorber (e.g. resonator 2, FIG. 1B);

[0079] FIG. 24A is a drawing showing a first resonator
including a lossy material on a metal;

[0080] FIG. 24B is a drawing showing a first resonator
including a lossless dielectric on a lossy metal;

[0081] FIG. 24C is a drawing showing a first resonator
including a lossy dielectric on a lossy metal;

[0082] FIG. 24D is a drawing showing a first resonator
including a dielectric on a lossy material on a metal;
[0083] FIG. 24E is a drawing showing a first resonator
including a lossy material on a dielectric on a metal;
[0084] FIG. 25A is a drawing showing a second resonator
including a metal dielectric metal cavity;

[0085] FIG. 25B is a drawing showing a second resonator
including a lossless dielectric on a low loss metal; and
[0086] FIG. 25C is a drawing showing a second resonator
including a dielectric mirror-dielectric-dielectric mirror cav-

1ty.
DETAILED DESCRIPTION

[0087] In the description, other than the bolded paragraph
numbers, non-bolded square brackets (“[ 1) refer to the
citations listed hereinbelow.

[0088] The Application is divided into 10 parts. Part 1
Introduction, Part 2 Coupled oscillator theory in thin-film
optical coatings, Part 3 Demonstration and properties of
FROCs, Part 4 Full and high purity structural coloring in
FROCs, Part 5 FROCs as beam splitter filters, Part 6 Hybrid
Solar thermal/electric energy generation using FROCs, Part
7 Other Applications, Part 8 Supplemental description, Part
9 FROC Generalized, and Part 10 Theory.

Definitions

[0089] Lossy Material—A material with strong optical
losses within a given wavelength range such that a thick
layer of the material is not transparent.

[0090] Lossless Dielectric—an optically transparent mate-
rial with low optical losses. Lossy Metal—A metal that
deviates significantly from the behavior of a perfect electric
conductor (PEC). These metals have a high absorption
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coeflicient. At optical wavelengths, examples of these metals
are tungsten, Nickel and Chromium. Low loss metals at
optical wavelengths are Silver, Gold, and Aluminum.
[0091] Part 1 Introduction:

[0092] In photonics, Fano resonance takes place when two
oscillators with different damping rates are weakly coupled,
i.e., by coupling resonators with narrow (weakly damped)
and broad (strongly damping) spectral lines [1]. While
individual Mie scatterers exhibit a subtle Fano resonance
near their plasmonic or polaritonic resonance [1,2], a clear
Fano resonance is observed in the extinction of coupled
plasmonic nanostructures with multiple overlapping reso-
nances with different damping rates. This is realized by
coupling a radiatively broadened bright mode and a dark
mode [3-8]. In metamaterials, Fano resonance was demon-
strated in the reflection of asymmetric split-ring resonators
which occurs due to the interference between narrowband
magnetic dipole and broadband electric dipole modes [6-9].
High quality factor Fano resonance was demonstrated in
all-dielectric metasurfaces [10]. The steep dispersion asso-
ciated with Fano resonances and their relatively high qual-
ity-factor promise various applications in lasing, structural
coloring [11], slow light devices [1,12] optical switching and
bi-stability [13], biosensing [14], ultrasensitive spectroscopy
[15], nonlinear optical isolators [16], and image processing
[17]. In addition, Fano resonance morphs into electromag-
netic induced transparency when the energy levels of both
broad and narrow resonance coincide [1,18,19]. However,
demonstrations of Fano resonance in nanophotonic devices
typically require time consuming and costly nano-lithogra-
phy fabrication techniques, e.g., electron-beam lithography
or focused-ion beam milling [7] which limits their utility
from a technological perspective.

[0093] Optical coatings represent a century old class of
optical elements that are integral components in nearly every
optical instrument with unlimited technological applications
[20-36]. FIG. 1A schematically shows the main types of
thin-film optical coatings. A metallic film deposited on a
transparent substrate (FIG. 1A-i) forms the simplest optical
coating that can serve as a mirror or as a beam splitter by
controlling the film thickness. An anti-reflective coating
(FIG. 1A-ii) suppresses reflection includes a dielectric film
deposited on a higher index dielectric substrate in its sim-
plest form. A dielectric (Bragg) mirror includes multiple
dielectric thin films with different refractive indices (FIG.
1A-iii) and optical thickness ~A/4 where A is the central
wavelength reflected. More recently, significant attention
was given to thin-film optical absorbers as they provide
large-scale and inexpensive alternative to complex and
lithographically intense nano-resonators, metamaterials, and
metasurfaces for controlling light absorption and thermal
emission beyond the intrinsic absorption/emission of mate-
rials [27, 28, 30-33, 37-43]. A broadband light absorber has
an ultrathin dielectric film with strong optical losses depos-
ited on a highly reflective metallic substrate [32] or a lossless
dielectric on an absorptive substrate [31] with promising
applications in solar energy conversion and solar-based
water splitting [32, 44]. A narrowband light absorber has a
metal-dielectric-metal (MDM) cavity which was shown as
an absorption filter for structural coloring [30, 33] and gas
sensing [45, 46]. Note that light absorbers are essentially
absorptive anti-reflection coatings.

[0094] A new type of thin film optical coating that exhibits
photonic Fano resonance is described in this Application.



US 2022/0308264 Al

The optical coating has a broadband light absorber, repre-
senting the continuum, and a narrowband light absorber,
representing the discrete state (FIG. 1A-vi) such that the
resonant destructive interference between the spectrally
overlapping cavities yields an asymmetric Fano resonance
absorption and reflection line. We first describe an analytical
model for Fano Resonant Optical Coatings (FROCs) based
on the coupled oscillator theory. Then we describe FROCs’
optical properties as compared to other commonly used
optical coatings, e.g., thin-film light absorbers, dielectric
mirrors, transmission filters, and beam splitters. Experimen-
tally demonstrated structural color generation with FROCs
which covers the full color gamut with high color purity and
saturation is also described. A property of semi-transparent
FROCs is also described, where the FROC behaves as a
beam-splitting color filter. Finally, Efficient hybrid solar
thermal/electric energy generation using FROCs is
described.

[0095] FIG. 1A includes graphs showing (i-v) Schematics
of the structure and reflectance R and transmittance T of the
main types of optical coatings including (i) metallic coatings
used as mirrors and beam splitters, (ii) anti-reflective dielec-
tric coatings, (iii) dielectric (Bragg) mirrors, (iv) broadband
optical absorbers, and (v) narrowband absorbers, and (vi)
schematically the new Fano resonant optical coating
(FROC) according to the Application.

[0096] FIG. 1B is a drawing showing an exemplary sche-
matic of a FROC having two weakly coupled resonators
where resonator 1 represent a broadband absorber and
resonator 2 represents a narrowband absorber. FIG. 1C is a
graph showing calculated oscillator intensities for the struc-
ture of FIG. 1B. The calculated oscillator intensities
IA (w)I?, i=1, 2. The resonant frequencies @, are indicated as
dashed lines. FIG. 1D is a graph showing corresponding
oscillator phases ®,(w) for the structure of FIG. 1B. FIG. 1E
is a graph showing the reflectance from the whole system of
the two coupled resonators (labeled coupled re. 1 and 2). For
contrast, the reflectance of just resonator 1 (lossy material on
a metal substrate) (labeled res. 1 alone).

[0097] Part 2 Coupled Oscillator Theory in Thin-Film
Optical Coatings:

[0098] The coupled mechanical oscillator model is used
extensively to model Fano resonances [47]. We extend the
coupled oscillator theory to thin film optical coatings [1, 48]
(for detailed derivation See Theory). A schematic of a FROC
is shown in FIG. 1B: Resonator 1 includes a lossy material
of thickness L, and complex refractive index n,=n_““+in_,
followed by a metal of thickness L, and complex refractive
index n,,=n,, “+in, . Resonator 2 is an MDM cavity [49]
having a thin metallic film with thickness Lm, a lossless
dielectric with thickness L, and refractive index n,, and an
optically opaque metallic substrate. The total electric field
within the first and second resonators are E, and E,, respec-
tively. We define an intensity ratio A, as the ratio of the field
inside the kth resonator (E,) to the field injected into the kth
resonator (E,;), i.e., A,;=E/E,). These ratios are given by:
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[0099] FIG. 1C shows the calculated oscillator intensities
IA(w)I*. The resonant frequencies , are indicated by a
dashed line. The oscillator phases ®,(®) defined through
A (w)=IA(w)lexp (iP,(®)), are shown in FIG. 1D. Note that
the phase of the strongly damped oscillator (resonator 1)
varies slowly, while the phase on the weakly damped
oscillator (resonator 2) changes by ~x at resonance. When
the two resonators are coupled and resonator 1 is driven by
a field incident from the superstrate E,, we can express the
total field injected into resonator 1 as E,=t, E+
Byt il S04 T turn, the field in resonator 2
exists due to the field from resonator 1 propagating down-
ward through the spacer and is given by, E,=E,t_e**®.
Here t,, and t,, represent transmission coefficients across the
metal spacer layer (See FIG. 1B and Theory). These rela-
tionships can be expressed in the following matrix equation
for E, and E,:

L P Faa P @ 204 (@82 @) ®

)

—7. e%ale)
“ A2 (w)

[0100] The coupling between E, and E, occurs through the
off-diagonal terms in the matrix. We now have all the
necessary ingredients for Fano resonance: a strongly
damped, driven oscillator (resonator 1), weakly coupled to a
weakly damped oscillator (resonator 2). Equation 3 enables
us to obtain the reflectance from the coupled oscillator as
shown in FIG. 1E. The coupled oscillator reflectance shows
a narrow reflection band that exhibits the asymmetric Fano
line shape with a peak occurring at ~,. Note that for t,,, and
t,,—0, i.e., for an optically opaque top metal film, i.e., when
the cavities are decoupled, (L,,—<0), the off-diagonal terms
vanish and the Fano resonance disappears.

