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Fano resonances in photonics

Mikhail F. Limonov'?, Mikhail V. Rybin"?*, Alexander N. Poddubny'? and Yuri S. Kivshar?3

Rapid progress in photonics and nanotechnology brings many examples of resonant optical phenomena associated with the
physics of Fano resonances, with applications in optical switching and sensing. For successful design of photonic devices, it is
important to gain deep insight into different resonant phenomena and understand their connection. Here, we review a broad
range of resonant electromagnetic effects by using two effective coupled oscillators, including the Fano resonance, electromag-
netically induced transparency, Kerker and Borrmann effects, and parity-time symmetry breaking. We discuss how to intro-
duce the Fano parameter for describing a transition between two seemingly different spectroscopic signatures associated with
asymmetric Fano and symmetric Lorentzian shapes. We also review the recent results on Fano resonances in dielectric nano-

structures and metasurfaces.

e live in a world of resonances. The human environment is
\/\/ filled with natural and artificial resonators, ranging from
musical instruments to complex devices such as lasers
and body-imaging machines. Resonances are the cornerstone of
photonics, with the more familiar Fabry-Pérot and Bragg resonators
employed as building blocks for sophisticated optical devices with
unique properties. A very special example of a resonance in optics
is the Fano resonance that occurs when a discrete localized state
becomes coupled to a continuum of states. Although the paper by
Ugo Fano was published in Physical Reviews in 1961, the original
results for an important limiting case appeared back in 19352
In general, the Fano resonance occurs when a discrete quantum
state interferes with a continuum band of states, and it is manifested
in the absorption spectrum, o(E), with the shape described by the
famous Fano formula:

oE) = 21D M
1+0?

where E is the energy, g = cotd is the Fano parameter, ¢ is the phase
shift of the continuum, Q = 2(E — E,) / I, where I" and E, are the reso-
nance width and energy, respectively, and D? = 4sin§ (in the form
presented in ref. 3). Equation (1) turns out to be generally applicable
not only to absorption but also to different optical spectra (including
transmission and scattering) in a variety of systems. In recent years,
Fano resonance has attracted a lot of attention due to the progress
in photonics, which deals with objects that have multiple resonances.
Indeed, almost any resonant state can be considered as quasi-discrete
with a complex frequency that can be described in terms of Fano reso-
nance. We note that the major interest in the study of Fano resonances
in photonics originates from sharp transmission-reflection curves
supplied by this resonance, with a sharp transition from the total
transmission to reflection. This is an attractive feature that underpins
concepts of many switching devices in photonics.

To provide an example of a resonance with the characteristic Fano
response, we consider the elastic Mie scattering of electromagnetic
waves by a high-index dielectric rod. Figure 1 summarizes the unique
properties of the Fano resonance in this case, and it also demonstrates
why the Fano resonance is so important for numerous applications
in photonics. Indeed, the study of the resonant Mie scattering by a
dielectric rod reveals®® that the scattering spectra can be presented as

an infinite series of Fano resonances. The unique feature of the Fano
formula is that the scattering efficiency described by equation (1) has
two critical points: when the scattering efficiency vanishes and when
it takes the maximum value close to unity. This feature is useful for
many applications, allowing the scattering to be switched from total
reflection to total transmission. Indeed, for a particular normalized
frequency (x = 0.504 in Fig. 1), the resonant field H, near the surface
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Figure 1| Fano resonances in Mie scattering. a-i, Numerical results for
Mie scattering by a single dielectric rod (e = 60) embedded in air (¢ =1)
are shown for the scattering efficiency, Q..,. The component H, of the
transverse-electric electromagnetic field is shown for the selected points
outside (a-d) and inside (f-i) a dielectric rod marked by the green circles
in e. Shown are strong Mie scattering at x = 0.485 (b,g) and Fano invisible
regime at x = 0.504 (c¢,h). Here x = rw/ ¢, and r is the rod radius and c the

speed of light.
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inside the rod mimics the incident field distribution, so we observe
almost complete suppression of scattering. This means that an inci-
dent transverse-electric-polarized light passes the rod almost without
scattering, and the rod becomes invisible for any angle of observation
without additional coating layers.

In atomic spectroscopy, the minimum in the Fano response
function is usually referred to as the ‘resonance window), to avoid
confusion with other types of minima in the absorption cross-sec-
tion®’. In photonics, the characteristic windows in the transmission
or absorption spectra can also be observed in the case of differ-
ent regimes caused, for example, by the Borrmann effect®° or by
the optical analogue of electromagnetically induced transparency
(EIT)"*. To further deepen our understanding of the physics of
Fano resonance, we need to answer the following question: How
can we distinguish between Fano resonance and other resonances
in experimental data or calculated spectra? A more general question
is: How do we prove that an asymmetric or even symmetric feature
in the spectrum originates from Fano resonance? In the past dec-
ade, we have observed a growing number of publications mention-
ing Fano resonance. However, many authors call almost any feature
observed in the spectrum ‘Fano resonances’ without giving a rigor-
ous proof. Below, we provide the basic tools to prove the existence of
Fano resonances in any system.

