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Fano-resonant ultrathin film optical coatings
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Optical coatings are integral components of virtually every optical instrument. However, despite being a century-old technol-
ogy, there are only a handful of optical coating types. Here, we introduce a type of optical coatings that exhibit photonic Fano
resonance, or a Fano-resonant optical coating (FROC). We expand the coupled mechanical oscillator description of Fano reso-
nance to thin-film nanocavities. Using FROCs with thicknesses in the order of 300 nm, we experimentally obtained narrowband
reflection akin to low-index-contrast dielectric Bragg mirrors and achieved control over the reflection iridescence. We observed
that semi-transparent FROCs can transmit and reflect the same colour as a beam splitter filter, a property that cannot be real-
ized through conventional optical coatings. Finally, FROCs can spectrally and spatially separate the thermal and photovoltaic
bands of the solar spectrum, presenting a possible solution to the dispatchability problem in photovoltaics, that is, the inability
to dispatch solar energy on demand. Our solar thermal device exhibited power generation of up to 50% and low photovoltaic
cell temperatures (~30 °C), which could lead to a six-fold increase in the photovoltaic cell lifetime.

n photonics, Fano resonance takes place when two oscillators with

different damping rates are weakly coupled, that is, by coupling

resonators with narrow (weakly damped) and broad (strongly
damping) spectral lines'. Although individual Mie scatterers exhibit
a subtle Fano resonance near their plasmonic or polaritonic reso-
nance'’, a clear Fano resonance is observed in the extinction of cou-
pled plasmonic nanostructures with multiple spectrally overlapping
resonances and different damping rates. This is realized, for instance,
by coupling a radiatively broad bright mode and a spectrally narrow
dark mode’*. In metamaterials, Fano resonance was demonstrated
in the reflection of asymmetric split-ring resonators, an observation
arising from the interference between narrowband magnetic dipole
and broadband electric dipole modes®’. A high quality factor Fano
resonance has been demonstrated in all-dielectric metasurfaces'. The
steep dispersion associated with Fano resonances and their relatively
high quality factors promise various applications in lasing, structural
colouring'’, slow-light devices"'?, optical switching and bistability"’,
biosensing'’, ultrasensitive spectroscopy'’, non-linear optical isola-
tors'® and image processing. In addition, Fano resonance morphs
into electromagnetic-induced transparency when the energy levels of
both broad and narrow resonance coincide"'®"”. However, demon-
strations of Fano resonance in nanophotonic devices typically require
time-consuming and costly nanolithography fabrication techniques,
for example, electron-beam lithography or focused ion beam mill-
ing’, which limits their utility from a technological perspective.

On the other hand, optical coatings represent a century-old class
of optical elements that are integral components of nearly every
optical instrument”. Their applications span many branches of sci-
ence and technology, including lasers®, astronomy?, displays and
lighting***, anti-counterfeiting®, radiative cooling”*-*, photovolta-
ics¥, structural colouring®-*’, smart windows* and the UV protec-
tion and anti-glare coatings used in eyeglasses™, to name a few***.

Here, we introduce a thin-film optical coating that exhibits pho-
tonic Fano resonance. The optical coating consists of a broadband
light absorber, representing the continuum, weakly coupled to a

narrowband light absorber, representing the discrete state. In this
study we first developed an analytical model for Fano-resonant opti-
cal coatings (FROCs) based on coupled oscillator theory. Then, we
investigated the optical properties of FROCs, comparing them with
other commonly used optical coatings. We have identified a unique
property of semi-transparent FROCs, namely that they can behave as
beam-splitting colour filters. Finally, we experimentally demonstrated
efficient hybrid solar thermal/electric energy generation using FROCs.
Figure 1a schematically shows the main types of thin-film optical
coatings. A metallic film deposited on a transparent substrate (Fig.
la(i)) serves as a mirror or as a beam splitter by controlling the film
thickness. An anti-reflective coating (Fig. 1a(ii)) suppresses reflec-
tion and consists of a dielectric film deposited on a higher-index
dielectric substrate in its simplest form. A dielectric (Bragg) mir-
ror consists of multiple dielectric thin films with quarter-wavelength
thickness and different refractive indices (Fig. 1a(iii)). More recently,
attention has been given to thin-film optical absorbers as they
provide a large-scale and inexpensive alternative to complex and
lithographically intense nano-resonators, metamaterials and meta-
surfaces for controlling light absorption*~** and thermal emission
beyond the intrinsic absorption or emission*** of materials. A sim-
ple broadband light absorber cavity consists of an ultrathin dielec-
tric film with strong optical losses deposited on a highly reflective
metallic substrate® or a lossless dielectric on an absorptive substrate
(Fig. 1a(iv))’'. A simple narrowband light absorber cavity consists of
a metal-dielectric-metal (MDM) cavity that has been shown to be
an absorption filter for structural colouring™* and gas sensing (Fig.
la(v))**. When a broadband light absorber cavity is weakly coupled
to a narrowband light absorber cavity (Fig. 1a(vi)) resonant destruc-
tive interference between the spectrally overlapping cavities yields
asymmetric Fano resonance absorption and reflection lines.