[0101] Part 3 Demonstration and Properties of FROCs:

[0102] FIG. 2A is a graph showing a calculated reflection
and absorption of an exemplary thin-film broadband light
absorber. FIG. 2B is a graph showing an exemplary narrow-
band light absorber. FIG. 2C is a graph showing an exem-
plary a FROC using the structures of FIG. 2A and FIG. 2B.

[0103] FIG. 2D is a graph showing a calculated power
dissipation density in a Ge—Ag structure highlighting the
resonant destructive interference between the broadband and
narrowband nanocavities. FIG. 2E is a graph showing a
calculated power dissipation density in a Ag—TiO, —Ag
structure highlighting the resonant destructive interference
between the broadband and narrowband nanocavities. FIG.
2F is a graph showing a calculated power dissipation density
in a Ge—Ag—TiO,—Ag structure highlighting the resonant
destructive interference between the broadband and narrow-
band nanocavities.

[0104] FIG. 2G is a graph showing a measured angular
reflection of a FROC with a high index dielectric (TiO,), and
FIG. 2H is a graph showing a measured angular reflection of
a FROC with a low-index dielectric (MgF,).

[0105] FIG. 2I is a graph showing a low index-contrast
dielectric Bragg reflector vs. the selective reflection of a
FROC with an order of magnitude less thickness. The
calculated group velocity normalized with the speed of light
in vacuum (v,/c) and absorption. FIG. 2] is a graph showing
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absorbance for an MDM cavity of the structure of FIG. 2I.
FIG. 2K is a graph showing absorbance for a FROC of the
structure of FIG. 21.

[0106] FIG.2A, FIG. 2B, and FIG. 2C show the calculated
reflectance and absorptance of a broadband absorber, nar-
rowband absorber, and a FROC using the transfer matrix
method, respectively. The exemplary broadband absorber
(FIG. 2A) includes a 15 nm Germanium film on 100 nm
silver film Ag [Ge (15 nm)-Ag (100 nm)| with an absorption
band full-width half maximum (FWHM) of ~600 THz. The
exemplary narrowband absorber (FIG. 2B) includes an
MDM cavity Ag (30 nm)-TiO, (50 nm)-Ag (100 nm) pro-
ducing an absorption line with a FWHM 15 THz. FIG. 2C
shows the calculated reflection and absorption of a FROC
[Ge (15 nm)-Ag (30 nm)-TiO, (50 nm)-Ag (100 nm)]. The
FROC in FIG. 2C is realized by overlapping the broadband
absorber, which represents a continuum with a nearly con-
stant phase, and a narrowband absorber with a rapid phase
shift near resonance (See FIG. 6). The FROC produces
broadband absorption except at wavelengths corresponding
to the MDM cavity resonance where it shows an asymmetric
(Fano) reflection and absorption lines (See also FIG. 7). FIG.
2E, FIG. 2E, and FIG. 2F, show the calculated power
dissipation density corresponding to the optical coatings
presented in FIG. 2A, FIG. 2B, and FIG. 2C, respectively
(See Theory). For the broadband absorber (FIG. 2d), the
incident light is trapped inside the absorbing Ge film [46].
Similarly, when the MDM cavity is at resonance, light is
trapped inside the cavity and dissipated in the metallic
mirrors (FIG. 2E). By overlapping the two optical coatings,
resonant destructive interference between the two resonators
takes place and light escapes both resonators (FIG. 2F).

[0107] Note that FROC’s reflection-line closely mirrors
the MDM cavity’s absorption-line in terms of resonant
wavelength and bandwidth. Consequently, the selective
reflection’s wavelength, bandwidth, and iridescence, are
determined by the MDM cavity [33] (See Theory). FIG. 2G
and FIG. 2H show the measured angular reflection spectrum
of p-polarized light from a high-index dielectric FROC [Ge
(15 nm)-Ag (20 nm)-TiO, (100 nm)-Ag (100 nm)], and a
low-index dielectric FROC [Ge (15 nm)-Ag (20 nm)-MgF,
(180 nm)-Ag (100 nm)], respectively (See also FIG. 8 for
s-polarized angular reflection). Note that the refractive indi-
ces of TiO, and MgF, are ~2.2 and 1.35, respectively. The
reflectance of the high-index FROC is angle independent
over a wide angular range (x70°), while low-index FROC is
highly iridescent. Iridescent structural colors are important
for anti-counterfeiting measures used in many currencies
and spectral splitting of the solar spectrum (See also FIG. 9
[25]. For most structural coloring applications, however,
iridescence is problematic and using a high-index FROC is
more suitable.

[0108] The observed selective reflection is reminiscent of
dielectric mirrors, e.g., distributed Bragg reflectors (DBR).
While dielectric mirrors are used as high-reflection coatings,
their selective reflection properties make them attractive for
structural coloring and single frequency lasers [50,51]. The
bandwidth of a DBR mirror is inversely proportional to the
refractive index difference between its two constituting
dielectrics. Similarly, the number of periods to achieve high
reflection is inversely proportional to the index difference.
FIG. 21 compares the calculated reflectance of a DBR mirror
and a FROC. The exemplary DBR includes Al,0;-SiO, 10
bilayers with overall thickness of 1.9 um and FWHM ~100
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nm. The exemplary FROC includes Ge (15 nm)-Ag (35
nm)-TiO, (105 nm)-Ag (100 nm), with an overall thickness
of 0.255 pm and FWHM of ~30 nm. Accordingly, FROCs
can provide narrowband selective reflectance with an order
of magnitude less thickness compared to DBR mirrors.
FROCs act as an ultrathin absorptive notch filter, i.e., it
absorbs the remainder of the operating wavelength range
instead of transmitting it as in traditional notch filters
(shown in FIG. 4B). Accordingly, FROCs are a viable
alternative to notch filters where noise from unwanted
transmitted light is problematic.

[0109] The high dispersion associated with Fano reso-
nance leads to a high effective group index and slow light
[12]. Although an MDM cavity exhibits low group velocity
v,, the lowest v, corresponds to maximum optical losses
(~0.55) inside the cavity (FIG. 2J). In FROCs, however, the
lowest v, (here ~0.017 c) corresponds to minimum optical
losses (~0.15) (FIG. 2K) which makes FROC a promising
candidate for nanoscale slow light devices [52] (the group
velocity calculations are presented in Theory).

[0110] Part 4 Full and High Purity Structural Coloring in
FROCs:
[0111] FIG. 3A is a graph showing reflectance of exem-

plary MDM cavities. FIG. 3B is a graph showing reflectance
of exemplary FROCs by increasing a TiO, thickness. FIG.
3C is a drawing showing a CIE 1931 color space showing
the colors corresponding to calculated reflection spectrum of
MDM cavities (black dots) and FROC (circles) with varying
cavity thicknesses. FIG. 3D is a drawing showing a CIE
1931 color space showing the colors corresponding to the
FIG. 3C measured reflection spectrum of MDM cavities
(black dots) and FROCs (lighter dots). The overall color
purity of FROC: is significantly higher than MDM cavities.
FIG. 3E is a photograph showing a color saturation of
FROCs where the letters “U of R” and “CWRU” are printed
on an MDM cavity by depositing 15 nm Ge layer. FIG. 3F
shows a photograph of fabricated MDM cavities and their
corresponding FROCs with TiO, thickness varying from 30
nm to 85 nm. FIG. 3G shows a photograph of FROCs
corresponding to the fabricated MDM cavities of FIG. 3F
with TiO, thickness varying from 30 nm to 85 nm.

[0112] The narrowband selective reflection of FROCs’
and the ability to control the angular and spectral properties
of the reflection spectrum make them an excellent platform
for structural coloring. Nanophotonic structural coloring
technologies have promising applications including high-
density coloration [53, 54], anti-counterfeiting and data
storage. Plasmonic [54-56], thin-film [30, 31, 33, 39], and
metamaterial and metasurface-based [57, 58] structural col-
oring were demonstrated. An ideal platform for structural
coloring should have scalable and inexpensive production,
access the entire color gamut, provide colors with high
purity and for most applications, should be angle indepen-
dent. The colors formed using MDM cavities and other light
absorption Theory generate subtractive colors, i.e., mainly
provide Cyan-Magenta-Yellow (CMY) colors [58, 59]. FIG.
3 A shows the measured p-polarized reflection spectrum of
exemplary MDM cavities including Ag (20 nm)-TiO, (35
nm-70 nm)-Ag (100 nm). FIG. 3B shows the reflection
spectrum of the same MDM cavities after adding a 15 nm Ge
layer to convert them into FROCs. The reflection lines
produced by the FROCs can span the visible spectrum and
target a relatively narrow range of colors, i.e., the produced
colors are not subtractive. FIG. 3C shows the calculated
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colors produced by FROCs (blue circles) vs. MDM cavities
(black dots) represented in CIE 1931 color space (See also
FIG. 11 and FIG. 12). The white point corresponds to the
spectrum of the illuminant, i.e., white light. FROCs access
the entire color gamut since they provide selective reflection
at different wavelengths. The experimental results for MDM
and FROC structures for TiO, thickness ranging from 35 nm
to 150 nm are shown in FIG. 3D. Access to the entire color
gamut with a similar reflection profile has been realized
recently with multipolar metasurfaces, which—in contrast
with FROC—require intense nanolithography [60].