One of the goals of this Review is to present a general picture of
different resonant photonic effects (Fano, Kerker, Borrmann, EIT)
based on a simple model of two weakly coupled oscillators. Next,
we provide a detailed analysis of the Fano asymmetry parameter
g which is the key characteristic of the Fano theory. By analysing
experimental data or numerical spectra, it is possible to extract
different expressions for the response function and compare them
with the expected form of the Fano formula.

It is crucially important that the Fano formula (equation (1)) is
useful for describing resonant phenomena in a broad range of sys-
tems, including optomechanical resonators'®, semiconductor nano-
structures'”'®, superconductors'®?, photonic crystals? %, dielectric
nanoparticles”, plasmonic nanoantennas®*, and many others. In
nanophotonics, the Fano resonance was initially introduced and
observed for plasmonic structures. However, for such structures,
ohmic losses and heating limit performance in many optical devices.
For this reason, several research teams have turned their attention to
the study of all-dielectric metamaterials®**® with considerably lower
losses, and also metasurfaces, which are two-dimensional (2D) suc-
cessors of metamaterials*'~**. These two classes of photonic structures
are the main focus of this Review.

In addition, we emphasize that Fano resonance and associated
effects have been found in very recent studies related to photonics.
Using spectral features of the resonant lineshape, Fano physics can
help to achieve negative optical scattering force for nanoparticles®,
reveal bound states in the continuum**** and exotic states of subwave-
length topological photonics®, as well as realize a variety of useful
applications**-*. We believe this Review will provide useful guidelines
for future, not yet discovered manifestations of Fano resonances and
their novel applications.

Two coupled oscillators and a phase diagram

Here we illustrate the physics of Fano resonances, optical EIT, and
Borrmann and Kerker effects, as well as parity—time symmetry break-
ing by using a model of two coupled driven oscillators'>*! described

by the following matrix equation:
| ; h
x| £ )

Here x, and x, are the oscillator amplitudes, w, and w, are the reso-
nant frequencies, y, and y, are the damping coefficients, and f, and

W - w-iy, 4
8 W, - w—iy,
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£, are the external forces with the driving frequency w. The coupling
constant g describes the interaction between the oscillators.

Various resonant effects possible in such system, optical realiza-
tions and characteristic spectra are summarized in Box 1. We will
now analyse them in a unified fashion by comparing the values of
the damping constants y, and p, as shown in the phase diagram
(Fig. 2). The damping constants are normalized by the absolute value
of the coupling parameter g between the oscillators. The physical
origin of the dampings can be ohmic losses or scattering losses due
to coupling to other modes. In the weak-coupling regime, the cou-
pling strength is less than one of the dampings, |g|<<| y,| or |g|<<| y,|
(ref. 62). Then the interaction between the oscillators slightly shifts
their complex eigenfrequencies, for example, w," =~ w, — iy, + Aw, is
the eigenfrequency of oscillator 1 modified due to the interaction with
oscillator 2 characterized by a complex shift Aw,. In the case when the
first oscillator emulates a quantum emitter and the second oscillator
corresponds to a photonic mode of a cavity, the imaginary part of Aw,
describes the Purcell effect®, that is, modification of the spontaneous
emission rate in the cavity. The real part of Aw, is the radiative correc-
tion to the eigenfrequency being analogous to the Lamb shift®.

Fano resonance. This resonance is realized in the two-oscillator
model in the weak-coupling regime when only one of the oscillators
(with larger damping) is driven (namely, f; # 0, f, = 0; see the inset of
Fig. 2 for a mechanical analogy). This corresponds to the two sectors
of the first quadrant of the phase diagram (Fig. 2) close to the axes,
shown in red. The amplitude of the driven oscillator 1 in the spectral
vicinity of the resonance of oscillator 2 can be presented in the form:

Q) 2~ f2 7 (2+9)
= U e @y

where

g (- w,) |y, (1+4g°)

7)) 1+¢ g

O=lw-w,+

is the dimensionless frequency. The Fano parameter g determines
the spectral shape and depends on the spectra detuning of the
oscillators w, — w,. Similar to equation (1), g = cotd, where § is the
phase of the response function (w, — w, + iy,)™" of the damped
oscillator 2, playing the role of continuum at the resonance of
oscillator 1. The Fano resonance directly manifests itself in the
absorption spectrum o<y |x,(Q)> (Box 1, panel b). For two ring
resonators side-coupled to the waveguide, the absorbed waves are
subtracted from the transmission, which leads to Fano-like trans-
mission spectra'’.

Electromagnetically induced transparency. EIT can be viewed as
a special case of Fano resonance when the frequencies of strongly
and weakly damped oscillators match, w;, = w,, so that g = 0, as
explained in Box 1.