Coupled oscillator theory for thin-film optical coatings
The coupled mechanical oscillator model is used extensively to
model Fano resonances*'. Here, we extended the coupled oscillator
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Fig. 1| Fano resonance in thin-film optical coatings. a, Schematics of the reflectance R and transmittance T of the main types of optical coatings, including
metallic coatings used as mirrors and beam splitters (i), anti-reflective dielectric coatings (ii), dielectric (Bragg) mirrors (iii), broadband optical absorbers
(iv), narrowband absorbers (v) and the proposed FROC coating (vi). b, Schematic of the structure of a FROC consisting of two weakly coupled resonators
where resonator 1 (the top two layers consisting of lossy material and metal) represents a broadband absorber and resonator 2 (layers 2 to 4 consisting

of metal, dielectric and metal) represents a narrowband absorber. The two resonators share a metal layer that determines their coupling strength. ¢, The
calculated oscillator intensities |A;(w)[? (i = 1,2). The resonant frequencies w, are indicated by dashed lines. d, The corresponding oscillator phases ®(w).
e, The reflectance from the whole system of two coupled resonators (green). For contrast, the reflectance of just resonator 1 (lossy material on a metal

substrate) is shown in blue.

theory to thin-film optical coatings"* (for the detailed derivation,
see Methods). A schematic of a FROC is shown in Fig. 1b: resonator
1 consists of a lossy material of thickness L, and complex refrac-
tive index n, = n%¢ 4 in!™, followed by a metal of thickness L,, and
complex refractive index n,, = n%¢ + in™, where Re and Im stand
for real and imaginary parts, and i is the unit imaginary number.
Resonator 2 is an MDM cavity* consisting of a thin metallic film
with thickness L,,, a lossless dielectric with thickness L, and refrac-
tive index n,, and an optically opaque metallic substrate. The total
electric fields within the first and second resonators are E, and E,,
respectively. We define the intensity ratio A, as the ratio of the field
inside the kth resonator (E;) to the field injected into the kth resona-
tor (EL), that is, Ax = (Ex/ E;c) These ratios are given by:
1

A ~ ,
W ) e ) e S
and
Aa(@) !
W)~ .
? 1— |rdm|262i[¢d(w)+¢d"‘} @)

Figure 1c shows the calculated oscillator intensities |A(w)|* for
the sample material parameters described in the Methods. The res-
onant frequencies w; are indicated by dashed lines. The oscillator
phases @(w), defined by A;(w) = |Ai(w)]exp[i®;(w)], are shown
in Fig. 1d. Note that the phase of the strongly damped oscillator
(resonator 1) varies slowly, whereas the phase of 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 Ey; = tooE; + Eaifdmbdara0€ 24(@)+9a(@)] 1n turn, the
field in resonator 2 exists due to the field from resonator 1 propagat-
ing downward through the spacer and is given by Ey; = Ejf,4e'%:(®).
Here, £, and Z,, represent transmission coefficients across the metal
spacer layer (Fig. 1b and Methods). These relationships can be
expressed in the following matrix equation for E, and E,:

1
Ar(w)

—rambaarae P@ @]\ g ey
i geita@) 1 E, 0 /)

Ar(w)
(3)
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Fig. 2 | Demonstration and properties of Fano-resonant optical coatings. a-c, Calculated reflectance and absorptance A of a thin-film broadband light
absorber (a), a narrowband light absorber (b) and a FROC (c). The highlighted region shows the spectral range where the narrowband light absorber
resonance and Fano resonance take place. d-f, The calculated normalized power dissipation density in the three structures, highlighting the resonant
destructive interference between the broadband and narrowband nanocavities. g h, The measured angular reflection of a FROC with a high-index dielectric
(TiO,; g) and a FROC with a low-index dielectric (MgF,; h). i, The calculated reflectance from a low-index contrast dielectric Bragg reflector with thickness

t=1.9 pm compared with the selective reflection of a FROC (t=0.255um).

The coupling between E, and E, occurs through the off-diagonal
terms in the matrix. Equation (3) enables us to obtain the reflectance
from the coupled oscillator, shown in Fig. le. The coupled oscillator
reflectance shows a narrow reflection band that exhibits the asym-
metric Fano line shape with a peak occurring at ~w,. Note that for
t,4 and f4, — 0, that is, for an optically opaque top metal film, that
is, when the cavities are decoupled (L,, » o), the off-diagonal terms
vanish and the Fano resonance disappears (Supplementary Fig. 1).