[0113] The color purity of a given structure is determined
by considering the relative distance between the structure’s
coordinate in the CIE color space and the white point.
FROC:s have significantly high color purity and saturation
compared to MDM structures (See also FIG. 13A) [61]. FIG.
3E shows a photograph of two MDM cavities with CWRU
and U of R letters “printed” on them by depositing a Ge layer
and converting these regions to a FROC. The color satura-
tion is visibly clear for the colors produced using FROCs.
This printing method can be used for optical archival data
storage. FIG. 3F and FIG. 3G show photos of MDM cavities
and the corresponding FROCs, respectively. FROCs are
capable of reflecting blue, green, and red colors by simply
increasing the dielectric thickness.

[0114] With continued reference to FIG. 3A to FIG. 3G,
the relatively high-quality factor of FROCs’ selective reflec-
tion and the ability to control the angular and spectral
properties of the reflection spectrum make them an excellent
platform for structural coloring. As opposed to pigments,
structural colors are produced due to the material’s structure
not its chemical composition, hence, they can be immune to
chemical degradation and enjoy mechanical stability and
robustness with great promise to high-density coloration
[53, 54], anti-counterfeiting and data storage. Plasmonic [31,
55, 56], thin-film [30, 31, 33, 39], and metamaterial and
metasurface-based [58, 57] structural coloration were dem-
onstrated. However, an ideal platform for structural coloring
should have scalable and inexpensive production, should
access the entire color gamut, and for most applications
should be angle independent and provide colors with high
purity and saturation. The colors formed using MDM cavi-
ties and other light absorption methods generate subtractive
colors, i.e., mainly provide Cyan-Magenta-Yellow (CMY)
colors [58, 59]. FIG. 3A shows the measured p-polarized
reflection spectrum of exemplary MDM cavities including
Ag (20 nm)-TiO,-Ag (100 nm) by varying the thickness of
the TiO, film from 35 nm-70 nm. FIG. 3B shows the
reflection spectrum of the same MDM cavities after adding
a 15 nm Ge layer to convert them to FROCs. The reflection
lines produced by the FROCs span the visible spectrum and
target a relatively narrow range of color, i.e., the produced
colors are not subtractive and are quasi-monochromatic.
FIG. 3C shows the calculated colors produced by FROCs
(blue circles) vs. MDM cavities (black dots) represented in
CIE 1931 color space (see Methods) that links distributions
of electromagnetic wavelengths to visually perceived colors.
FROC:s are thus capable of accessing the entire color gamut
since they provide selective reflection at different wave-
lengths by simply changing the dielectric thickness. The
experimental results for MDM and FROC structures for
TiO, thickness ranging from 35 nm to 150 nm are shown in
FIG. 3D. The white point corresponds to the spectrum of the
illuminant, i.e., white light. The color purity of a given
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structure is determined by considering the relative distance
between the structure’s coordinate in the CIE color space
and the white point. Overall, FROCs have significantly high
color purity compared to MDM structures as well as other
experimentally reported structural coloring space [61]. We
note that access to the entire color gamut with a similar
reflection profile has been realized recently with multipolar
metasurfaces, however, by using intense nanolithography
[60].

[0115] FIG. 3E shows a photograph of two MDM cavities
with CWRU and U of R letters “printed” on them by
depositing a Ge layer and converting these regions to a
FROC. The color saturation is visibly clear for the colors
produced using FROCs. This printing method can be used
for optical archival data storage. FIG. 3F and FIG. 3G show
the produced colors from MDM cavities and the correspond-
ing FROCs, respectively. FROCs are capable of reflecting
blue, green, and red colors by simply increasing the dielec-
tric thickness.

[0116] Part 5 FROCs as Beam Splitter Filters:

[0117] The optical coating can be configured as a beam
splitter filter. A thin film optical coating beam spitter filter
includes a first resonator broadband light absorber. A second
resonator is a narrowband light absorber disposed adjacent
to and optically coupled to the broadband light absorber. The
thin film optical beam spitter filter coating can be configured
as a multi-band spectrum splitter and a thermal receiver.
[0118] FIG. 4A is a graph showing the spectral response of
a transmission filter. FIG. 4B is a graph showing the spectral
response of a notch filter. FIG. 4C is a graph showing the
spectral response of a dielectric coating commonly used as
a beam splitter for pulsed lasers. FIG. 4D is a graph showing
the measured reflectance and transmittance of a FROC-BSF.
The reflection and transmission peaks mostly overlap. FIG.
4E is a photograph of a conventional transmission filter and
a FROC. The former reflects red while transmits green.
FROC however reflects and transmits the same blue color.
[0119] FROCs enjoy a unique property unattainable by
existing thin-film optical coatings; acting as a beam splitter
filter (BSF). An optical filter is an optical element that
selectively transmits, reflects, or absorbs a portion of the
optical spectrum. FIG. 4A schematically shows the spectral
response of a transmission filter that reflects a broad spectral
range while transmits a narrow spectral range. On the other
hand, a notch filter (FIG. 4B) reflects a narrow wavelength
range and transmits the remainder. If the incident light is
broadband all the filters introduced in FIG. 4A, FI1G. B, FIG.
C will reflect and transmit different colors, the reflected and
transmitted colors are different. Consequently, conventional
coatings cannot act as a BSF, i.e., it transmits and reflects
same color under broadband illumination. Even a dielectric
beam splitter, commonly used to split ultrafast pulsed lasers,
does not behave as a BSF as shown in FIG. 4C, i.e., for an
incident broadband light, the color reflected and transmitted
are not the same. Note also that intensity filters, e.g.,
reflection filter using silvered substrates, are not spectral
filters, i.e., they attenuate the transmission at (almost) all
wavelengths.

[0120] Conversely, FROCs with semi-transparent metallic
films do act as BSFs. FIG. 4D shows the measured reflec-
tance and transmittance (incidence angle is 15°) from a
BSF-FROC [Ge (15 nm)-Ag (20 nm)-TiO, (85 nm)-Ag (20
nm)]. Clearly the reflection and transmission peaks overlap
at ~645 nm. FIG. 4F shows a photo of a transmission filter
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and a BSF-FROC. The transmission filter reflects and trans-
mit different colors (red and green, respectively), while the
BSF-FROC reflects and transmits the same blue color (See
also, FIG. 10A-FIG. 10C). This property is particularly
interesting for structural coloring of transparent objects.
[0121] Part 6 Hybrid Solar Thermal/Electric Energy Gen-
eration Using FROCs:

[0122] FIG. SAis a drawing showing a schematic diagram
of a conventional PV/solar-thermal energy conversion setup
where concentrated solar light is incident on a spectrum
splitting filter that reflects photons with energies greater than
the PV bandgap energy E_ to a PV cell, while transmitting
the rest to a separate thermal receiver. FIG. 5B is a drawing
of a FROC which reflects photons with energies ~E,, while
directly absorbing photons >>E,, or <E,. FIG. SC is a graph
showing a measured absorption of a Ge(15 nm)-Ni(5 nm)-
TiO,(85 nm)-Ag(120 nm) FROC which shows an overall
high average absorption within the solar spectrum (Orange
line). FIG. 5C is a graph showing a measured absorption of
a Ge(15 nm)-Ni(5 nm)-TiO,(85 nm)-Ag(120 nm) FROC
which shows an overall high average absorption within the
solar spectrum (AM 1.5 solar irradiance). FIG. 5D is a graph
showing a measured reflection from the same FROC which
selectively reflects light within the wavelength range corre-
sponding to the absorption of an a-Si PV cell (Amorphous
Si absorption). FIG. 5E is a graph showing a measured
power output from a PV cell receiving light reflected from
an Ag mirror and the FROC for different optical concentra-
tions (Cy,,). FIG. 5F is a graph showing the temperature of
the PV cell operating with an Ag mirror and a FROC. FIG.
5G is a graph showing the temperature of the Ag mirror and
the FROC.

[0123] Now turning to solar energy applications of
FROCs, optical coatings are widely used in solar energy
conversion [20, 36, 62] e.g., to split the solar spectrum into
several bands to increase the net efficiency of photovoltaics
(PV) cells where the solar spectrum is split among PV cells
with different bandgaps to achieve efficiencies beyond the
Shockley-Queisser limit. However, due to recent advances
in PV efficiency and cost, the main challenge facing solar
energy generation is dispatchability. From an electricity grid
management perspective, solar power generation is equiva-
lent to a decrease in energy demand from power plants. The
mismatch between peak solar energy (mid-day) production
and peak energy demand (sunset) is causing major energy
regulation issues due to the so-called Duck Curve problem
[63]. As the sun sets solar energy production decreases
rapidly, while energy demands peaks which requires an
intense ramp-up in energy production from power plants
which can damage existing energy infrastructure. In addi-
tion, power plants economics require continuous operation
which can cause power over-generation. To address this
problem, grid managers curtail solar energy generation by
switching-off solar panels [64]. Hybrid thermal-electric
solar energy generation can address the dispatchability prob-
lem by splitting the solar spectrum into a PV band that
generates electricity and thermal band(s) that generates heat
which can be stored for night time usage [62, 65]. A major
practical challenge for hybrid thermal-electric systems,
however, is finding feasible optical materials that can effi-
ciently divide the solar spectrum [65-68].