Borrmann effect. This effect is an anomalously strong transmis-
sion of waves through an absorbing crystal due to the Bragg diffrac-
tion® 19656 Tt is similar to EIT but should be described in the spatial
domain rather than in the time domain, which means that the fre-
quencies are to be replaced by wave numbers, w - k. Namely, x, and
x, become the amplitudes of the left and right propagating plane
waves, with w, = —w, and w being their wave vectors and the Bloch
wave vector calculated from the edge of the Brillouin zone. The cou-
pling coefficient g appears due to the Bragg diffraction. The damping
constants y, = —y, describe the wave attenuation due to absorption
and they have opposite signs because the left and right propagating
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Box 1| Resonant phenomena in photonics realized for different coupling regimes.

Weak-coupling regime: |g|]<<|y,| or |g|<<|y,|
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Fano resonance. Fano resonance occurs from coupling of two oscil- |
lators with strongly different damping rates producing narrow and > o 8
broad spectral lines. The coupling constant g is weaker than the 2 + N
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The resulting spectra (panel b; adapted from ref. 1, APS) show typi- = 24
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encoded in the Fano parameter g (panel b). Q
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restored by the coupling to the undamped mode with the opposite
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transparency window as shown in panel d (reproduced from ref. 11, 05,“\\//*'
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Borrmann effect. This effect is a spatial analogue of EIT for a struc-

f
ture with a periodic loss distribution. At the bandgap edge, the © @ @ 2 2 03]
Bragg diffraction pins the field maxima to the lossless material (red % | = S S s 047
in panel e) away from the lossy one (blue in panel e). This suppresses a 803
the losses and opens the transparency window (experimental and Layers § 0.2
theoretical data correspond to red dotted and black solid curves in s o1
panel £, respectively; adapted from ref. 65, OSA). L/ B
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Kerker effect. This effect is distinct from the Fano resonance because Angle of incidence (°)
it does not require direct coupling between the oscillating modes & Forward T Backward h y
but exploits their different spatial symmetry instead. Namely, elec- Kerker 2
tric dipole (ED) and magnetic dipole (MD) modes are odd (even)
with respect to the spatial inversion (panel g). Hence, it is possible to =) 0 @ MD Y % N
suppress light scattering either in backward (Kerker 1 condition) or 5 ,
forward (Kerker 2) directions when the MD phase changes by  at =t - N erker 2 ~
resonance. Scattering patterns are shown in panel h (adapted from T +
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Parity-time symmetry. Parity—time symmetry is an analogue of I i _

the strong-coupling regime for systems that are symmetric under k Parity-time 3 10*:E;2§/Pamy_t'm§

simultaneous spatial and time inversion, where the gain is balanced symmetry  Parity-time 3 8 Gain n =@

by losses (y, = —y,, @, = w,). Despite the non-Hermitian proper- breaking symmetry < R E L

ties, the spectrum is real and the real parts of eigenfrequencies split i \%

when the coupling overcomes gain/loss (g > |y,[; panel k). When N ; 5

the coupling is weak, the parity—time symmetry is broken and the g 01 ‘ E

spectrum is complex with a large gain-loss contrast. In particu- a8 ol 5

lar, this facilitates single-mode lasing: only the mode pinned to the ? I S L VN E-WAVAS AV
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effect (panel I; adapted from ref. 73, AAAS); m is the azimuthal Coupling coefficient g Wavelength (nm)

mode order.

NATURE PHOTONICS | VOL 11| SEPTEMBER 2017 | www.nature.com/naturephotonics 545

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nphoton.2017.142

REVIEW ARTICLE

NATURE PHOTONICS bot: 101038/NPHOTON.2017.142

Y2
—
&, v}
AN 1)
% s/) c
AN L £
> @'714
)4 0/\
. Weak
g| . coupling
Strong
pling
! %8 ) 9 Fano, EIT
w, 3
%/}'
5, ) 2
w f, &
f
N Z
V2

Figure 2 | Phase diagram of different photonic resonances (Fano, EIT,
Kerker, Borrmann, parity-time symmetric) in the damping constants

(y1, 2) plane. Inset: schematic view of two coupled damped oscillators with
a driving force f, applied to one of them.

waves decay in the opposite directions. Hence, the Borrmann effect
occupies the line y, = —y, in the phase diagram of Fig. 2.

The transmission coefficient can Dbe estimated as
[t o< exp(-2L|Im(w,)|), where L is the dimensionless structure
length and the Bloch vectors w, are defined by the eigenvalues of the
system equation (2), w.(w,) = F[(Im(g) — w,)(-Im(g) + 2iy, — w,)]"~
As such, the transmission decays when Im(w) # 0. However, at the
particular frequency, when the nodes of the electric field lie within
the lossy regions, the absorption is suppressed (Box 1, panel e).
Mathematically, this means that the off-diagonal complex coeffi-
cients in the matrix of equation (2) cancel each other for w, = Im(g),
so that Im(w) = 0 and the transmission is restored, |¢| =1, resembling
the case of EIT (Box 1, panel f).