Demonstration and properties of FROCs

Figure 2a-c shows the reflectance and absorptance of a broadband
absorber, narrowband absorber and FROC, respectively, calculated
using the transfer matrix method. The broadband absorber (Fig. 2a)
consists of a 15-nm Ge film on a 100-nm Ag film [Ge (15nm)-Ag
(100nm)] with an absorption band full-width at half-maximum
(FWHM) of ~600 THz. The narrowband absorber (Fig. 2b) consists
of a Ag (30nm)-TiO, (50nm)-Ag (100nm) MDM cavity produc-
ing an absorption line with a FWHM of ~15THz. Figure 2c shows
the calculated reflection and absorption of a FROC (Ge (15nm)-
Ag (30nm)-TiO, (50nm)-Ag (100nm)). The FROC in Fig. 2c is
realized by overlapping the broadband absorber, which represents
a continuum with a nearly constant phase, and a narrowband
absorber, with a rapid phase shift near resonance (Supplementary
Fig. 2). The Fano resonance linewidth can be controlled by con-
trolling the damping in the second resonator (I',; see Methods and
Supplementary Figs. 3 and 4). The FROC produces broadband
absorption except at wavelengths corresponding to the MDM cav-
ity resonance where it shows an asymmetric (Fano) reflection and
absorption lines (Supplementary Fig. 5). Figure 2d-f show the
calculated power dissipation densities corresponding to the opti-
cal coatings presented in Fig. 2a-c, respectively (see Methods).
For the broadband absorber (Fig. 2d), the incident light is trapped
inside the absorbing Ge film*. 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).

The iridescence of the selective reflection can be controlled by
judiciously choosing the dielectric film in the MDM cavity® (see
Methods). Figure 2g,h shows the measured angular reflection
spectra of p-polarized light from a high-index dielectric FROC

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

(Ge (15nm)-Ag (20nm)-TiO, (100nm)-Ag (100nm)) and
a low-index dielectric FROC (Ge (15nm)-Ag (20nm)-MgF,
(180nm)-Ag (100nm)), respectively (for s-polarized angular
reflection, see Supplementary Fig. 6). The refractive indices 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
(£70°), whereas the low-index FROC is highly iridescent. Iridescent
structural colours are important for the anti-counterfeiting mea-
sures used in many currencies and also for spectral splitting of
the solar spectrum (Supplementary Fig. 7). For most structural
colouring applications, however, iridescence is problematic*' and a
high-index FROC is more suitable*.

The observed selective reflection is reminiscent of dielectric mir-
rors, for example, distributed Bragg reflectors (DBRs). Although
dielectric mirrors are used as high-reflection coatings, their selec-
tive reflection properties make them attractive for structural colour-
ing and single-frequency lasers**°. The bandwidth of a DBR mirror
is inversely proportional to the difference in refractive index of its
two constituent dielectrics. Similarly, the required number of peri-
ods to achieve high reflection is inversely proportional to the differ-
ence in index. Figure 2i shows the calculated reflectance for a DBR
mirror and a FROC. The DBR consists of ten Al,0,-SiO, bilayers
with an overall thickness of 1.9 pm and a FWHM of ~100nm, and
the FROC consists of Ge (15nm)-Ag (35nm)-TiO, (105nm)-Ag
(100nm) with an overall thickness of 0.255pum and a FWHM of
~30nm. Accordingly, FROCs can provide narrowband selective
reflectance with a thickness an order of magnitude less than DBR
mirrors. The high dispersion associated with Fano resonance leads
to a high effective group index which is promising for slow-light
applications'” (Supplementary Fig. 8).

FROCs as beam splitter filters

FROCs enjoy a unique property unattainable by existing thin-film
optical coatings, namely they act as beam splitter filters (BSFs),
that is, they transmit and reflect the same colour under white
light illumination (for comparison with other beam splitters, see
Supplementary Fig. 9). Figure 3a shows the calculated reflection
and transmission of an MDM cavity consisting of Ag (20nm)-
TiO,(85nm)-Ag (20nm). The MDM cavity acts as a transmission
filter such that the reflection minimum corresponds to the trans-
mission maximum. Figure 3b shows the calculated reflection and
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Fig. 3 | FROC as a beam splitter filter. a,b, Calculated reflectance and transmittance of a transmission filter based on an Fabry-Perot (FP) cavity consisting
of a metal-dielectric-metal stack. (a) and a BSF-FROC (b). The reflectance and transmittance are complementary for the MDM cavity, whereas for the
FROC, both reflectance and transmittance peaks overlap. The inset in b shows a photograph of a conventional transmission filter and a BSF-FROC. The
former reflects red while transmits green. The FROC, however, reflects and transmits the same blue colour. €, Measured transmittance (dashed lines) and
reflection (solid lines) for three BSF-FROCs (Ge (15nm)-Ag (25nm)-PMMA (I, 100 nm; II, 120 nm; I1I, 770 nm)-Ag (25nm)). d, Photograph of BSF-FROCs
showing their potential for the structural colouring of transparent objects. The reflection of the incandescent bulb and transmission from the fluorescent

light bulb have the same colour for each BSF-FROC filter.