[0124] In addition, most PV cells do not operate efficiently
at high optical intensities 1=C,,1,,,,, where C,,, is the
optical concentration, and I is the solar radiation inten-

solar
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sity and is ~1000 W-m~2. This is because absorbed photons
with energies lower or much larger than the PV cell bandgap
energy E, are converted to thermal energy due to sub-
bandgap absorption or thermal relaxation of high energy
photons. The thermalization of PV cells deteriorates their
efficiency. Furthermore, the aging rate of PV cells can
double with every 10° C. increase in their temperature [69].
Several approaches were introduced to cool PV cells. [68,
70-72]. These approaches, however, mitigate the thermally
induced efficiency reduction and do not exploit the excess
thermal energy.

[0125] FROCs can address both the Duck curve problem
and the PV cell heating problems. FIG. 5A shows a con-
ventional hybrid PV/solar-thermal energy conversion strat-
egy where incident solar spectrum is concentrated on a
spectrum splitter which directs sub-bandgap photons (<E,)
to a thermal receiver and reflect photons with energies >E,
to a PV cell. A FROC, however, can divide the solar
spectrum into three bands; a PV band corresponding the
selective reflection wavelength range that reflects useful
photons to the PV subsystem, and two thermal bands where
photons with energies <B, and >>E, are absorbed and
converted to heat as shown schematically in FIG. 5B. A
FROC behaves simultaneously as a multi-band spectrum
splitter and a thermal receiver.

[0126] An exemplary FROC including Ge(15 nm)-Ni(5
nm)-TiO,(85 nm)-Ag(120 nm) can be used to reflect within
the PV band of an amorphous-Si (a-Si) PV cell. FIG. 5C
shows the measured absorption of unpolarized light incident
on the FROC at 45° incidence angle. The FROC has strong
absorption over the entire solar spectrum with limited
absorption beyond the solar spectrum, i.e., it behaves as a
selective light absorber with average absorptance o~0.55
(See Theory). The solar irradiance spectrum (AM 1.5) is
shown for reference. FIG. 5D shows the FROC reflection of
unpolarized light at 45° incidence angle where the Fano
resonance peak overlaps strongly with the a-Si absorption
band (shown in green), i.e., the FROC is designed to
selectively reflect the PV band of an a-Si PV cell. Because
the TiO, refractive index has a weak temperature depen-
dence within the temperature range of interest [73], heating
does not affect the FROC’s resonance. The a-Si PV cell,
thus, receives useful photons only and, ideally, can operate
with higher efficiency at higher optical concentrations, while
the FROC high temperature can be independently used for
other solar-thermal application or for energy storage. In
addition, the FROC behaves as a selective solar absorber as
it has low spectral emissivity e~0.0014 in the IR wavelength
range (See FIG. 14A-FIG. 14C). The low emissivity sup-
presses the blackbody radiation losses and increases the
optothermal efficiency of the absorber [74, 75].

[0127] To demonstrate hybrid thermal/electric energy gen-
eration using FROCs experimentally, a solar simulator and
a lens were used to provide optical concentration in a
configuration similar to the one presented in FIG. 5B (See
also, FIG. 15A-FIG. 15D). Solar light is incident on a
reflecting silver mirror or a FROC tilted at a 45° angle and
is then directed to an a-Si PV cell. The temperature of the Ag
mirror, FROC and the PV cell are measured via thermo-
couples (See Theory). At low optical concentrations C,,,,,
the PV generates more power for light reflected from an Ag
mirror (FIG. 5E). However, for C,,22, the PV receiving
solar light from a FROC generates higher power. This is
because for lower optical concentrations the higher reflec-
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tion of the Ag mirror within the PV band outweighs the
efficiency deterioration due to heat generated inside the PV.
At higher C,,, however, the thermalization reduces the PV
efficiency and a PV operating with a FROC generates more
power. FIG. 5F shows that the measured temperature of a PV
cell operating with light reflected from an Ag mirror is
consistently higher than the PV cell operating with light
reflected from a FROC. The temperature difference between
the two PV cells at C,, =9 is ~30° C., i.e., a possible six-fold
increase in the projected lifetime of the PV cell operating
with a FROC. The generated power from the FROC/PV
system is ~50% higher than the Ag/PV system at C,,=5.
[0128] In addition, the FROC temperature is higher than
the silver mirror temperature for all optical concentrations
(FIG. 5G) i.e., the unwanted heat inside the PV is now
generated inside the FROC and can be used for thermal
energy storage. Note that an alternative approach is to
overlap a DBR mirror with a selective solar, however, this
approach requires micron thick mirrors and if the PV band
is narrow, as in the case with a-Si cells, DBR mirrors may
not be practical [66, 67].

[0129] Part 7 Other Applications:

[0130] Superior PV efficiency under one sun illumination
is another use for FROCs. Moreover, multiple Fano reso-
nances can be used to create hybrid thermal electric energy
generation while operating a multijunction PV cell. Double
and multi-Fano resonances can be accomplished using
FROCs [77] as well as the photonic analogue of electro-
magnetic induced transparency. Furthermore, nonlinear
properties of FROCs can open the door for active photonic
applications [78] and reconfigurable nonreciprocity [79].
Incorporating a phase change material in FROC can be used
for tunable optical modulators with high modulation depth
and can find applications in steganography [80, 81]. The
reflection spectrum of FROCs suggests that they can support
new types of resonant surface electromagnetic waves [82].
Finally, FROCs behavior as an absorptive and iridescent-
free notch filter promises a wide range of applications for
low noise point of care diagnostic instruments.

[0131] Part 8 Supplemental Description

[0132] Tuning the Coupling Between the Oscillators:
[0133] FIG. 6 is a graph showing tuning the coupling
between the two oscillators by increasing the metal layer
thickness. From Part 2, equation 3, it can be seen that as we
decrease the transmission across the metallic layer, i.e., as
t,, and t, —0, the coupling between the cavities decrease
(See FIB. 1B). Accordingly, tuning the coupling is tanta-
mount to tuning the transmission across the metallic layer,
e.g., by changing its thickness or using different types of
metals, e.g., Cu, Au, or Al. The coupling tunability by
changing the thickness of the metallic film from 5 nm to 70
nm was experimentally demonstrated as shown in FIG. 6. As
the metal thickness increase (L,,—><o) the coupling decrease
and the Fano resonance spectral lineshape diminish. Fano
resonance almost entirely disappear when L, =70 nm.
[0134] FIG. 7A is a graph showing a phase profile of
thin-film light absorbers, the calculated reflection phase for
a broadband absorber (15 nm Ge-100 nm Ag). FIG. 7B is a
graph showing a phase profile of thin-film light absorbers,
the calculated reflection phase for a narrowband absorber
(25 nm Ag-60 nm TiO,-100 nm Ag). The phase and reflec-
tion were calculated using transfer matrix method. The
broadband absorber has almost a constant phase, while the
narrowband absorber undergoes a rapid (~x phase shift near
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resonance. This leads to the asymmetric line shape of the
observable where Fano resonance occurs, i.e., absorption
line.

[0135] FIG. 8 is a graph showing a measured reflection
(p-polarized light, incident angle=15°) of a short optical
thickness FROC n*t=240 nm and a large optical thickness
FROC n*t=2600 nm. Because the damping in the weakly
damped cavity I', is inversely proportional to the optical
thickness, optically thicker cavities enjoy narrower Fano
resonance.

[0136] FIG. 9 is a contour plot showing how we can
deduce the angle dependence of the bandwidth, because the
Fano resonance bandwidth depends on the MDM cavity
bandwidth which is given by 8A=A,(1-R)/2 n t cos 6m\R.
In particular, as we increase the incidence angle, the reso-
nance becomes narrower. In FIG. 9, we measure the angular
reflection of a FROC and observe narrowing in the band-
width as the angle increases from ~50 nm at 6=15° to ~37
nm at 8=75°.

[0137] Fano Resonance Lineshape Fitting:

[0138] FIG. 10A is a graph showing line-shapes fit with
the Fano formula of eq. E1 for 15 nm Ge-20 nm AG-190 nm
MgF2-100 nm Ag. FIG. 10B is a graph showing line-shapes
fit with the Fano formula of eq. E1 for 15 nm Ge-20 nm
AG-45 nm TiO,-100 nm Ag. FIG. 10C is a graph showing
line-shapes fit with the Fano formula of eq. E1 for 15 nm
Ge-20 nm AG-150 nm TiO,-100 nm Ag.