Kerker effect. Non-trivial effects can be observed even in the limit
of vanishing direct coupling between the oscillators, just due to the
interference of their independent responses to the external field. As
an example, we mention the Kerker effect, defined as cancellation of
the scattering amplitude from spherical particles due to the different
spatial symmetry of electric and magnetic dipole scattering®"°. In
the model equation (2), the Kerker effect corresponds to negligible
coupling g = 0 and equal excitation amplitudes f, = f,. In contrast to
the Fano and EIT regimes, both oscillators can interact with the field
directly (f; # 0, f, # 0) and also the ratio of their damping rates can
be arbitrary. Hence, the Kerker regime occupies the whole region
y1,¥, >> g in the phase diagram (shown in purple in Fig. 2). There
are two Kerker conditions, leading to the scattering suppression in
either the forward or backward direction when x, = x, or x, = x,*,
respectively (Box 1, panels g and h).

Strong-coupling regime. This regime is realized when the damp-
ings of both oscillators are weak, y,,y, << g. Hence, in contrast to
the Fano, EIT and Kerker regimes, the strong coupling corresponds
to the central region of the phase diagram (Fig. 2). In the strong-
coupling regime, the real parts of the eigenfrequencies of the system
of two coupled oscillators are split by |w, — w_| = 2¢ when the bare
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oscillator frequencies w, and w, are tuned to each other. This split-
ting is termed vacuum Rabi splitting®”"’? or Autler-Townes split-
ting"' in analogy with quantum optics. Importantly, while the real
parts of w, and w_ split at g = |y, — y,| / 2 (Box 1, panel i), this split-
ting can be spectrally resolved only when it exceeds the imaginary
parts of the eigenfrequencies, that is, g >> y,,y,, which is the true
strong-coupling condition. In the system of ring resonators coupled
to the waveguide, the transmission is suppressed at the eigenfre-
quencies w, and restored between them. The transmission spectrum
can then be confused with that in the EIT regime (panels j and d
in Box 1). However, the physical origin of the central transmission
maximum is quite different. In the strong-coupling case, the reso-
nators are not excited at the central frequency, whereas in the EIT
case, the central frequency corresponds to the resonant excitation
of the weakly damped resonator. The experimental fingerprint of
the strong-coupling regime is the avoided crossing of the spectral
resonances'"®*, observed when the oscillator frequencies are tuned
with respect to each other.

Parity-time symmetry. A non-Hermitian system with balanced
gain and loss, that is, w, = w, but opposite coefficients, y, = —y,, can
exhibit parity-time symmetry”7%. As such, parity-time-symmetric
structures occupy the line crossing the second and fourth quadrants
of the phase diagram (Fig. 2). When |y,| < g, both eigenfrequencies
w, are real despite the presence of loss and gain (Box 1, panel k). For
sufficiently strong loss and gain (|y,| > g), the parity-time symmetry
breaks down, and both eigenfrequencies acquire non-zero and oppo-
site imaginary parts, as dictated by the properties of non-interacting
oscillators. Hence, the parity—time-symmetric and the parity—time-
symmetry-broken regime can be viewed as the strong-coupling and
the weak-coupling regimes, respectively, of the particular non-Her-
mitian system. Balanced gain and loss facilitate single-mode lasing in
the parity—time-symmetry-broken regime: only the mode pinned to
the gain regions is above the threshold”. In periodic structures, this
is strongly reminiscent of the Borrmann effect discussed above. Such
correspondence between the Borrmann effect and the parity-time
symmetry is clearly seen in the phase diagram (Fig. 2). This has been
uncovered only recently in the context of topological edge states””’®.
The conventional photonic crystal with a periodic array of lossy ele-
ments is mapped to the parity-time-symmetric photonic crystal with
periodic gain and loss elements just by adding an effective homoge-
neous gain (panels e and | in Box 1). It is worth noting that in the
linear regime, the parity-time structure remains reciprocal and the
forward and backward transmission coefficients are equal”. Non-
reciprocal transmission can be realized in the nonlinear regime’s*.

To summarize this general classification of resonant effects, we
note that their variety extends far beyond the model of two coupled
oscillators represented in equation (2). For example, scattering from
complex structures such as dielectric oligomers characterized by
the Fano effect can be analysed conveniently in terms of the inter-
ference between the collective eigenmodes of particles, rather than
resonances of individual particles. This interference occurs due to
non-Hermitian properties of open optical systems, and it can lead
to strongly asymmetric spectral lineshapes®.