transmission for a FROC with semi-transparent metallic films con-
sisting of Ge (15nm)-Ag (20nm)-TiO, (85nm)-Ag (20nm), for
which the peak transmission and peak reflection overlap within the
visible range, that is, the FROC behaves as a BSE. The inset of Fig. 3b
shows a photograph of a transmission filter and a BSF-FROC. The
transmission filter reflects and transmits different colours (red and
green, respectively), whereas the BSF-FROC reflects and transmits
the same blue colour (Supplementary Fig. 10). Figure 3¢ shows the
measured reflection and transmission (incidence angle is 15°) from
three BSF-FROCs (Ge (15nm)-Ag (25nm)-PMMA (I, 100 nm; II,
120 nm; II1, 170nm)-Ag (25nm); PMMA, poly(methyl methacry-
late)). Clearly, the reflection and transmission peaks overlap for each
BSE Figure 3d presents a photograph of four BSF-FROCs showing
that the reflection of the incandescent bulb and transmission from
the fluorescent light bulb have the same colour. This property is
particularly interesting for the structural colouring of transparent
objects as it provides a similar effect to pigment-based colouring of
transparent objects such as glass.

Solar hybrid thermal-electric power generation using
FROCs

Hybrid thermal-electric power (HTEP) generation is a solar
energy generation approach that has recently gained attention*-".
The goal is to divide the solar spectrum into a photovoltaic (PV)
band, with photon energy larger than or approximately equal to
the bandgap energy E, guided towards a PV cell, while directing
the rest of the solar spectrum to a solar absorber to be converted
into thermal energy (thermal bands). For single-junction PV cells,
however, photons with energy <E, are wasted, which is a major
source of the Shockley-Queisser efficiency limit. In addition, pho-
tons with energy <E, or >E, heat up the PV cell, which decreases

the efficiency by ~0.5% per 1°C*' and increases the aging rate of
PV cells, with the rate nearly doubling with every 10°C increase
in temperature®. On the other hand, HTEP takes advantage of the
strengths of PV and concentrated solar power energy generation:
PV energy is efficient but solar thermal energy can be stored at
low cost for night-time dispatchment, or can be used directly for
solar thermal application, for example, water heating, sanitation or
desalination™ (see Supplementary Figs. 11-13 for more details on
HTEP vs solar thermophotovoltaics and concentrated solar power
generation). Addressing night-time dispatchment is crucial to deal
with the duck curve and curtailment problem, that is, the mismatch
between peak solar energy (midday) production and peak energy
demand (sunset), which forces grid managers to curtail solar energy
sources by switching off solar panels™.

A major practical challenge for hybrid thermal-electric sys-
tems, however, is finding feasible optical materials that can effec-
tively divide the solar spectrum into the desired PV and thermal
bands***’. Figure 4a shows a conventional hybrid PV/solar-thermal
energy conversion strategy in which the incident solar spectrum is
concentrated on a spectrum splitter that directs sub-bandgap pho-
tons (<E,) to a thermal receiver and reflects photons with energies
>E, to a PV cell”. A quad-band spectrum-splitting filter has been
reported that divides the solar spectrum into a PV band, two ther-
mal bands and an infrared band, with the filter itself having low
emissivity”. The optical filter consisted of a dielectric mirror on a
cermet selective solar absorber. However, this approach suffers from
the high cost of depositing dielectric mirrors that are usually tens
of micrometres thick”. Moreover, optical concentration is required
to economically justify the use of dielectric mirrors. Dielectric mir-
rors, however, do not operate efficiently under optical concentra-
tion due to their strong angular sensitivity*’.
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Fig. 4 | FROCs for hybrid thermal-electric solar energy conversion. a, Schematic of a conventional PV/solar-thermal energy conversion set-up in which
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. b, A FROC, however, can reflect photons with energies close to £, while directly absorbing
photons >E, or <E,. ¢, Measured reflectance of a Ge(15nm)-Ni(5nm)-TiO,(85nm)-Ag(120 nm) FROC that selectively reflects light within the
wavelength range corresponding to the absorptance of an a-Si PV cell (green). T-B, PV-B and IR-B correspond to the thermal band, PV band and infrared
band, respectively. d, The measured absorption of the same FROC shows overall high average absorption within the solar spectrum. The solar irradiance
spectrum (AM 1.5) is shown for reference. e-g, For different optical concentrations C,,; we measured the power output from a PV cell receiving light
reflected from an Ag mirror and the FROC (e), the temperature of the PV cell operating with an Ag mirror and the FROC (f) and the temperature of the Ag

mirror and the FROC (g).