[0139] To fit the Fano resonance for each sample, we
analyzed the largest peak in absorption spectrum. To mini-
mize the effects of the background absorption, the fitting was
restricted to data points within half the maximum peak
height. Using nonlinear regression, these points were fit to
the functional form [1]:

(o pp @t 0E? @D

E)=
7E) 1+0XE)

where E is the energy, q is the Fano parameter, and Q(E)
=2(E-Ey/T". The resonance energy and width are E; and I,
respectively. The constant A20 is in some cases necessary to
model an overall shift due to background absorption. The
fitting is shown in FIG. 6 for three FROCs and the param-
eters for the three cases are given by:

Sample EyleV] IeV] A D q

MgF, 1.99 0.19 0 0.12 -7.78
TiO, 150 nm 1.75 0.37 0 0.24 3.56
TiO, 45 nm 3.13 0.35 0.26 0.056 11.33

[0140] Another way to illustrate the Fano resonance
response in FROCs is by considering the phase response of
the individual broadband and narrowband nanocavities [1].
As shown in FIG. 7A and FIG. 7B, while the phase of the
broadband absorber varies slowly, the phase of the narrow-
band absorber changes by & at the resonance. The resulting
interference profile, thus, exhibit the well-known asymmet-
ric lineshape with a sudden change between a dip and a peak.
[0141] S-Polarized Angular Reflection for FROCs with
High- and Low-Index Dielectric Films:

[0142] FIG. 11 has contour graphs showing an angular
reflection for TE polarized light of a FROC with (Top) TiO,
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and (bottom) MgF,, as a dielectric. The results are obtained
for the same samples presented in FIG. 2G and FIG. 2H.
[0143] Experimental Measurement of Spectral Splitting
Using Iridescent FROC:

[0144] FIG. 12 is a drawings showing and experimental
setup to measure spectral splitting using an iridescent
FROC. The iridescence of low refractive index FROC can
be used to analyze white light spectrum which is important
for anticounterfeiting optical coatings [25], spectrometers
and in solar energy applications [62]. To demonstrate this,
we used a solar simulator and a converging lens such that
light incident on a Ge(15 nm)-Ag(20 nm)-MgF,(190 nm)-
Ag(100 nm) FROC has strong angular dispersion. The
experimental setup and a photograph of the split spectrum is
shown in FIG. 2H, where angularly dispersed white light is
split into different wavelengths upon reflection from the
FROC. The angular dispersion can be further increased by
using lower index dielectric which can be achieved via
glanced angle deposition [88]. The experimental setup for
spectral splitting using an iridescent FROC is shown in FIG.
12. A photograph of the spatially split spectrum to red,
yellow and green is shown.

[0145] Group Velocity of Light in FROC:

[0146] FIG. 13A is a graph showing the calculated group
velocity normalized with the speed of light in vacuum (v,/c)
and absorption in an MDM cavity. FIG. 13B is a graph
showing the calculated group velocity normalized with the
speed of light in vacuum (v, /c) and absorption in a FROC
that includes the MDM cavity of FIG. 13A.

[0147] The high dispersion associated with Fano reso-
nance leads to a high effective group index and slow light
[90]. Along the lines of Yu et al. [83] and Bendickson et al.
[84] we will define an effective group velocity of light
passing through a stack of layers. Let T () be the complex
transmission coefficient of the stack for light at normal
incidence of angular frequency ®, which can be calculated
using the transfer matrix approach [85]. We assume a
superstrate, and substrate medium with the same index n, on
either side of the stack If the stack has a total thickness t,
then we can determine the effective index of refraction
n,,(®) and extinction coefficient k ,(®) of a homogeneous
material of thickness t that would yield the same T(®). This
corresponds to the finding the numerical solution of

21ing ﬁe//(w) (E2)
w ﬁe//(w)t) N
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T(w) =
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[0148] where the effective complex refractive index
n5=n, (®)+k (). The group velocity v (®) and group
index can be determined through:

dngg(w) ] (E3)
dew

vglw)

= n;(w) = [ne//(w) +w

[0149] The group velocity was calculated for Ge(15 nm)-
Ag(30 nm)-TiO,(50 nm)-Ag(100 nm). Although an MDM
cavity exhibits low group velocity v,, the lowest v, corre-
sponds to maximum optical losses (~0.55) inside the cavity
(FIG. 2A). In FROCs, however, the lowest v, (here ~0.017
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¢) corresponds to minimum optical losses (~0.15) (FIG. 2B)
which makes FROC a promising candidate for nanoscale
slow light devices [52].

[0150] Comparison between BSF-FROC and Other Beam
Splitters:

[0151] Figure S9l(a-c) schematically show the spectral
response of (a) a transmission filter, and (b) a notch filter and
(c) a dielectric coating commonly used as a beam splitter for
pulsed lasers.

[0152] FIG. 14A is a graph that schematically shows the
spectral response of a transmission filter that reflects a broad
spectral range while transmits a narrow spectral range. FIG.
14B is a graph showing a notch filter that reflects a narrow
wavelength range and transmits the remainder. FIG. 14C is
a graph showing an incident broadband light, where the
color reflected and transmitted are not the same.

[0153] FIG. 14A schematically shows the spectral
response of a transmission filter that reflects a broad spectral
range while transmits a narrow spectral range. On the other
hand, a Notch filter (FIG. 14B) reflects a narrow wavelength
range and transmits the remainder. If the incident light is
broadband all the filters introduced in FIG. 4A, FIG. 4B, and
FIG. 4C will reflect and transmit different colors, the
reflected and transmitted colors are different. Consequently,
conventional coatings cannot act as a BSF, i.e., it transmits
and reflects same color under broadband illumination. Even
a dielectric beam splitter, commonly used to split ultrafast
pulsed lasers, does not behave as a BSF as shown in FIG.
14C, i.e., for an incident broadband light, the color reflected
and transmitted are not the same. We note also that intensity
filters, e.g., reflection filter using silvered substrates, are not
spectral filters, i.e., they attenuate the transmission at (al-
most) all wavelengths.

[0154] A unique property of FROCs is that it acts as a
beam-splitter filter. FIG. 15A is a drawing showing a metal-
lic substrate is semitransparent, the FROC color in reflection
and transmission. FIG. 15B is another drawing showing a
metallic substrate is semitransparent, the FROC color in
reflection and transmission. FIG. 15C is a drawing showing
the reflected and transmitted light from an MDM cavity
which reflects yellow and transmits purple. FIG. 15D is a
drawing showing how a FROC transmits and reflects the
same color (red). Accordingly, if the metallic substrate is
semitransparent, the FROC color in reflection (FIG. 15A)
and transmission (FIG. 15B) is the same. This property is an
important step for thin-film based structural coloring. As an
optical element, we show the difference between an MDM
cavity and a FROC by illuminating them using a collimated
white light. We show in (FIG. 15C) the reflected and
transmitted light from an MDM cavity which reflects yellow
and transmits purple. On the other hand, as shown in FIG.
15D, FROC transmits and reflects the same color (red).
FROCs can thus be used as an optical element that filters and
splits an incident beam simultaneously.

[0155] Comparison Between HTEP and Other Relevant
Solar Energy Generation Schemes:

[0156] Hybrid thermal/electric energy (HTEP) generation
differs from Concentrated Photovoltaics (CPV), Concen-
trated Solar Thermal power generation (CSP), and Thermo-
photovoltaics (TPV). Below we provide a brief description
of each type of solar energy generation, further explain
Hybrid Thermal/Electric Power generation, its prospects and
challenges, and finally explain why FROCs are ideal spec-
trum filter for the HTEP.
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[0157] Concentrated Photovoltaics (CPV):

[0158] CPV attempts to overcome the spectrum loss
aspect of the Shockley-Queisser (SQ) limit. The SQ limit
arise due to the broadband nature of the solar spectrum (0.2
mm-2 mm). Incident photons with energy <bandgap of the
cell E, cannot be absorbed. Photons with energy higher than
the bandgap create high energy electrons that thermalize to
the edge of the band. Using multijunction cells allows
overcomes the SQ limit. However, because multijunction
cells are expensive, they are only competitive when used
under high optical concentration, i.e., in a CPV configura-
tion. CPV is a photovoltaic system that focuses solar light
onto a small and highly efficient multi-junction solar cell
(FIG. 15A-FIG. 15D). Amongst all solar energy generation
technologies, CPV is the most efficient reaching up to 42%
conversion efficiency. A major challenge for CPV is ther-
malization that degrades the PV cell lifetime and efficiency.
Cooling of the PV cell is crucial for efficient performance.
[0159] FIG.16 is a drawing showing a schematic of a CPV
system. Solar light is optically concentrated on a multijunc-
tion solar cell. A heat sink is added to mitigate thermaliza-
tion of the PV cell.

[0160] Concentrated Solar Thermal Power (CSP):

[0161] CSP systems generate solar power by concentrat-
ing sun light on a solar receiver that efficiently converts solar
energy to thermal energy. The thermal energy drives a heat
engine connected to an electrical power generator or powers
a thermochemical reaction. The efficiency of CSP systems is
limited and is generally below 20% since heat energy has an
exergy fraction equal to the thermodynamic Carnot effi-
ciency limit of heat conversion to work [64]. On the other
hand, because heat can be stored in the form of sensible or
latent heat, e.g., using molten salts, CSP offers a solution to
the dispatchability problem, i.e., by providing solar power
during nighttime. A schematic of a conventional CSP system
is shown in FIG. 16, where light is focused using a parabolic
trough on a solar absorber that converts solar light to heat
that gets carried out by a heat transfer fluid, e.g.. water.
[0162] FIG. 17 is a drawing showing a schematic of a CSP
system with a parabolic trough.

[0163] Solar Thermophotovoltaics (STPV):

[0164] STPV devices typically include a solar absorber, a
thermal emitter and a low bandgap PV cell with a bandgap
energy E_~0.6 ev-1 ev (FIG. 17). The main goal of STPV is
to overcome the SQ limit by controlling the emissivity of the
selective thermal emitter. The emitter acts as an artificial
“sun” which only radiates photons with energy ~E,, i.e., the
thermal emitter does not radiate photons with energy >>E,
or <E, which minimize the efficiency of PVs [89].