Proving the existence of Fano resonance

A simple tool to reveal the Fano resonance in a considered photonic
structure is to develop and study a simple theoretical model that
describes the major spectral properties**2-*. Another approach is
to decompose the spectrum and fit the spectral line with the Fano
formula (equation (1)) by varying different available parameters.
Below, we employ both these approaches for analysing the Fano
resonance in several examples of dielectric photonic structures. We
discuss in detail how to extract the key Fano parameter g charac-
terizing the specific asymmetric profile of the Fano response func-
tion (Fig. 3), being responsible for the coupling strength between
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Figure 3 | Fano parameter versus phase shift and the Fano response
function. Function q(8) is periodic in 7. The insets show the Fano lineshapes
o(w) from equation (1) for selected values of q(8). The Fano function o(w)
has a Lorentzian lineshape for the extreme cases of § - nm (integer n)
corresponding to g - +e and g - —. For § = (n +1/2)m, g = O, the Fano
profile has symmetric quasi-Lorentzian lineshape (a Fano window).

effective discrete and continuum states as well as relative excitation
strengths associated with these two states.

The Fano parameter ¢, being a cotangent of the phase shift §
between two modes, depends on geometric and material param-
eters of the system and incident waves. There is no general rule how
to design a system with a desired value of this parameter. Moreover,
the Fano parameter should be regarded as an indicator of the Fano
resonance features in the system under study. However, one can
suggest an ad hoc procedure for tuning the system parameters and
the resulting Fano parameter to achieve a certain value.

If an external perturbation does not couple to the continuum of
states, we obtain g - oo and the Fano lineshape becomes a sym-
metric Lorentzian function (Fig. 3). When the external perturbation
does not couple to the discrete state, the Fano profile becomes a sym-
metric quasi-Lorentzian anti-resonance in the continuum spectrum
(g =0), and it appears as a true zero in the spectrum. However, this
minimum does not vanish and its value grows progressively when
more continuum states become involved in the scattering process.
The background component that does not interfere with the narrow
band can be accounted for by introducing an interaction coefficient
n € [0...1] (ref. 67):

(q+Q)

o(Q) = D?
@ 1+02

n+ (1 -1n)

0D dielectric spheres and rods. In 1908, Gustav Mie published
an analytical solution of Maxwell’s equations for the scattering of
electromagnetic waves by a spherical particle®”. In 2008 (exactly
100 years later), the similarity of the Mie scattering in optics and
Fano resonances in quantum physics was pointed out®. In 2013, it
was proven that the well-known resonant Mie scattering from high-
contrast dielectric resonators results in an infinite series of Fano res-
onances’. The conclusion was made for the case of dielectric rods**
and recently for dielectric spheres®® and core-shell dielectric
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particles®. For a dielectric rod, it was demonstrated numerically**
that each partial scattered wave can be presented as a sum of two
contributions: one of them corresponds to the non-resonant-back-
ground scattering while the other is associated with the excitation of
a resonant Mie mode. Their interference leads to a typical asymmet-
ric Fano resonance profile®. The calculated g values show a general
cyclic cotangent-type dependence with a certain phase® (Fig. 4d).
For dielectric homogeneous and core-shell spheres, the Fano reso-
nance was proved analytically®*® (Fig. 4b).

1D disordered structures. Fano resonances are usually associated
with coherent scattering in regular structures, but experimental and
theoretical results demonstrate that such resonances may survive in
some structures with disorder®***! as well as in aperiodic photonic
systems such as quasi-crystals®.

A remarkable example of a disorder-induced Fano resonance
is observed in a 1D system composed of alternating A and B lay-
ers with permittivity ¢, and random permittivity ¢ in B layers®*
(Fig. 4e). Owing to ergodicity, Fano resonance is a fingerprint
feature for any realization of a structure with a certain degree of
disorder. The background extinction is determined by uncompen-
sated Fabry-Pérot scattering on different B layers. Depending on
the values of the dispersion parameter o, and the order of the band
h, the shape of the Bragg reflecting band changes in accord with
the Fano formula, namely it transforms from a Bragg stop band
to Bragg pass band. The Fano nature of the resonance was proved
both numerically and analytically. Figure 4f presents a cotangent-
type behaviour (with a certain phase) of the Fano parameter g for
third-order Bragg bands.

When the nodes of the electric field are centred at the B layers,
the wave is insensitive to the fluctuations of €, and it does not decay
(Bragg pass band or Fano window with g = 0). This can be inter-
preted as the Borrmann effect generalized to disordered systems®.

2D cavities in waveguides. One of the typical designs to achieve
the Fano resonance in the waveguide geometry is to couple the
guided modes to local defects or cavities***. In the case of a side-
coupled cavity (Fig. 4g), an analytical expression for the transmis-
sion intensity can be presented in the form of the Fano formula®.
In such a system, the background amplitude does not change its
phase monotonically. As a result, the Fano parameter q does not
follow the characteristic cotangent-type dependence, but instead it
has the sine-type dependence shown in Fig. 4h.