A FROC acts as a monolithic spectrum splitter and a solar
absorber. With proper design, a FROC can selectively reflect a
wavelength range corresponding to photons with an energy of
around E, and absorb the remainder of the solar spectrum (Fig. 4b).
We used a FROC consisting of Ge(15nm)-Ni(5 nm)-TiO,(85nm)-
Ag(120nm). Figure 4c shows the FROC reflection at an incidence
angle of 45°, at which the Fano resonance peak overlaps strongly
with the amorphous silicon (a-Si) absorption band, that is, the
FROC is designed to selectively reflect the PV band of an a-Si PV
cell. We designed a FROC spectrum splitter/absorber with four
bands: two thermal bands that absorb ultraviolet and near-infrared
wavelengths, a PV band that corresponds to wavelengths around the
E, of a-Si PV cell and an infrared band with near zero emissivity to
minimize thermal radiation losses in the absorber. Figure 4d shows
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the measured absorption of unpolarized light incident on the FROC
at an incidence angle of 45°. The FROC exhibits strong absorption
over the entire solar spectrum with limited absorption beyond the
solar spectrum, that is, it behaves as a selective light absorber with
average absorptance @ ~ 0.55 (see Methods). Thus, the a-Si PV cell
receives photons of ~E, only and, ideally, can operate with higher
efficiency at higher optical concentrations while the solar energy
absorbed by the FROC can be independently used for other solar
thermal applications or for energy storage. In addition, the FROC
behaves as a selective solar absorber as it has low spectral emissiv-
ity € ~ 0.0014 in the infrared wavelength range (Supplementary
Fig. 14). The low emissivity suppresses the blackbody radiation
losses and increases the optothermal efficiency of the absorber®*”".
Finally, the weak angle dependence of the FROC with a high-index
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dielectric means that it can operate efficiently under optical concen-
tration (Supplementary Fig. 15).

To demonstrate HTEP generation using FROCs experimentally,
we used a solar simulator and a lens to provide optical concentra-
tion (Supplementary Fig. 16). The incident intensity I = Coplsolars
where C,,, is the optical concentration and I, is the solar radia-
tion intensity and is ~1,000 W m~2 Here, solar light is incident on
a reflecting silver mirror or a FROC tilted at an angle of 45° and is
then directed to an a-Si PV cell. The temperatures of the Ag mir-
ror, FROC and PV cell were measured using thermocouples (see
Methods). At low Cy,, the PV cell generates more power from light
reflected from an Ag mirror (Fig. 4e). However, for Cg,>2, the
PV cell receiving solar light from a FROC generates higher power.
This is because for lower C,,, the higher reflection of the Ag mirror
within the PV band outweighs the deterioration of efficiency due
to heat generated inside the PV cell. At higher C,,,, however, the
elevated temperature reduces the PV efficiency and a PV cell oper-
ating with a FROC generates more power. Figure 4f shows that the
temperature of a PV cell operating with light reflected from an Ag
mirror is consistently higher than that of a PV cell operating with
light reflected from a FROC. The temperature difference between
the two PV cells at Cy,, =9 is ~30°C, which amounts to a possible
six-fold increase in the projected lifetime of the PV cell operating
with a FROC. These approaches, however, mitigate the thermally
induced efficiency reduction and do not exploit the excess thermal
energy. The power generated from the FROC/PV system is ~50%
higher than that from the Ag/PV system at C,,,=5. In addition, the
temperature of the FROC is higher than the temperature of the sil-
ver mirror for all Cy,, (Fig. 4g), that is, the unwanted heat inside
the PV cell is now generated inside the FROC and can be used for
thermal energy storage.

Conclusions

We have presented herein an optical coating that exhibits the
photonic Fano resonance (FROC). Two main applications of
FROCs have been demonstrated: a beam splitter colour filter that
reflects and transmits the same colour, and a spectral filter for
hybrid thermal-electric solar power generation. We envision sev-
eral research directions resulting from our demonstration of the
FROC. Improving PV efficiency under one-Sun illumination by
increasing the reflectance in the PV band and increasing the sta-
bility of the thin-film coating at high temperatures are necessary
for some high-temperature solar thermal applications, for exam-
ple, solar thermophotovoltaics and solar thermoelectric genera-
tion®. Controlling the parameters of FROCs opens the possibility
to realize double and multi-Fano resonances using FROCs as well
as the photonic analogue of electromagnetic-induced transpar-
ency. Moreover, the demonstration of multiple Fano resonances can
be used to create hybrid thermal-electric energy generation while
operating a multijunction PV cell. Furthermore, investigating the
possible non-linear properties of FROCs could lead to active pho-
tonic applications and reconfigurable non-reciprocity™. Finally,
incorporating a phase-change material into a FROC could lead to
tunable optical modulators with high modulation depth and could
find applications in steganography*>®.
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Methods

Coupled oscillator theory of FROCs. Here, we detail the coupled oscillator model
presented in the manuscript. We considered the two resonators defined earlier: an
externally driven oscillator with large damping (resonator 1) that is weakly coupled
to a less damped oscillator (resonator 2).