[0165] The efficiency upper limit of an STPV system, set
by the Carnot efficiency, is given by

where T,. T, Tpy, T., are the absorber, sun,

[0166] PV, and emitter temperature, respectively. Accord-
ingly, it is crucial for the STPV absorber to operate at very
high temperatures. Most STPV devices operate at ~1000° C.
To obtain high conversion efficiency, the side facing the PV
cell is designed to be a selective thermal emitter with high
emissivity only ~E,.
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[0167] Due to the difficulty of realizing high emitter
temperature, parasitic conductive and convective cooling of
the emitter, and thermalization of the PV, however, STPVs
are not efficient and are not considered as a promising solar
energy generation method due to the strong radiative recom-
bination of low bandgap semiconductors.

[0168] FIG. 18 is a drawing showing a schematic of a solar
TPV system.

[0169] Hybrid Thermal/Electric Power (HTEP) Genera-
tion:

[0170] HTEP is a solar energy generation approach that
has gained recent attention [64] as it takes advantage of the
strengths of PV and CSP energy generation: PV is energy
efficient but solar thermal energy can be stored at low cost.
The main goal of HTEP is to direct photons with energy
approximately equal to the bandgap energy E, to a PV cell
while directing the rest to a solar absorber. The rationale
behind HTEP is as follows:

[0171] Single junction semiconductors Suffer from the SQ
limit. Moreover, photons with energies that lie in the violet
and UV range are particularly difficult to convert as they are
absorbed close to the front surface thus suffer from high
recombination rates. Consequently, routing photons with
energy <E, or >>E, away from the PV cell does not severely
affect the PV cell performance In fact, routing photons that
would thermalize a PV cell can increase its efficiency since
thermalization degrades the power conversion efficiency and
lifetime of solar cells (~0.5% per ° C.) [89].

[0172] A major problem pertaining to solar PV energy
generation is no longer efficiency, rather dispatchability
which leads to curtailment (the Duck-curve problem).
Therefore, converting a portion of the solar spectrum to heat
that can be later stored or used for another application, e.g.,
solar-driven water desalination, can mitigate the curtailment
problem.

[0173] There are several approaches to achieve HTEP. We
are interested in the spectrum filter approach being the most
promising one. In this approach, an HTEP system typically
includes three elements; a dielectric Bragg mirror, a solar
receiver, and a PV cell [64, 90]. The dielectric mirror is used
to reflect photons with energy >E, to a PV cell while
transmitting sub-bandgap photons to a solar/thermal
receiver (See FIG. 4B). However, this approach suffers from
several challenges namely the high cost of depositing dielec-
tric mirrors which is usuvally tens of microns thick [64].
Moreover, using optical concentration is required to eco-
nomically justify using dielectric mirrors. Dielectric mirrors,
however, do not operate efficiently under optical concentra-
tion due to their strong angular sensitivity [64]. As we show
below in FIG. 20, FROC provides a near ideal spectrum
splitting approach for HTEP.

[0174] FIG. 19 is a graph showing FROC emissivity vs.
Temperature. The emissivity of FROC is negligible for a
wide temperature range. The low emissivity is essential to
minimize radiative parasitic losses for solar-thermal appli-
cations.

[0175] Angle Independent Performance of FROC Used in
HTEP:

[0176] FIG. 20 is a contour graph showing the measured
Angular reflection of the Ge(15 nm)-Ni(5 nm)-TiO2(85
nm)-Ag(120 nm) FROC used for HTEP generation. Four
bands are shown here, the UV and NIR thermal bands, the
PV band, and the IR band. The quad-band performance is
retained for angles £75°. The FROC used in the experiments
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presented in HTEP application has a total thickness of 220
nm; at least an order of magnitude thinner than a dielectric
mirror. This means it is significantly cheaper. Moreover,
since we can control the iridescence of FROCs (FIG. 2G and
FIG. 2H), we constructed a FROC with low angle depen-
dence such that its operation was not affected by using
optical concentration. FIG. 20 shows the angular reflection
from the FROC used in our experiments. Clearly, the quad-
band performance is retained for angles £70°.

[0177] FIG. 21 is a drawing showing an exemplary hybrid
Solar thermal-electric energy generation setup showing a
solar simulator with two lenses that control the optical
concentration. The incident illumination is directed by a
mirror or a FROC to a PV cell.

[0178] Beam Splitter Coupled Oscillator Theory Model:
[0179] FIG. 22 is a graph showing a theoretical reflectance
R and transmittance T curves for the FROC in the beam
splitter configuration for material parameters are given in the
Theory section which follows.

[0180] Part 9 FROC Generalized

[0181] FIG. 23 is a drawing showing an optical coating
generally according to the Application. A broadband light
absorber 2301 (e.g. resonator 1, FIG. 1B) which does not
experience a rapid phase change in the reflection or trans-
mission spectrum, is disposed adjacent to a narrow band
absorber 2303 (e.g. resonator 2, FIG. 1B) which does
experience a rapid phase change within the bandwidth of the
broadband light absorber. A rapid phase change is defined as
about a 180 degree phase change within the bandwidth of the
broadband light absorber. In other words, resonator 1 (the
broadband light absorber 2301) exhibits a phase transition
within the bandwidth of the broadband light absorber which
is slower relative to the rapid phase change of resonator 2
(the narrow band absorber 2303) within the bandwidth of the
broadband light absorber. A phase of light reflected from the
first resonator varies as a function of wavelength compared
to a rapid phase change of the second resonator which
exhibits a phase jump within a bandwidth of the broadband
light absorber.

[0182] FIG. 1B shows but one example of a structure of an
optical coating according to the Application. There are many
other variations of FIG. 23 which can provide an optical
coating according to the Application. For example, the
broadband absorber can be a lossy material on a metal (FIG.
24A), lossless dielectric on a lossy metal (FIG. 24B), a lossy
dielectric on a lossy metal (FIG. 24C), a dielectric on a lossy
material on a metal (FIG. 24D), or a lossy material on a
dielectric on a metal (FIG. 24E). The narrowband absorber
can also have different variations, such as, for example, a
metal dielectric metal cavity (FIG. 25A), a lossless dielectric
on a low loss metal (FIG. 25B), and a dielectric mirror-
dielectric-dielectric mirror cavity (FIG. 25C).

[0183] Part 10 Theory:

[0184] Coupled oscillator theory of FROCs: Here, we
detail the coupled oscillator model presented in the Appli-
cation. We consider the two resonators defined earlier; an
externally driven oscillator with large damping (resonator
1), and a weakly coupled to an oscillator with small damping
(resonator 2).

[0185] To allow for the analytical results presented in
equations 1-3, we will make several simplifications: 1) all
fields in are assumed to be propagating along the normal
incidence direction (parallel or antiparallel). 2) Though the
refractive indices in principle depend on the angular fre-
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quency of light, o, our focus is on a narrow range of
frequencies around resonance, and we will ignore the dis-
persion of the indices within this range. Incorporating the
dispersion into the theory would change the quantitative
details, but not the qualitative results. 3) The coupling
between the resonators occurs through the component of the
field that leaks from the resonator 1 through the metal into
resonator 2. We will work in the weak coupling regime,
where the metal layer is assumed thick enough that most of
the field is attenuated in passing through the metal. Specifi-
cally, we assume that L, »c/(wn,”).

[0186] To formulate the theory, it will be useful to refer to
the complex Fresnel reflection and transmission coefficients
at various interfaces. These are indicated by r; and t;
respectively in FIG. 1G, where i is the material where the
field originates, and j is the material where the field is
transmitted. The coefficients can be expressed in terms of the
refractive indices of the respective materials:

ni—n; 2 n; (€)

e
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[0187] For convenience we decided to treat the metal
spacer layer as an effective interface between the lossy
material and the dielectric. The associated reflectance and
transmission coefficients are indicated with tildes and have
a more complicated form than a simple interface between
two materials. For fields within the lossy material propagat-
ing into the dielectric through the metal, the coefficients are:
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[0188] Here ¢'(w)=nl,w/c is the (possibly complex)
phase gained by passing through a material of index n, and
thickness L,. We have used the weak coupling assumption
(#3 above) to give simpler approximate forms on the right,
keeping the leading order contributions. Note that the reflec-
tion coefficient is approximately the same as from a simple
metal interface, r,,. For the transmission coefficient, as L,
gets larger, e @oce ™ In™ () hence the coefficient gets
progressively attenuated, consistent with the weak coupling
assumption. Analogously, for fields within the dielectric
propagating upwards into the lossy material through the
metal,
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[0189] To set up our theoretical description, let us first
consider each resonator separately, un-coupled from the
other. It is easier to start with resonator 2, the MDM
Fabry-Perot cavity. Imagine a field E,; that was injected at
the top of the lossless dielectric, propagating downwards.
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The total field E, that establishes itself in the cavity is a sum
of this original field and an infinite series of reflections from
the bottom and top metallic interfaces:

Ey=EyEyry 7@ O E, p 25, 2g40d@)) (8)

[0190] Summing these reflections, we can express the
ratio of the total to the injected field as:
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[0191] Using the fact that ¥,,~r,,,, as discussed above, and
writing the complex coefficient r, =Ir, le® in terms of
amplitude and phase, we can rewrite the ratio A,(®) in the
form:

1

Alw) ~ —m— & o
@) 1 = |92 0@ i)

[0192] This exhibits resonance at frequencies ®, defined
through the condition 0,(®,)=—0,,+kn, where k is some
integer. Using the definition of r,,, from Eq. (1), we can also
express this condition as:
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[0193] For frequencies to in the vicinity of the resonant
value ®,, we can Taylor expand the denominator of Eq. (6)
and write the ratio of field intensities |A,(®)I? in an approxi-
mate damped resonant oscillator form:
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[0194] where the damping factor I', is given by
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[0195] Here we have approximated the expression using
the assumption n, ®¢«n, ™ for the metal, keeping the leading
order contribution to I',. As we approach the ideal metal
limit, n,,®*—0, the damping factor I", vanishes. But for any
real metal there will be some finite damping in the MDM
cavity. FIG. 1H shows an example of 1A,(®)I* versus o for
the material parameters specified in the main text. In addi-
tion to the intensity, one can characterize the phase ®,(®) of
the resonator, defined through A, (®)=IA,(©)le’™®. FIG. 11
shows @,(w) making a sharp switch from positive to nega-
tive as co passes through resonance. In the undamped limit
this phase difference would have magnitude =, but with
finite damping it is always less than .