3D photonic structures. There are many examples of Fano res-
onances in different types of photonic crystal. Opals represent
the well-known example of 3D photonic crystals composed of
nearly spherical particles of amorphous silica (a-SiO,) (Fig. 4i).
The porosity of the a-SiO, particles produces inhomogeneity of
dielectric permittivity of a single a-SiO, particle. Dissimilarity in
the permittivity of a-SiO, particles leads to the disorder-induced
broad background Mie scattering. A narrow photonic Bragg band
interacts with the continuum spectrum through an interference
effect constructively or destructively leading to Fano resonance®.
Opals have an overlapping net of air voids in between the a-SiO,
particles, which allows one to infill the voids with various materi-
als”*®. Experimental results clearly indicate a remarkable transfor-
mation of the Bragg band when the filler permittivity is changed.
By changing the filler permittivity, one can change the value of the
parameter g (Fig. 4j), for example, switch the Fano-induced asym-
metric Bragg stop band into a symmetric Lorentzian pass band
and vice versa, and thus control the wave transmission.

Strongly disordered photonic crystals with random scatterers”
were created from a 3D opal-like structure where disorder appears
due to vacancies in a face-centred cubic lattice (Fig. 4k). It was shown
that the amount of vacancies not only determines the intensity but
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kI, ref. 91, courtesy of C. Lépez.

also the nature of the light scattering. The disorder-induced extra
scattering produces a background spectrum with a narrow Bragg
band superimposed onto this background, with Fano resonance. As
the amount of defects varies, light scattering undergoes a transition
that very closely resembles the Bragg band transformation observed
in the transmission spectra of synthetic opals®. The usual Bragg peak
changes into a Bragg dip, which can be readily described with the
Fano parameter g. When the disorder level reaches the percolation
threshold, the Fano parameter g changes its sign (Fig. 41), signalling
the transition from a crystal to a mosaic of microcrystals through a
state where scattering is maximum. Beyond that point, the system
re-enters a state of low scattering with the normal Bragg diffraction®.

Fano resonances and metasurfaces
Here we review examples of Fano resonances in the 2D counterpart
of metamaterials known as metasurfaces.

Lattices of nanospheres. As demonstrated above, a single sphere
and a 3D metacrystal composed of spheres can both support Fano
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resonances of different nature (Fig. 4). Therefore, we can expect
that an array of such spheres (also called a metasurface) can have
similar properties. Indeed, Fano resonances have been observed
for metasurfaces composed of single and coated spheres that form
a simple square lattice””, and 2D periodic arrays of nanoparticle oli-
gomers® or circular nanoclusters”. Importantly, the Mie scattering
from individual spheres can demonstrate Fano resonances as well.
Here, we are interested in cooperative effects due to a 2D geometry.
Indeed, an array-induced Fano resonance was found for a planar
metasurface of plasmonic nanoparticles under oblique plane-wave
incidence”. Absorption of the ordered arrays of coated spheres
is shown in Fig. 5a for both transverse-electric- and transverse-
magnetic-polarized plane waves under the oblique incidence with
two distinct types of resonance. The first spectral feature is related
to the electric dipolar Mie resonance of a single coated sphere (at
1,750 and 2,400 THz). The authors of ref. 97 clarify that the other
feature in transverse-magnetic-polarization at 2,050 and 2,800 THz
is due to the forced excitation of free modes with a small attenuation
constant that is an array-induced sharp Fano collective resonance.
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parameters. ¢, A Fano-resonant metasurface integrated with graphene and calculated reflectivity of normally incident y-polarized light for a wire grid (black), wire
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Arrows in Fig. 5a mark the features that characterize metasurface-
induced Fano resonances.

Magnetic Fano resonances were demonstrated for a metasur-
face composed of a periodic array of circular clusters of spherical
nanoparticles as building blocks®. Similar to the case of a simple
square metasurface”, two kinds of narrow resonance were identi-
fied, and they are related either to single circular nanoclusters or an
array-induced collective Fano resonance. The array-induced Fano
resonances become narrower compared with resonances induced
by a single cluster. The magnetic field spreads over a large area of
the nanocluster while the electric field is concentrated mainly in the
gaps between the neighbouring nanoparticles. The authors mention
that similar narrow Fano resonances are expected for other geom-
etries, such as nanodisks, and other materials, such as gold.

Also, we note here that the fabrication of nanospheres is a chal-
lenging task especially for dielectric particles with a large diameter.
As a result, the measurements were performed for arrays of small
plasmonic nanospheres'®. In an experiment, the spheres have also
been substituted by cylinders that are easier to fabricate but have
similar optical properties'.

Hybrid graphene sheets. Graphene, a 2D semi-metal with a lin-
ear dispersion, has appeared as a promising optoelectronic mate-
rial with highly tunable optical properties'®*'®. However, in the
important range of the telecom (near-infrared) wavelengths, its
response is weak, which is a challenge for the development of gra-
phene-based optical devices. Different all-dielectric and plasmonic
structures (such as metamaterials, photonic crystals or wave-
guides) coupled to graphene have been proposed for the design
of novel types of tunable photonic structure enabling amplitude
and phase modulations'®. In this active research area, metasur-
faces are promising for integration with 2D graphene layers!'®1%.
In such hybrid structures, the Fano resonance appears as the key
phenomenon responsible for tunable coupling between graphene,
metasurface modes and incoming electromagnetic radiation.
Depending on the proposed configuration and design, differ-
ent Fano regimes have been described theoretically and realized
experimentally, including double Fano resonances'®* and cascaded
Fano resonances'®.