To allow for the analytical results presented in equations (1)-(3), we made
several simplifications. (1) All fields in are assumed to be propagating along the
normal incidence direction (parallel or antiparallel). (2) Although the refractive
indices in principle depend on the angular frequency of light w, our focus is on a
narrow range of frequencies around resonance, and we ignore the dispersion 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 resonator 1 through the metal into resonator 2. We worked in the weak
coupling regime, in which the metal layer is assumed thick enough that most of
the field is attenuated in passing through the metal. Specifically, we assume that
Ly > ¢/ (wnl™).

To formulate the theory, it was useful to refer to the complex Fresnel reflection
and transmission coefficients at various interfaces. These are indicated by ; and ¢,
respectively, in Fig. 1b, where i is the material in which the field originates, and j is
the material in which the field is transmitted. The coefficients can be expressed in
terms of the refractive indices of the respective materials:

nj —n; 2n;

tj = (4)

i+’ 7 ni+n

Tij

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 propagating into the dielectric through the metal, the coefficients
are:

(10 + 1) (. — 1g) + €290 (n, — 1) (M + 10) _ 1g — 1

Fad = p ~ = Tam;
«d (g — 1) (B — 11g) + €290 @) (g + 1)) (B +11g) B+ 11
(5)
i dngnyge9m®)
3 Tt (1) € 20 (1T 1) (- +120) ()
4,1’1"",5‘%"1'“)

= (atrm) (nntna) *

Here, ¢(w) = n,Lwl/c is the (possibly complex) phase gained by passing
through a material of index », and thickness L,. We have used the weak coupling
assumption (point 3 above) to give simpler approximate forms on the right,
keeping the leading order contributions. Note that the reflection coefficient is
approximately the same as from a simple metal interface, r,,,. For the transmission
coefficient, as L,, increases, e»(®) oc e='ln®/¢ _, 0, and hence the coefficient
becomes progressively attenuated, consistent with the weak coupling assumption.
Analogously, for fields within the dielectric propagating upwards into the lossy
material through the metal,

4111y (@)

~ Ng — Ny
(g + 1) (16 + 1)

Tda =
ng + N

= Tdm; Zda ~ (7)

To set up our theoretical description, we first considered each resonator
separately, uncoupled from the other. It was easier to start with resonator 2, the
MDM Fabry-Pérot cavity. Imagine a field E,; that was injected at the top of the
lossless dielectric, propagating downwards. The total field E, that establishes itself
in the cavity is the sum of this original field and an infinite series of reflections
from the bottom and top metallic interfaces:

Ey = Eyi + By tam74a€” %) + Eyir?, 7,4 4 (8)

Summing these reflections, we can express the ratio of the total to the injected
field as:
E, 1

= =A
Esi 1 — ranfaae?%a(@) 2(@) ®)

Using the fact that 74, ~ 74, as discussed above, and writing the complex
coefficient 74, = |ram|e®m in terms of amplitude and phase, we can rewrite the
ratio A,(w) in the form:

1
A ~—_—
(@)~ — [ram 2840764

This cavity exhibits resonance at frequencies , defined by the condition
¢4(w2) = —¢,,, + kn, where k is some integer. Using the definition of 7, from
equation (1), we can also express this condition as:

2ngni™
tan ¢, (w2) = tan ¢y, = ———— S —— (10)
" )

For frequencies @ in the vicinity of the resonant value w,, we can Taylor exzpand
the denominator of equation (6) and write the ratio of field intensities |A; (w)|” in
an approximate damped resonant oscillator form:

I 1
1Az (o)~ , ()
422 |ram]” |12 + (0 — @)’
where the damping factor I, is given by
c(1—|ra |2 2cnfe
)= ( ml) - (12)

2ngLglram| g, [nﬁ n (”52")2]

Here, we have approximated the expression using the assumption 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. Figure 1c shows an
example of |A;(w) |? versus w for the following sample material parameters: n,=1,
n,,=0.0144i, n,=2.240.5i, ny=2.5, L,,=35nm, L,=40nm and L,=70nm. In
addition to the intensity, one can characterize the phase ®,() of the resonator,
defined by A,(w) = |A;(w)|e’®:(). Figure 1d shows &,(w) making a sharp switch
from negative to positive as @ passes through resonance. In the undamped limit,
this phase difference would have magnitude =, but with finite damping it is always
less than .