[0196] Now let us consider resonator 1 alone. We can
proceed analogously, calculating the total field E, that is
established in the lossy material when a field E,, is injected.
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For the uncoupled resonator we will assume the reflection
coefficient from the bottom is just r_,,. a simple interface

between the lossy material and metal. The ratio of the total
to the injected field is then:

£ 1 ) a3)
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[0197] Writing r,,=Ir "%, 1 =Ir e we can
rewrite the above equation in the form given by equation 1
in the Application.
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which can be rewritten as

1 (15)

Ay(w) = >
1@) ey R 04

L = |raoramle

[0198] Where Rel (w)=n L w/c, Im@ (w)=nL w/c,
there is no exact analytical expression for the frequency w,
at which A,(w) exhibits resonance. However, under the
assumption that n, is typically smaller than n~, the reso-
nant frequency is given by the following approximate con-
dition: 2Rel,(®,)=—0,,—0,,,+2k®, where k is an integer.
[0199] As with the earlier case, we can express the ratio of
intensities in the form of a damped, resonant oscillator.
Using the above approximation, we have

e Law fe ( 1 ) (16)

I @)l =
4 (1) LaAramraol

F% T (w—w)?
[0200] where the damping factor I'; is given by

ce”émL”“’l/C(l - e’znémL”“’l/Clramraol) an

Fl = R 172
204 Lalta0 ¥am

[0201] Unlike resonator 2, where one could approach the
undamped limit as the metal becomes ideal (I,—0 as
n,,*¢—0) here it is not generally possible to eliminate the
damping. This is unsurprising, since unlike the Fabry-Perot
cavity, we only have a metallic mirror at one surface, and a
lossy medium. For I, to vanish, the product of e 2% L/,
Ir,,,| and Ir ol in the numerator would have to equal 1. Since
each of these terms is <1, that would mean each term
individually would have to approach 1 for I'; to become
zero. Eliminating losses in the medium, n,”"—0, and mak-
ing the metal at the bottom ideal, n,, **—0, would make the
first and third terms equal to 1, respectively. However, in this
limiting case, Ir ol—Ing—n,*I/Ing+n, %1, which is always
less than 1 for real materials. So I, would still be nonzero.
This highlights the fact that resonator 1 will in general be
more strongly damped than resonator 2, I',>1',, and one can
readily arrange parameters such that I';>>I",. An example of
this is shown in FIG. 1G, where the resonance of 1A ()
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is highly damped relative to that of 1A,(®)*>. The corre-
sponding phase ®,(®), shown in FIG. 1C, shows a gradual
crossover from positive to negative near @,, in contrast to
the sharp change in ®,(w) for the less damped resonator.

[0202] Now let us finally consider what happens when we
couple the two resonators together and drive the strongly
damped resonator 1. This driving comes from the incident
field E, in the superstrate, which contributes t, E, to the field
injected into resonator 1. However, there is another contri-
bution from the field in resonator 2 that is reflected upwards
from the metal substrate through the metal spacer layer into
resonator 1. We can then express the total field injected into
resonator 1 as E, =ty EAE,r,, T ot P4+ In mm,
the fact that there exists a field in resonator 2 is due to the
field from resonator 1 propagating downwards through the
metal spacer, E,=Et_,e™ . All these relationships can be
succinctly expressed through equation 3 in the Application.

1 , (18)
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[0203] The coupling between E, and E, occurs through the
two off-diagonal terms in the matrix of equation 3, which are
assumed small under our weak coupling assumption. In fact,
as the spacer metal layer thickness becomes large, L,,—oo,
the transmission coefficients across the spacer, t,, and t_,,
vanish, making the coupling terms zero. In this limit we
recover the two uncoupled oscillators discussed above. For
finite L,, we have all the ingredients necessary for Fano
resonance: a strongly damped, driven oscillator (resonator 1)
weakly coupled to a less damped oscillator (resonator 2).
Indeed, the form of Eq. 3 is similar in structure to the simple
two-oscillator description of Fano resonance in Ref 26. [1].
Following the approach in that reference, the Fano param-
eter g can be approximately related to the degree of detuning
& between the two oscillators at the resonant frequency of
the less damped one: g=cot 8, where =P, (®,) (see FIG. 1i).
To observe the Fano resonance in E, near ®,, one can look
at the reflected field E, in the superstrate, which has a
contribution from E;:

B, = r0aE it amt e, a9

[0204] An example of the reflectance R=IE /E,I* is shown
as a green curve in FIG. 1D, exhibiting the characteristic
Fano shape. This is in contrast to the reflectance from
resonator 1 alone (a lossy material on a metal substrate),
drawn as a blue curve.

[0205] Sample fabrication: Films were deposited on a
glass substrate (Micro slides, Corning) using electron-beam
evaporation for Ni (5 Als), Ge (3 Als), TiO, (1 A/s), and
MgF, (5 A/s) pellets and thermal deposition for Au (10 A/s),
and Ag (20 A/s), the deposition rates are specified for each
material. All materials were purchased from Kurt J. Lesker.
[0206] Numerical calculation of reflection and absorption
spectrum: Numerical reflection and absorption spectra were
generated using a transfer matrix method-based simulation
model written in Mathematica. The calculated power dissi-
pation distribution in the thin-film stack was performed
using the commercially available finite-difference time-do-
main software from Lumerical®. The simulation was per-
formed using a 2D model with incident plane wave at zero

Sep. 29, 2022

incidence angle. Periodic boundary conditions were used in
the x-direction and perfectly matched layers where used in
the y-direction (normal to the sample). The mesh was
tailored to each layer with a mesh step of 0.001 um.
Absorption is complimentary to calculated reflection and
transmission, i.e., A=1-R-T, and is complimentary to
reflectance for opaque substrates.

[0207] Angular reflection measurements: Angular reflec-
tion was measured using Variable-angle high-resolution
spectroscopic ellipsometer (J. A. Woollam Co., Inc,
V-VASE). The transmittance is zero for all wavelengths and
angles.

[0208] Group Velocity of Light in FROC:

[0209] Along the lines of Yu et al. [83] and Bendickson et
al. [84] we will define an effective group velocity of light
passing through a stack of layers. Let T (®) be the complex
transmission coefficient of the stack for light at normal
incidence of angular frequency ®, which can be calculated
using the transfer matrix approach [85]. We assume a
superstrate and substrate medium with the same index n, on
either side of the stack if the stack has a total thickness t, then
we can determine the effective index of refraction n ) and
extinction coefficient k ,(®) of a homogeneous material of
thickness r that would yield the same T (®). This corre-
sponds to the finding the numerical solution of

2 i ny (W) (20)
w ﬁe//(w)t] N
¢

T(w)=
2 i ng g (w) cos(

(né + ﬁgﬁ(w)) sin[%f(w)[)

[0210] where the effective complex refractive index
n=n,(w)+ik (@). The group velocity v (®) and group
index can be determined through:

vg(@w) dneg ()T 2D
w

= ng’l(w) = [ne//(w) + wd—

[0211] The group velocity was calculated for Ge(15 nm)-
Ag(30 nm)-TiO,(50 nm)-Ag(100 nm).

[0212] Bandwidth and Resonance Wavelength of FROCs’
Reflection Line:

[0213] The bandwidth of FROCs’ reflection line depends
on the bandwidth of the MDM Fabry-Perot cavity which is
given by 8A=A,2(1-R)/2 n t cos B\R, where A, is the peak
wavelength, R is reflectance, n and t are the dielectric index
and thickness and 0 is the incidence angle. Accordingly, to
optimize the bandwidth, the mirror reflectance and the
dielectric optical thickness should be maximized. Interest-
ingly, increasing the top metal reflectance, by increasing its
thickness, decreases the FROC’s reflection bandwidth but
can decrease the reflection maximum.