A Fano-resonant metasurface integrated with a single layer
of graphene (Fig. 5¢) exhibits an optical response with two deep
reflectivity minima due to Fano resonances, and therefore it can be
characterized as a metasurface with a double EIT effect'®. It was
demonstrated experimentally and theoretically that due to Fano
resonance, the metasurface dramatically enhances the interaction of
infrared light with graphene. The Pauli blockage of interband transi-
tions in graphene results in spectral shifts of the Fano resonances
and reflectivity modulation by nearly one order of magnitude'®. A
schematic of a theoretically proposed metasurface that is composed
of periodic pairs of asymmetric silicon nanobars of the subwave-
length dimension hybridized with a graphene sheet is presented in
Fig. 5d'®. A sharp Fano-type resonance is observed due to the can-
cellation of the electric and magnetic dipole responses at a special
frequency point.

Dielectric metasurfaces. Low-loss all-dielectric metasurfaces
placed on different substrates (including a magnetized gyromag-
netic ferrite substrate'®) have been proposed and studied for differ-
ent designs and applications'>'*'%, One of the key ideas here is to
employ the interaction between dark and bright mode resonances
to produce a Fano resonance?"*.

Fano-resonant metasurfaces based on Si and its oxides sup-
porting optical resonances with high quality factors Q > 100 have
been demonstrated experimentally'®. Each unit cell is composed of
one straight and one bent Si nanorod, where the bend is responsi-
ble for coupling between bright (electric dipole) and dark (electric
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quadrupole/magnetic dipole) resonances (Fig. 5e). Cross-polarized
transmission T, spectra provide the most remarkable evidence of
the Fano interference: the baseline T, small for all non-resonant
wavelengths, dramatically increases at Fano resonances, as shown in
Fig. 5e, because of the coupling of the dark modes to both x and y
polarizations of the incident light. In addition, it was demonstrated
experimentally that high (>50%) linear-to-circular polarization
conversion efficiency can be achieved by making these metasur-
faces chiral by design, opening possibilities for efficient ultrathin
circular polarizers'”’.

Another design of a Si-based metasurface employing Fano-
resonant unit cells with the bright- and dark-mode resonators
(Fig. 5f) was utilized to demonstrate the EIT effect'?. Collective
oscillations of the bar resonators form the bright mode resonance
while the ring resonators interact through near-field coupling form-
ing the dark mode. Owing to the low absorption loss and coherent
interaction of the neighbouring meta-atoms, the peak of the trans-
parency window of 82% at the wavelength of 1,371 nm with a Q fac-
tor of 483 is observed experimentally, demonstrating the possibility
to realize highly dispersive, low-loss, slow-light photonic devices'.

Plasmonic metasurfaces. The Fano resonance has been studied
extensively in different metal-based metasurfaces'®-"". An interest-
ing example is a metasurface composed of planar Z-shaped meta-
atoms proposed as a design of the conventional LC resonators for
achieving negative values of permittivity. Reflection and transmis-
sion spectra, calculated numerically and measured experimentally,
demonstrate a dark (trapped) mode resonance that is associated
with a Fano lineshape'® (Fig. 5g).

An ultrathin Babinet-inverted metasurface composed of asym-
metric split-ring apertures fabricated in a metal plate demonstrates
a high-Q Fano resonance and strong extrinsic chirality''® (Fig. 5h).
Importantly, the electromagnetic response of the metasurface can
easily be tuned by the angle of incidence, and the Q of the Fano reso-
nance depends strongly on the asymmetry of the split-ring aper-
tures and losses. We note that, in contrast to dielectric structures,
metal-based metasurfaces are not scalable because in the gigahertz
regime, the dissipation losses in metals are much lower, which
explains the high Q value of Fano resonances. However, metallic
structures provide illustrative examples for the specific features of
Fano resonances in metasurfaces.