Then, we considered resonator 1 alone. We proceeded analogously, calculating
the total field E, that is established in the lossy material when a field E,; is injected.
For the uncoupled resonator we assumed 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:

E, 1

=—=A . 13
Eii 1 — raolame®®a(®) 1(@) (13)

Writing rs0 = |fa0|€™, Tam = |Fam|€™®m, we can rewrite the above equation in the
form given by equation (1) in the text:

1
Avle) == (70T |22 @) B ] (14)
which can be rewritten as
(@) :
1(w) = - 15
1— ‘raoram|e721m[¢u(nl)]e1{2R3[¢u(11i)]+¢a0+¢m} ’ (15)

where Re[¢,(0)] = n¥L,w/cand Im[¢,(w)] = nl"L,o/c. There is no
exact analytical expression for the frequency w, at which A, (@) exhibits
resonance. However, under the assumption that n/" is typically smaller than
nfe, the resonant frequency is given by the following approximate condition:
2Re [gbu ((ul)] X =@, — @ + 2kn, where k is an integer.

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

Czezng"Luml/c 1
A () P= 5 - 5). (16)
4(”;;8) Lalramraol I+ (w - wl)

where the damping factor I' is given by

Cenf,’"L‘,uu Je (1 _ e—me,’”Lum, /C‘Vam a0 |) (17)
I = .
1/2
208 Ly |raoTam| /

Unlike resonator 2, for which one could approach the undamped limit as
the metal becomes ideal (I, — 0 as n*¢ — 0), here it is generally not possible to
eliminate the damping. This is unsurprising, because unlike the Fabry-Pérot cavity,
we only have a metallic mirror at one surface and a lossy medium. For I, to vanish,
the product of e 2%"La®1/¢, |r,,.| and |r,| in the numerator would have to equal
1. Because 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, 7™ — 0, and making the metal at the bottom ideal, n%¢ — 0, would make
the first and third terms equal to 1, respectively. However, in this limiting case,
[fa0| — {ng - nﬁ“‘ / |no + n®e|, which is always less than 1 for real materials. So
I', would still be non-zero. This highlights the fact that resonator 1 will in general
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be more strongly damped than resonator 2, that is, I', > I',, and one can readily
arrange parameters such that I, > I',. An example of this is shown in Fig. 1c, in
which the resonance of |A; ()|? is highly damped compared with that of | A, ()]
The corresponding phase @,(w), shown in Fig. 1d, shows a gradual crossover from
negative to positive near @,, in contrast to the sharp change in @,(w) for the less
damped resonator.

Finally, we considered what happens when we couple the two resonators
together and drive the strongly damped resonator 1. This drive comes from
the incident field E; in the superstrate, which contributes ty,E; to the field
injected into resonator 1. However, there is another contribution from the
field in resonator 2 that is reflected upwards from the metal substrate through
the metal spacer layer into resonator 1. We can express the total field injected
into resonator 1 as Ey; = toaE; + ExTamTaoldae’2%4(@)+9:(@)] In turn, the fact
that there exists a field in resonator 2 is due to the field from resonator 1
propagating downwards through the metal spacer, given by Ey; = E; f,ge™®(®).
All these relationships can be succinctly expressed through equation (3) in the
manuscript.

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, f4, and f,4, 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 equation (3) is similar in structure to
the simple two-oscillator description of Fano resonance given in ref. '. Following
the approach in ref. ! the Fano parameter q can be approximately related to the
degree of detuning & between the two oscillators at the resonant frequency of the
less damped one: g = cots, where 6= @, (,). To observe the Fano resonance near
®,, one can look at the reflected field E, in the superstrate (from which one derives
the reflectance R =|E, / E|?), which has contributions from the reflections of both
E,and E:

E, = r0,Ei + tam ta(]ezwu ((U>E1 + rdmzda taoei[2¢d((u)+¢“(w)] E, (18)

Beam splitter filter theoretical analysis. Here, we considered what occurs in the
beam splitter configuration when we replaced the metal substrate at the bottom

of the FROC with a metal layer of thickness L,, and used a dielectric substrate of
refractive index n,. We obtained a field E, transmitted into the substrate due to
leakage of E, through the bottom metal layer: E; = f;,e'%(®)E,. Here, iy is given by
equation (7) with n, replaced by n.. The resonance in E, at w, thus translates into a
peak in E, near the same frequency. We thus observe beam splitter behaviour with
peaks in both reflectance R and transmittance T = (n;/no)|E:/E;|* near w,. This is
illustrated in Supplementary Fig. 17 with the same sample material parameters as
mentioned above and n,=1.5.

Sample fabrication. Films were deposited on a glass substrate (Micro slides,
Corning) using electron-beam evaporation for Ni (5As™'), Ge (3 As™), TiO,
(1As?) and MgF, (5 Ast pellets and thermal deposition for Au (10 As?)and Ag
(20 A s1), with the deposition rates specified for each material. All materials were
purchased from Kurt J. Lesker.