[0214] Furthermore, using transfer matrix method, we can
determine the dielectric thickness necessary to realize reso-
nant reflection-line at a given wavelength (A). Consider a
FROC containing a lossless dielectric with refractive index
n,(A) and thickness t,. The surrounding metal layers have
index n,(AMiK, (M), and we will assume n,,«k,, (which is
true for Ag in the wavelength range of interest). The con-
dition for resonance in the FROC is:
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[0215] Given t,, one can numerically try to solve this
condition to find A. Alternatively, if you specified A, you can
solve the above equation for t,:

. (mﬂ_ an’l( 2n4(Mkin(A) )] (23)
7 Dmng(d) Q) - n3()

[0216] Here m is an integer. Note that the condition for t,
is independent of the details of the Ge layer on top, or the
thickness of the metal as long as the assumptions of Fano
resonance are satisfied, i.e., the MDM FWHM <<the broad-
band absorption continuum.

[0217] Iridescence Properties of FROCs:

[0218] The iridescence of FROC’s resonant reflection
mode depends entirely on the properties of the MDM cavity.
The reflection peak wavelength A, .., dependence on the

incident angle is thus given by [33]

1 dlpe(®) s (6, 6 )cos 6 sin 8 24)
~ max s VU n >
A @) d0 0k Zsin?

[0219] where H (A, _.(0), 8, n_) is a dimensionless func-
tion that depends on solely on O through A,.. As n,
increases to values >>1, the above expression decreases as
n,; 2. Accordingly, the iridescence of FROCs can be miti-
gated significantly by using a high index dielectric.

[0220] Color Analysis Using CIE 1931 Color Space:

[0221] The CIE 1931 color space is used to link distribu-
tions of electromagnetic wavelengths to visually perceived
colors. To accomplish this, three color matching functions
are used as a weighted average over a spectrum multiplied
by the spectrum of the light illuminating the sample, and the
resulting tristimulus values can be used to describe the color
in other spaces, e.g., red-green-blue. We then convert these
three values to the CIE XYZ color space to measure color
purity. Purity of a color is determined as a ratio of the
distance in CIE XYZ space between the color and the white
point to the distance between the dominant wavelength and
the white point. The white point is the least pure color in CIE
XYZ space, and its coordinates can be found by finding the
tristimulus values of a constant spectrum. The edge of the
CIE 1931 chromaticity diagram can be found using a
spectrum which is 1 at a specific wavelength and 0 every-
where else. These colors are the purest colors in the space.
The dominant wavelength is the point located at the inter-
section of the ray passing through the sample spectrum
whose origin is the white point and the edge of the chro-
maticity diagram [86]. We constructed a Python program to
perform this analysis for all of our samples, and the results
can be seen in FIGS. 3¢ and 3d [86].

[0222] We note here that Color purity is normalized but
will yield different results when calculated in different color
spaces. Chroma is unnormalized and unlike purity measure-
ments in CIE XYZ, it is perceptually uniform with respect
to color differences. Chroma is calculated through a con-
version to the CIELUV followed by a cylindrical represen-
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tation of the color space, known as CIE LCh(uv). The
corresponding saturation is calculated as the chroma
weighted by the lightness.

[0223] Obtaining Red Colors Using FROCs:

[0224] Pure red colors using FROCs uses the existence of
a single cavity mode in the MDM cavity that reflects the red
portion of the visible spectrum. However, thicker cavities
support multiple modes which can lead to color mixing
between red and blue. The wavelength separation between
adjacent transmission peaks in a Fabry-Perot MDM cavity
AN is given by

2 25)

A =—™— — — —
2 ngty cos 6 — Apax

[0225] This is why we used SiO, as a dielectric instead of
TiO, to obtain red colors since it has smaller n,. Alterna-
tively, one can obtain red colors using Au as a metal in
FROC instead of Ag. Au’s interband transitions in the blue
part of the spectrum, responsible for its golden color, will
suppress the cavity mode reflectance in blue.

[0226] Calculating the average spectral absorptance and
emissivity: The spectrally averaged absorptivity of the selec-
tive surface is given by [87]

1 di (26)
== f dA e(1)—
1) dA

[0227] And the emissivity is given by

f dx eW/{A°[exp(he/AkT) - 1]} @207
0

f A1 [exp(he/AkT) - 1]}

T=

[0228] Where I is the solar intensity, A is the wavelength,
€(A) is the spectral emissivity of the selective absorber/
emitter,

dl
dA

is the spectral light intensity which corresponds to the AM
1.5 solar spectrum, h is Plank’s constant, c is the speed of
light, k is the Boltzmann constant, and T is the absorber
temperature, here taken as 100° C.

[0229] Photovoltaic Measurements:

[0230] A Solar simulator (Sanyu Inc., China) with AMI.
5G airmass filter was first calibrated for 1 Sun (1000 W/m2)
using a NREL certified PV reference solar cell (PV Mea-
surements, Inc.). The output of a thermopile power meter
(FieldMax II TO, Coherent Inc.) was set at 500 nm wave-
length, corresponding to 1000 W/m? from calibrated solar
simulator was used as unit of one optical concentration. A
plano-convex lens of 250 mm focal length and 150 mm
diameter was mounted at the output port of solar simulator
to enhance optical concentration. The simulator current was
varied to adjust solar irradiance from 1000 W/m* (286 mW
at thermopile head) to 5000 W/m? (1430 mW). The PV cell
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was purchased, cut and two wires were soldered to have a
functioning PV cell. The temperature was measured using
thermocouples and we reported the equilibrium temperature.
Power measured using a Keithley 2400 source meter by
using an open circuit voltage and sweeping the voltage down
to 0 while measuring the current. The maximum power
reported is the maximum of the voltage and current product.
Error bars are estimated based on the systematic error of the
performed measurements.

[0231] Software for designing, modeling, and analyzing
an optical coating according to the Application can be
provided on a computer readable non-transitory storage
medium. A computer readable non-transitory storage
medium as non-transitory data storage includes any data
stored on any suitable media in a non-fleeting manner Such
data storage includes any suitable computer readable non-
transitory storage medium, including, but not limited to hard
drives, non-volatile RAM, SSD devices, CDs, DVDs, etc.
[0232] It will be appreciated that variants of the above-
disclosed and other features and functions, or alternatives
thereof, may be combined into many other different systems
or applications. Various presently unforeseen or unantici-
pated alternatives, modifications, variations, or improve-
ments therein may be subsequently made by those skilled in
the art which are also intended to be encompassed by the
following claims.
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What is claimed is:

1. An optical coating comprising:

a first resonator comprising a broadband light absorber;

and

a second resonator comprising a narrowband light

absorber disposed adjacent to and optically coupled to
said broadband light absorber.

2. The optical coating of claim 1, wherein said first
resonator exhibits a phase transition within a bandwidth of
said broadband light absorber which is slower relative to a
rapid phase change of said second resonator within the
bandwidth of the broadband light absorber.

3. The optical coating of claim 1, wherein a phase of light
reflected from said first resonator varies slowly as a function
of wavelength compared to a rapid phase change of said
second resonator which exhibits a phase jump within a
bandwidth of said broadband light absorber.

4. The optical coating of claim 1, wherein a resonant
destructive interference between spectrally overlapping
cavities of said first resonator and said second resonator
yields an asymmetric Fano resonance absorption and reflec-
tion line.

5. The optical coating of claim 1, wherein said broadband
light absorber provides a continuum response.

6. The optical coating of claim 1, wherein said narrow-
band light absorber provides a discrete state response.

7. The optical coating of claim 1, wherein said optical
coating comprises a thin film optical coating.

8. The optical coating of claim 1, wherein said first
resonator comprises a lossy material on a metal.

9. The optical coating of claim 1, wherein said first
resonator comprises a lossless dielectric on a lossy metal.

10. The optical coating of claim 1, wherein said first
resonator comprises a lossy dielectric on a lossy metal.

11. The optical coating of claim 1, wherein said first
resonator comprises a dielectric on a lossy material on a
metal.

12. The optical coating of claim 1, wherein said first
resonator comprises a lossy material on a dielectric on a
metal.

13. The optical coating of claim 1, wherein said second
resonator comprises a metal dielectric metal cavity.

14. The optical coating of claim 1, wherein said second
resonator comprises a lossless dielectric on a low loss metal.

15. The optical coating of claim 1, wherein said second
resonator comprises a dielectric mirror-dielectric-dielectric
mirror cavity.

16. The optical coating of claim 1, wherein said optical
coating is configured as a beam splitter filter.

17. A thin film optical coating beam spitter filter com-
prising:

a first resonator comprising a broadband light absorber;

and

a second resonator comprising a narrowband light

absorber disposed adjacent to and optically coupled to
said broadband light absorber.



US 2022/0308264 Al Sep. 29, 2022
18

18. The thin film optical coating beam spitter filter of
claim 17, wherein said thin film optical beam spitter filter
coating is configured as a multi-band spectrum splitter and
a thermal receiver.

19. The thin film optical coating beam spitter filter of
claim 17, wherein said thin film optical beam spitter filter
coating is a Fano resonant optical coating (FROC) which
behaves simultaneously as a multi-band spectrum splitter
and a thermal receiver.

20. The thin film optical coating beam spitter filter of
claim 17, wherein said thin film optical beam spitter filter
coating is a component of a hybrid solar thermal-electric
energy generation system.

21. The optical coating of claim 1, comprising:

a first metal layer;

a lossless dielectric layer disposed adjacent to and opti-

cally coupled to said first metal layer;

a second metal layer disposed adjacent to and optically

coupled to said lossless dielectric layer; and

a lossy material layer disposed adjacent to and optically

coupled to said second metal layer.
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