Perspectives and outlook
The Fano formula, first discovered in the studies of the Rydberg
series for auto-ionization', has been applied to various spectroscopic
problems and for different objects, practically without limitations.
Owing to the deep insight it provides for spectroscopic data and its
appearance in a broad range of nanophotonics studies, the Fano for-
mula will continue to be a vital tool for optical design and analysis.
Recently, a non-trivial manifestation of Fano resonance in the
time and frequency domains”''>!"* has been analysed theoretically
and observed experimentally across a variety of photonic phe-
nomena. An educative example is a trapping and confining of the
electromagnetic energy by the so-called bound states in the contin-
uum (BICs). For any structure to support BICs, it should extend to
infinity in at least one direction'*. In compact photonic structures,
a trapped state can manifest itself in the scattering spectrum as a
sharp Fano resonance’*. By changing the structural parameters or
excitation conditions, one can observe that Fano resonances become
sharper and eventually disappear when their Q value tends to infin-
ity near the quasi-BIC point (Q =~ 105 Fig. 6a). Therefore, the Fano
resonance can be considered as a precursor of BICs, with unique
properties that may lead to applications including optical sensors,
filters and waveguides, as well as low-loss fibres and large-area lasers.
Very recently, the concept of Fano resonance appeared in the
field of topological insulators'"® (Fig. 6b) and exotic states of light
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¢, Schematic of the resonant third-harmonic generation in the sample comprising a square array of symmetric clusters of four a-Si:H nanodisks (SEM
image in the bottom left inset). Top right inset: origin of the magnetic Fano resonance in quadrumers — the coupled magnetic-like modes formed

by out-of-plane magnetic dipoles and circulating displacement current produced by in-plane electric dipoles interfere destructively in the far-field.

d, Phase diagrams of the longitudinal optical force in units of pN with respect to the incident wavelength and the particle size R, for a Au-Ag core-shell
nanoparticle with fixed outer radius R, = 80 nm (top panel) and for a homogeneous Au nanoparticle (bottom panel). Coloured regions denote the
parameter space to implement the negative optical scattering force phase exhibiting a red shift with an increase in particle radius, in accord with the
Fano interference. K, wave vector. Figure reproduced from: a, ref. 47, Macmillan Publishers Ltd; b, ref. 115, APS; ¢, ref. 121, American Chemical Society;
d, ref. 46, American Chemical Society.
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including subwavelength topological photonics at the nanoscale®.
The studies of topological insulator Bi,Se, and phase transition in
(Bi,_,In,),Se, triggered the analysis of topological Fano interfer-
ence phenomena. Such Fano resonances can be tuned continu-
ously, switched abruptly, modulated dynamically''*'”” and have
been observed experimentally''®. Topological effects can be real-
ized in photonic crystals, coupled resonators, metamaterials and
quasi-crystals'®. In particular, for a crystal with time-reversal and
particle-hole symmetries, it was demonstrated that an edge mode
may couple to external modes via a Fano resonance'®.

For all-dielectric nanostructures, the magnetic Fano resonance
was found to be crucially important in enhancing nonlinear optical
effects'?, and the third-harmonic generation from dielectric nano-
particles has been observed experimentally (Fig. 6¢). Non-trivial
wavelength and angular dependencies of the generated harmonic
radiation featured a maximum signal in the vicinity of the magnetic
Fano resonance.

Fano resonance can provide a powerful tool to tailor the optical
scattering force and even induce a net negative optical scattering
force for plasmonic nanoparticles*. To achieve a negative force, a
zeroth-order transverse-magnetic-polarized Bessel beam was used
for the illumination, while plasmonic particles can have a core
and shell, be homogeneous or even have a hollow (Fig. 6d). The
underlying physical mechanism of the Fano-induced negative force
originates from the simultaneous excitation of several multipoles,
substantially enhancing the forward scattering via the Fano inter-
ference and leading to an increased backward recoil force that is
superior to the forward incident force.

Very important are applications of Fano resonance in ultrasmall
lasers based on interference between a continuum of waveguide
modes and a discrete mode of a nanocavity*, all-optical switching®!,
identification of molecular monolayers®, metamaterial absorbers
with tunable resonances for broadband manipulation of mechanical
resonances”, spectral separation of optical spin angular momenta®,
nanofocusing beyond the diffraction limit®, interferometric phase
detectors™, plasmonic colorimetric sensing*, and so on. The reali-
zation of extremely small structures with a simple geometry and
symmetry supporting Fano resonances is promising for data stor-
age technology, sensing applications and topological optics'2. The
attractive property of small plasmonic particles is the coexistence
of Fano resonance and singular optics effects'®'??, which allows
control of optical vortices at the nanoscale. An intricate intercon-
nection between far-field scattering and the near-field Poynting
vector flux is manifested in the recently introduced concept of
nano-Fano resonances'?.

Understanding the connection between Fano resonances’, the
Kerker effect® and EIT'"*? is important for the design of robust
optical devices with many applications in photonics and spectros-
copy. In this Review, we have revealed that many essential reso-
nant phenomena known in optics can be unified by a simple model
of Fano resonance based on two coupled oscillators. We have
presented a single phase diagram that shows an overlap of Fano,
Kerker and EIT regimes and demonstrates a common background
for seemingly different resonances in optics. We have explained
the importance of the measurable and experimentally controllable
Fano parameter g (Fig. 4) that characterizes the asymmetry of the
Fano lineshape and thus provides a route towards understanding
and controlling interference processes across several branches of
physics. Now it is clear that the seminal work' of Ugo Fano will
remain one of the most cited papers in physics, as it is an influential
source of exciting concepts for theoreticians, experimentalists and
technologists with many possible applications proposed and yet to
be implemented.
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