Numerical calculation of the reflection and absorption spectra. Numerical
reflection and absorption spectra were generated using a transfer matrix-based
simulation model written in Mathematica®'. The power dissipation distribution

in the thin-film stack was calculated using the commercially available
finite-difference time-domain (FDTD) software from Lumerical®>. The simulation
was performed using a two-dimensional model with incident plane wave at zero
incidence angle. Periodic boundary conditions were used in the x direction and
perfectly matched layers were used in the y direction (normal to the sample).

The mesh was tailored to each layer with a mesh step of 0.001 pm. Absorption is
complementary to the calculated reflection and transmission, thatis, A=1-R-T,
and is complementary to the reflectance for opaque substrates.

Angular reflection measurements. Angular reflection was measured using a
variable-angle high-resolution spectroscopic ellipsometer (Woollam, V-VASE). The
transmittance was zero for all wavelengths and angles.

Bandwidth and resonance wavelength of FROC reflection line. The broadness
of the observed Fano resonance can be tuned and made sharper. The broadness
of the FROC resonance depends on the damping factor of the weakly damped
cavity I, (equation (12)). For a non-zero incidence angle, this can be generalized
to yield the reflection line bandwidth 64 for an MDM Fabry-Pérot cavity,

which is given by 4 = A3(1 — R)/(2n4L, cos Oz+/R), where 1, is the peak
wavelength, R is reflectance, n, and L, are the dielectric index and thickness,
respectively, and 6 is the incidence angle. Accordingly, to optimize the
bandwidth, the mirror reflectance, the dielectric optical thickness and incident
angle should increase.
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Furthermore, using the transfer matrix method, we could determine the
dielectric thickness necessary to realize a resonant reflection line at a given
wavelength 1. We considered a FROC containing a lossless dielectric with
refractive index #,(4) and thickness L,. The surrounding metal layers have index
fm(4) + ik (2), and we assumed n,, < k;, (which is true for Ag in the wavelength
range of interest). The condition for resonance in the FROC is:

2ena(DLg| 2k (A)na(2)
‘a“[ 2 d]’nﬁw—km

Given L,, one can numerically try to solve this condition to find 4.
Alternatively, if 4 is specified, the above equation can be solved for L,

O G o B

Here, m is an integer. Note that the condition for L, 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, that is, the MDM FWHM << the
broadband absorption continuum.

(19)

Iridescence properties of FROCs. The iridescence of a FROC’s resonant reflection
mode depends entirely on the properties of the MDM cavity. The dependence of
the reflection peak wavelength 4, on the incident angle is thus given by*:

1 dlmax(6)
Amax(0)  dO

where H[Amax (), 0, ng] is a dimensionless function that depends solely on 6
through 4,,,. As n, increases to values 31, the above expression decreases as n;>.
Accordingly, the iridescence of FROCs can be mitigated by using a high-index
dielectric.

cos@sin @
~ HAmax(0), 0, n4] 220’ (21)
a

Calculating the average spectral absorptance and emissivity. The spectrally
averaged absorptivity of the selective surface is given by*:

o0

/ dﬂe(ﬁ)% (22)

0

a=

~] =

And the emissivity is given by:

[ dAe(2)/ {4 [exp(hc/AkT) — 1]}
T P leplhe kD) — 1]}

&= (23)

where I is the solar intensity, 4 is the wavelength, £(4) is the spectral emissivity of
the selective absorber/emitter, 4 is the spectral light intensity, which corresponds
to the AM 1.5 solar spectrum,  is PlancK’s constant, c is the speed of light, k is
Boltzmann’s constant and T is the absorber temperature, here taken as 100°C.

Photovoltaic measurements. A solar simulator (Sanyu) with an AM1.5G airmass
filter was first calibrated for 1 Sun (1,000 W m~?) using an NREL-certified PV
reference solar cell (PV Measurements). The measured power of a thermopile
power meter (FieldMax II TO, Coherent; minimum measurable power 10 pW)
was set to a wavelength of 500 nm, corresponding to 1,000 W m™ from the
calibrated solar simulator and 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 the solar simulator to enhance optical concentration. The
simulator current was varied to adjust solar irradiance from 1,000 W m~ (286 mW
at thermopile head) to 5,000 Wm™ (1,430 mW). The PV cell was purchased, cut
and two wires were soldered to create a functioning PV cell. The temperature

was measured using thermocouples (temperature accuracy +1°C) and we have
reported the equilibrium temperature. Power was measured using a Keithley 2400
source meter using an open circuit voltage and sweeping the voltage down to zero
while measuring the current. The maximum power reported is the maximum of
the voltage and current product.

Data availability

The raw numerical data for the figures in the manuscript, as well as the code on the
thin-film coupled oscillator theory, are available via GitHub at https://github.com/
hincz-lab/Fano-resonant-ultrathin-film-optical-coatings-FROC.
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